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Abstract: Fishmeal (FM) was substituted with soybean meal (Glycine max) (SBM) and bambaranut
meal (Voandzeia subterranea) (BNM) in 10 experimental African catfish, Clarias gariepinus, diets. Feed
formulation was designed using mixture model. The inclusion level of the three protein ingredients
varied between 0% and 60%. Remaining 40% comprised of basal ingredients kept constant for all 10
feeds. African catfish of average initial weight 35.2 + 0.9 g were fed with one of the treatment diets
for 28 days. The protein:lipid ratios of the diets (range 1.5-3.4:1) were used in evaluating the feed
utilization and growth of the fish. We found that catfish performances were mainly depending on
ingredients and not the ratio itself. The protein:lipid ratios in the diets made of plant ingredients
were high but SGR was low. Specific growth rate (SGR) increased with the increase of feed FM
content, being ca. 5% day~ with 60% FM diet but ca. 2% day at both 60% BNM and 60% SBM
diets. SGR was similar (3.5% day™') with diets of 30% BNM or SBM inclusion with 30% FM. Feed
conversion ratio increased from below 0.6 of the 60% FM diet up to 1.5 (60% SBM) and 1.7 (60%
BNM). Protein efficiency ratio decreased linearly with increasing FM substitution, but protein
productive value (PPV) was similar for catfish fed 60% FM diet and its 50% substitution with BNM
or SBM. These results suggest that protein:lipid ratio cannot be used in assessing nutritional
performance if the source of feed ingredient vary widely. However, these results suggest that BNM
can partly substitute FM and completely replace SBM in the diets of African catfish.
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1. Introduction

There is urgent need to make aquafeed production more cost effective. Fishmeal is the most
costly feed ingredient and is very expensive as an imported item [1]. The development of adequate
plant protein and oil sources as substitutes to fishmeal (FM) and fish oil will reduce aquaculture
pressure on dwindling forage fisheries [1]. Substitution of FM with plant proteins is essential such
that aquaculture would not be consuming more fish than it is producing [2]. Soybean (Glycine max)
meal (SBM) is the major plant ingredient utilized for fish feeds [3], and it is also currently the
primary plant protein in catfish diets in Africa [4]. Other plant proteins, e.g., groundnut (Arachis
hypogaea) cake [5], bambaranut (Voandzeia subterranea) meal [6] and cottonseed (Gossypium sp.) cake
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[7], have been evaluated for replacing fish meal in diets of African catfish, Clarias gariepinus. Soybean
is widely used for human food, vegetable oil production as well as for biofuel production. Multiple
usages have also rendered soybean competitively scarce and expensive for sub-Saharan Africa
aquaculture industry [4,8]. It would therefore be desirable to find alternative sources to SBM in
aquafeed production. In addition, plant protein derivatives, such as wheat gluten and soy protein
concentrate, possess desirable qualities but their usages have been limited by high price [1].

Plant proteins that could replace FM should be easily available, competitive in price,
nutritionally acceptable and environmentally friendly [9]. Plant proteins should also be palatable to
fish and not competing as human food [4,10]. However, utilization of plant proteins by fish can
decrease due to inherent anti-nutritional factors (ANF) like raffinose, gossypol, trypsin inhibitors,
phytic acid, protease inhibitors and saponins, [10,11].

Bambaranut is a neglected secondary food crop grown all over sub-Saharan Africa [12]. The
crude protein content of bambaranut is about 24% [13] and it has more essential amino acids than
most other legumes [14,15]. Moderate protein content and low price makes bambaranut a possible
alternative to both FM and SBM in the diets of African catfish. The purpose of this experiment was to
examine the growth and nutritional performances of African catfish fed with different mixes of FM,
modern catfish diets.

2. Results

2.1. Effects of Protein:Lipid Ratios on Growth and Feed Utilization

Feed 3 (F3, 60% FM) with protein:lipid ratios of 2.5:1 produced best growth performance of the
catfish: SGR 4.92 + 1.01% day" and FCR 0.67 + 0.06 (Table 1). The final average weight was also best
for the catfish fed with diet of protein:lipid ratio 2.5:1, 122.2 + 2.5 g (Table 1). The catfish fed with
Feed 5 and Feed 6 also produced good average weight of 111.2 + 5.30 g and 109.3 = 1.1 g,
respectively. However, the protein:lipid ratios of the diets containing vegetable proteins, F5, 2.4:1,
F6, 3.0:1, and F8, 2.8:1, also seems to support nutrient utilization and growth resulting in specific
growth rate of 3.77 + 0.80% day, 3.74 = 0.57% day™ and 3.94 + 0.82% day!, respectively (Table 1).
The dietary amino acid profile (Table 2) shows that lysine and methionine contents of the feed F3
were higher than in the other feeds, likely supporting fast growth. Feed conversion ratio was lowest
for protein:lipid ratio of 2.5:1 but this does not really seem to be dependent on protein:lipid ratios
considering the FCR of F5, F6, F8 and F10. The protein efficiency ratio (PER) of catfish fed with F4,
2.72 + 0.09, F5, 2.34 + 0.05, and F6, 2.30 + 0.13 compared to that of F3, 2.46 + 0.22 suggests that
performances of the fish are also dependent on other factors like dietary protein and amino acid
profile instead of protein:lipid ratio (Table 1, details of feed composition are shown in Table 3).

Table 1. The initial weight, final weight, specific growth rate (SGR), food conversion ratio (FCR),
productive protein value (PPV), daily feed intake (DFI) feed fish efficiency (FFE) and protein
efficiency ratio (PER) of African catfish fed 10 experimental diets (F1-F10, details in Table 4) during
the 28-days experiment. Numbers represent mean + SD of two replicated tanks.

Diet Initial wt. (g)  Final wt. (g) SGR FCR PPV FFE PER
Feed 1 33.9+0.00 492+520f 1.83+0.14d 1.65+047¢ 16.8+0.00¢ 0 1.64+00°
Feed 2 35.8+1.30 552+59f 1.94+0.644 149+023¢ 153+0.01¢ 0 1.16 +0.59°"
Feed 3 35.1+3.50 1222+252 492+1.012 0.67+0.062 329+0.08> 199+0.184 246+0.222
Feed 4 35.5+1.40 63.6+130c 2.08+080c 1.69+0.27c 19.2+0.034 0 2.72+0.09 2

Feed 5 35.6 £2.83 111.2+£530> 3.77+0.80°> 098+0.04> 37.8+0.032 130£2.03c 2.34+0.052
Feed 6 34.6 +£1.90 1093+1.1% 3.74+057> 0.84+0.04> 31.1+0.01> 1.12+0.06> 230+0.132
Feed 7 349 +6.40 85.8+£590c 3.22+035» 1.11+0.11¢ 287+0.01® 1.00+0.02> 2.07+0.032P
Feed 8 354 +4.24 1069 +6.70> 3.94+0.82° 0.82+0.06®> 30.0+0.01> 1.46+0.04c 237+0.062
Feed 9 34.7 £3.50 58.1+590¢f 1.84+0634 1.62+0.60c 151+0.02¢ 0.72+0.022 1.41+0.09"
Feed 10 36.2 +1.20 7642804 2.67+029¢ 131014 257+0.03c 0.58+0.012 2.06+0.032"

Values within a column sharing the same superscript are not significantly different (p < 0.05).
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Table 2. Amino acid contents (g kg™ as fed basis) of the 10 experimental feeds (details in Table 3) fed
to African catfish fingerlings during the 28-day experiment.

Amino acid F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
Arginine 11.49 2333 2855 1741 20.02 2594 21.13 24.84 2223 16.31
Histidine 463 793 1051 628 757 922 769 910 781 6.16
Isoleucine 747 1388 19.82 10.28 13.26 16.86 1347 16.65 13.68 10.08

Leucine 1217 23.60 3296 17.88 2257 2828 2291 2794 2326 1754
Lysine 9.07 1921 34.15 1414 21.62 26.69 20.82 2749 20.02 14.95

Methionine 230 451 1291 340 760 871 657 974 554 443

Cysteine 177 505 499 341 338 502 393 446 449 285
Phenylalanine 8.61 1593 1755 1227 7.17 1674 14.03 1579 1498 11.32
Tyrosine 717 1144 14.08 930 10.63 1276 1090 1249 11.17 9.03
Threonine 512 1210 18.15 861 11.64 1513 11.79 1498 1195 8.45
Valine 755 1651 2700 12.03 17.28 21.76 17.02 22.02 16.77 1290

2.2. Growth and Nutritional Performance Based on Response Surfaces

Response surface showed a linear increase in growth rate as fishmeal quantity was increased
along with the decrease of bambaranut and soybean meals. (Figure 1a). SGR increased from ca. 2%
day™' to ca. 5% day! at the 60% inclusion level of FM (Figure 1a, Table 3). There were no differences
in the SGRs as the inclusion level of BNM or SBM was varied. Food conversion ratio (FCR)
decreased linearly from 1.75 (at 60% BNM inclusion) and 1.5 (at 60% SBM addition) to 0.67 at 60%
FM inclusion (Figure 1b, Table 3). Condition factor (CF) at the end of the experiment showed
gradual linear increase from 0.74 to ca. 0.82 as the amount of fishmeal in the feed was increased
(Figure 1c) but CF decreased only very slightly (from 0.77 to 0.74) when BNM or SBM were increased
from 0% to 60%. Muscle lipids increased linearly from ca. 5.18% to 5.56% as FM was increased from
0% to 60% but it was stable at ca. 5.25% to 5.45% as BNM was increased from 0% to 60%. Conversely,
muscle lipids decreased from 5.5% to <4.95% as SBM was increased from 0% to 60% (Figure 1d).
Economic conversion ratio (ECR, the cost of different ingredients in the feed) increased linearly as
FM was increased from 0% to 60%, and it decreased more with the increase of BNM than SBM
inclusion (Figure 1d). ECR was highest (>1.0 USD per kg) at 60% FM inclusion, which was more than
five times higher than with 60% BNM inclusion (<0.2) (Figure 1le). Protein efficiency ratio (PER)
increased linearly as the amount of FM was increased (Figure 1f), while for SBM, the catfish PER was
linearly reduced from 2.4 at 0% inclusion to <1.46 at 60% inclusion level. Catfish had higher PER
when fed with higher BNM diets than with SBM at similar inclusion levels. PER was relatively
unchanged between 2 at 0% and >2.2 at 60% BNM inclusion.
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Figure 1. Surface responses of African catfish Clarias gariepinus as (a) specific growth rate (SGR), (b)
feed conversion ratio (FCR), (c) final condition factor (CF), (d) final muscle lipid content (%), (e)
economic conversion ratio (ECR) and (f) protein efficiency ratio (PER), to experimental feeds mixing
Bam (BNM) with Soy (SBM) and/or fish meal (FM) for 28 days. The scale and flow of component axes
are represented by numbers in parentheses and dashed lines. The grid lines represent response lines
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as per experimental region. The dots are experimental feeds (F1- F10) and they are shown in a) to
ease the interpretation of the results.

The 50% FM substitution with BNM (Feed 5; Table 3) gave the highest protein productive value
(PPV). This was followed by Feeds 3, 6, 8 and 7, which were not significantly different. The PPV of
40% BNM diet, Feed 10, was significantly higher than that of Feed 9 (40% SBM). However, the catfish
had similar low PPV for 60% BNM diet (Feed 1) and SBM diet (Feed 2). Feed ingredient cost
increased as the amount fishmeal increased, and the cost of the 60% FM diet (Feed 3) was highest
(USD 2.67 kg™). This was followed by ingredient cost of 40% FM diet (USD 1.97 kg™) and the 30%
SBM-FM diet (Feed 5). The cheapest diet to produce was the 60% BNM diet (USD 0.45 kg™),
followed by 30% BNM-SBM diet. Diet ingredient cost was lower for BNM based diets than the SBM
based diet.

The feed fish equivalence (FFE) of catfish fed with 60% BNM and SBM (100% FM substitution)
and those of catfish fed with 30% BNM-30% SBM (100% FM substitution) were zero (Table 1). The
catfish fed with 60% FM diet had the highest FFE, where almost 2 kg forage fish would be needed to
produce 1 kg of catfish (FFE 1.99 + 0.18). At 20% FM inclusion (Feed 7), forage fish input and catfish
output are equal, whereas diets with 10% FM (Feeds 9 and 10) would be net fish producers where,
0.6-0.7 kg forage fish would be needed to produce 1 kg of catfish.

Table 3. Formulation (g kg?) and proximate composition (percent as fed basis) of the 10
experimental feeds used in the 28-day feeding experiment for African catfish. The variable part (60%)
of the feed consisted of bambaranut meal (BNM), soybean meal (SBM) and/or fish meal (FM).

Ingredient F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

BNM 600 0 0 300 300 0 200 100 100 400
SBM 0 600 0 300 0 300 200 100 400 100
FM 0 0 600 0 300 300 200 400 100 100

Bloodmeal 100 100 100 100 100 100 100 100 100 100
Wheat 2060 205 205 205 205 205 205 205 205 205
Premix @ 25 25 25 25 25 25 25 25 25 25
Fish oil 70 70 70 70 70 70 70 70 70 70

Total 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

Proximate composition (%)

Protein 273 47.0 554 397 439 524 439 521 468 375

Fat 184 138 219 137 181 172 178 182 154 133
Moisture 55 65 67 63 69 6.1 6.1 6.3 64 62

Protein:Lipid 1.5:1 3.4:1 251 291 241 3.01 241 281 291 281
Ash 02 07 59 30 42 22 37 54 1.5 07

2 Vitamin premix, supplied per kg-'diet: cholecalciferol, 1300 IU; all-race-a-tocopheryl acetate 140 IU,

menadione sodium bisulfite 12 mg, thiamin HCL 8 mg, riboflavin 16 mg, calcium D-pantothenate 17
mg, biotin 0.2 mg, folic acid 5 mg, vitamin B12, 0.02, niacin, 40 mg; pyridoxine HCI, 16 mg; ascorbic
acid (Stay C) 80 mg, magnesium phosphate 5000 mg, potassium carbonate 400 mg, manganous
sulfate 10, ferrous sulfate 5 mg, zinc sulfate 80 mg.

Table 4. Amino acid contents of ingredients (g kg™) used in formulating diets for African catfish,
substituting fishmeal (FM) with bambaranut meal (BNM) and soybean meal (SBM).

Aminoacid FM BNM SBM
Arginine 454 170 36.7
Histidine 165 6.7 12.2
Isoleucine 313 94 21.4

Leucine 519 172 363
Lysine 55.7 139 30.8
Methionine  20.8 3.1 6.8
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Cysteine 74 20 7.5
Phenylalanine 27.1 122 244
Tyrosine 220 105 176
Threonine 290 73 18.9
Valine 43.0 106 255

3. Discussion

The mixture principle and response surface methodologies enabled simultaneous analyses of
all feed ingredients as opposed to traditional analyses of one ingredient at a time. The benefits of this
design have been discussed in Vielma et al. [16] and Ruohonen et al. [17]. The mixture principle
eliminates problems of confounding effects that result from parallel changes in other feed
components when one item is deliberately changed. Among the advantages of using this design is
elimination of fillers which might be interfering with fish responses to treatment, as described by
Ruohonen et al. [18]. The mixture principle also enables investigation of interactive effects of the
nutrients on growth and nutritional parameters over wide diet mixes and levels of protein.
However, one disadvantage of the method chosen is that potential amino acid deficiencies are not
balanced by supplementation.

The catfish nutrient utilization was affected by the protein: lipid ratios of the diets. The lower
protein:lipid ratio of F1 was due to the low protein and lipid content of the BNM. There was elevated
FCR and low SGR. The catfish seems to have lower protein for growth and lipid for energy.
However, African catfish is known to utilize carbohydrate for energy and this may have made up for
the poor protein:lipid ratio of the diet [19]. The elevation of protein:lipid ratio reduced the FCR of the
catfish [20,21]. The protein efficiency ratio (PER) and the hepatosomatic index (HSI) of the catfish
were all increasing with increase in the dietary protein:lipid ratio except in F6 and F8 (Table 3). The
SGR of the catfish increased with increase in protein:lipid ratio when the source is not majorly plant
protein. However, it increased with higher protein:lipid ratio in F5, F6 and F8. The increase in
protein:lipid ratio alone did not seem to determine fish nutritional performances. Catfish did not
grow better in F4 which had high protein:lipid ratio (Table 3) but source was from SBM and BNM
(Tables 3 and 4). Similarly catfish did not grow very well when fed with F2, that had high
protein:lipid ratio but source was from SBM. We noticed that there seems to be interaction with
ingredients despite the protein:lipid ratio status. This seems to apply with the protein:lipid ratio in
almost all the diets. The effects of the ratio on the PER seem to be because the catfish may be protein
sparing when there is enough lipid for energy utilization. Higher nitrogen retention has been noted
in fish fed with higher lipid content regardless of the dietary protein level [22].

The main factor driving feed intake, responses and metabolic use of the diets in this experiment
is the total availability of energy and the amino acids and protein and not the specific quality of one
of the ingredient. This is because the proximate proteins were not balanced. Feed 1 (F1) contained
BNM as major protein source, while F2 and F3 had SBM and FM, respectively. We chose a direct raw
material replacement without adjusting for known nutritional differences in the diets. Another
option to compare fishmeal replacement with bambara or soy would have been the one used by
Forster et al. [23] and Minjarez-Osorio [24] who prepared mixtures of plant proteins, which were
balanced for protein contents and also fortified with amino acids. The method we chose has a
drawback that we cannot differentiate between the influence of the raw material nutrient availability
and possible ANF effects, with those of possible nutritional deficiencies. However, other benefits of
the mixture experiment principle over one-variable-at-time designs are still apparent in our
experiment [25]. Other caveats to our result are related to lack of balancing protein and energy of the
diets. We noted that our results are confounded with changes of diet protein and lipid levels,
prompting the discussion in this light. The response surfaces analyses however are shown to
highlight the concept of the three-dimensional mixture design, which has notable advantages in
multiple diet mixes and effects analysis.

African catfish effectively utilized treatment diets with maximum SGR of 5.0% day! for 60%
FM diet (Feed 3) and 3.5% day! for diets substituting 50% of the FM with BNM /SBM (Feeds 5 and
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6). Similar growth responses with fish fed high SBM and BNM suggests that catfishes were able to
utilize the BNM protein, carbohydrates and lipids as efficiently as SBM, despite lower protein
contents of BNM. High growth rate of fish fed with 60% FM (Feed 3) is likely attributed to the high
amount of protein, essential amino acids and lipids (Table 2). The protein:lipid ratio of F9 which has
40% SBM (29.36) was close to that of FD10 that has 40% BNM, this suggest that with FM inclusion
diets containing BNM and SBM at equal inclusion of FM would be similarly utilized and have same
protein:lipid ratio. The quantity of lysine in other feeds was 27-80% of that contained in Feed 3 and
respective values for methionine were 18-75%. Complete substitution of FM with either BNM or
SBM (Feeds 1 and 2) resulted in decrease in the amount of essential amino acids (Table 2), when
compared to AA requirements of another catfish species, channel catfish Ictalurus punctatus [20]. This
must have contributed in the poorer performance of catfish fed with Feeds 1 and 2. Feeds F1 and F2
are made up of bambaranut meal and soybean meal respectively as main protein ingredient, their
amino acid profile can be seen in Table 4. The substitution or total replacement of FM with vegetable
proteins is limited by low level of lysine in most plants [20,26]. SBM substitution of FM above 50%
has been noted to cause growth retardation in African catfish due to essential AA deficiency [27].
Similarly Imorou-Toko et al. [7] also noted retarded growth rate of African catfish fed 60% SBM. The
results of the present experiment suggest that sufficient quantities of essential amino acids, lack of
ANFs and absence of available carbohydrates are attributes that make FM biologically superior
ingredient for catfish feeds from the nutritional point of view, in comparison to SBM and BNM.

The SGRs of catfish fed diets with >50% FM substitution with SBM and BNM were higher than
previously reported by Fagbenro and Davies [27]. These authors noted that methionine
supplementation was needed at such inclusion levels of plant proteins. In the present experiment the
diets with over 50% FM replacement had lower methionine concentration less than lower
substitutions due to the ingredients essential amino acid profile (Table 4), this gives methionine
content lower than what is recommended for channel catfish [20]. Along with lysine, also
methionine has been identified as another major limiting essential amino acid in plant protein
substituted diets [27,28]. Nevertheless, the catfish in our experiment still grew relatively fast even
with the diets containing plant proteins, and no other signs of AA deficiencies than retarded growth
were observed. This could as well be due to other factors related to feed quality like the fish oil
inclusion and its utilization by the catfish. The growth of the catfish could also be attributed to our
feed production using extruder which gelatinized the starch and consequently enhanced feed
utilization.

The decrease of FCR along with the increase of FM inclusion suggests the negative influence of
carbohydrates on feed utilization in African catfish. The decrease in FCR has also been noted to be
due to high protein:lipid ratio of the diet (Table 3). Increase in FCR in diets with plant proteins also
points at the effects of reduced amino acids and protein level on FCR. Increasing the percentage of
plant proteins in the diets reduced the quantity of most AAs considerably, in most cases below the
levels which are recommended for channel catfish [20], and this must have contributed to the
elevation of FCR. For example, lysine supplementation of plant based diets has been noted to reduce
FCR in rainbow trout, Oncorhynchus mykiss [29], and in grass carp [30]. Consequently, AA
supplements of the diets with over 50% of plant proteins would likely reduce FCR and improve
growth rate.

Diet lipid levels varied between 13.3% and 18.4% (Table 4). The positive relationship between
lipid contents of the feed and muscle has been reported for African catfish [31], bagrid catfish,
Pseudobagrus fulvidraco [19], and channel catfish [32]. In the present trial, muscle lipid levels reflected
dietary lipid content 5% to 5.5% lipid on wet weight basis (Figure 1d). Based on our results,
protein:lipid ratio of 2.5:1 of feed F3 seems to be appropriate for African catfish C. gariepinus.
However, catfish growth performance depends also on the sources of the dietary nutrients rather
than protein:lipid ratio only. This suggests the effects of ingredients’ essential amino acids (Table 4)
and fatty acids in the determination of nutrient utilization and fish performances. This also
highlights the usefulness of mixture design in elucidating fish utilization of multiple ingredients.
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To our knowledge, potential effects of ANFs in BNM based diets have not been reported.
However, Enyidi and Mgbenka [6] reported phytic acid content of BNM to be 0.84 g 100 g'. The
amount of phytic acid in BNM is very low when compared to e.g., the level in SBM (1.3-1.9 g/100 g,
[33]. Despite the lower protein contents in BNM-diets in comparison to SBM-diets, equally good
growth and better feed utilization of BNM fed fish could thus at least partly be explained by low
phytic acid contents of BNM.

The 50% substitution of FM reduced the ingredient cost of the feed by >1 USD kg'. The ECR
was reduced from >1.0 to <0.2 USD kg along with the increase of plant proteins (Figure 1e). This
certainly has economic implications in catfish production systems. FFE of the fish fed with Feed 3
(60% FM) was significantly higher than in any other group. FFE value of 1.0 had been advocated by
environmentalist as necessary for the environmental protection of forage fisheries [34]. When the
non-FM diets (Feeds 1, 2 and 4) are not taken into account, the lowest FFEs were obtained in groups
with the least amount of FM inclusion (groups fed with Feeds 9 and 10). The catfish fed Feed 7 (20%
FM, SBM and BNM) had the FFE at 1.0, the recommended maximum by the environmentalists.

Based on our results bambaranut meal appears to be a cost-effective substitute for soybean meal
and fishmeal in the diets of African catfish. Bambaranut meal can substitute 100% of soybean meal in
the diets of African catfish, and the non-significant reduction in growth rate is compensated by
cheaper production cost.

4. Materials and Methods

4.1. Preparation of Feeds

Experimental dry feeds were produced using mixture methodology principle [25,17]. The use of
mixture principles enhances simultaneous investigation of growth and nutritional effects of the
three major dietary components (BNM, SBM and FM). Protein supplements were 60%, comprising of
different mixes of Nordic fishmeal, Nigerian bambaranut meal and defatted soybean meal (Table 3).
Essentially, crude protein of the treatment feeds was not balanced since we used FM, SBM and BNM
alone. Consequently, main factor that could stimulate feed intake would be the total availability of
energy and the amino acids and protein and not the specific quality of one of the ingredient.

A constant level of 40% basal ingredients comprising of wheat meal, blood meal, vitamin and
mineral premixes, and fish oil, was maintained in all feeds. Ground ingredients were mixed with
warm water totaling 30% moisture in feed mash. The mixed ingredients were extruded with a
twin-screw Creusot-Loire cooking extruder using a 4 mm die with barrel temperature of 120-125 °C.
Extruded feeds were dried overnight in a warm air drying chamber at 30-35 °C and then coated with
fish oil in a Dinnissen vacuum coater, and stored in air tight bags until used. Diets were produced at
Laukaa Fish Farm of the Natural Resources Institute Finland.

4.2. Experimental Setup

Ten African catfish juveniles, average weight 35.2 + 0.9 g, were stocked in each of the 15 L
replicated aquaria, 20 aquaria in total. The aquaria were aerated, supplied a constant flow (c. 0.6 L
min™) of aerated well water (30.0 + 1.5 °C) and about 40% of the outflow was filtered with trickling
filter, passed through a zeolite chamber and recirculated.

Average dissolved oxygen was 8.2 + 0.2 mg L1, measured with YSI oxygen meter model 550A
(YSI Inc., Yellow Springs, OH, USA) and total gas pressure was (101.5 + 1.0%), measured with P4
Tracker total gas pressure meter (Point Four Systems Inc., Richmond, BC, Canada). Ammonia (0.25 +
0.07 mg L) was measured fortnightly with an ammonia test kit (Tetra Merke, Melle, Germany).
Water pH was 6.9 + 0.1 and alkalinity 1.13 + 0.01 mmol L. The tanks were subjected to photoperiod
of L12:D12 and light intensity was ca. 8 lux (HD 9221 lux meter, Delta OHM, Padua, Italy). The tanks
were cleaned every morning prior to feeding of the fish, and the recirculation system was cleaned
every two days. Fish were hand fed at 09:00 h and at 17:00 h. The fish were fed to apparent satiation
in the morning and restricted feeding (3% of estimated tank biomass) was given in the evening. The
restriction rations of feed were adjusted based on calculated increase in their body weight. The fish
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were weighed by measuring tank biomass on Days 0, 14 and 28, and they were not fed for 18 h
before weighing. At the end of the experiment, five fish were removed from each replicate tank,
killed by a sharp blow on the head and their length (to 0.1 cm) and weight (to 0.1 g) were recorded
individually. Whole fish samples and muscles were blended with electric mixer. Muscle samples
were taken from below the dorsal fin and between the pectoral and caudal fins, excluding the skin.
Samples were frozen at 20 °C and freeze dried before being stored at -80 °C.

4.3. Chemical Analyses

Crude protein was analyzed by Kjeldahl method from freeze dried feed and body samples, and
then calculated as percent N (NH3-N/ NH4+-N) x 6.25 %. The total lipids of feeds and whole fish
body were measured by chloroform: methanol-extraction at ratio of 2:1. Total lipid was calculated as
the weight difference in non-extracted and extracted samples [35]. Amino acid (AA) contents of the
ingredients (Table 4) and feeds (Table 2) were measured using methods of the European
Commission [36]. Total peptides (bound and free) were analyzed with a Waters Finland Mass Trak
Ultraperformance® Liquid Chromatography (UPLC) (Water Corporation Milford, MA, USA) and
the application was UPLC Amino Acid Analysis Solution®.

4.4. Calculations and Statistical Analyses

Specific growth rate (SGR, % day™) was calculated as 100 x (In W2 — In W1) x t1, where W1 and
W2 were average weights (g) at the start and the end of the experiment and t was the length of the
experiment in days (28). Food conversion ratio (FCR) was calculated as feed fed (g) x gain (g).
Condition factor (CF) was calculated as 100 x W x L3, where W is weight of fish (g) and L their length
(cm). Economic conversion ratio (ECR) was calculated as the price of the variable part in the diet
(USD) x ECR. Price of the variable diet fraction was based on the price of the ingredients as given in
Enyidi [13] and Onyimonyi and Ugwu [37]: SBM was estimated at 0.42 USD kg!, bambaranut meal
0.07 USD kg™ and fishmeal 2.23 USD kg. Feed fish equivalence (FFE) was calculated as FCR x (%
fish meal in feed x 100)! x 4.5, where 4.5 is the ratio of forage fish required to produce 1 kg fishmeal
[34]. Protein:lipid ratio was calculated as protein (%) x lipid (%)™ in diet. Protein efficiency ratio
(PER) was calculated as FCR x % feed protein x % protein in catfish™'. Protein productive value (PPV)
was calculated as 100 x (final body protein - initial body protein) x (protein consumed)'. Anova was
used for testing possible differences between treatments in final weight, PPV, DFI and FFE, and the
least significance difference (LSD) test was used for post-hoc comparisons (p < 0.05), and aquaria
were used as observational units.

4.5. Mixture Design Principle

Mixture designs [38] were used to model the effects of fishmeal, bambaranut meal and soybean
meal on response variables. Explanatory variables were converted into pseudocomponents and
responses to these components were modeled by using Im-procedure of R language (R Development
Core Team [39]. The responses were linear as follows:

Y = pix1 + p2xot paxs + €

where Y is response variable, x1 represents FM pseudocomponent, x: stands for BNM
pseudocomponent and xs represents SBM pseudocomponent, (pseudocomponents are mixtures).
The sign ¢ is residual error and the p values 1, 2 and 3 are the estimated parameters [17]. The use of
mixture principles design and response surface analysis enabled simultaneous analyses of the effects
of FM, BNM and SBM, instead of one item at a time [17,16]. Mixture principles also eliminated the
problem of confounding effects, which results from parallel changes in other feed components when
one item is deliberately changed.

5. Conclusions
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Protein:lipid ratio is a useful tool in investigating nutrient utilization but with special reference
to sources of the nutrients. African catfish Clarias gariepinus performed well when fed diets with
protein:lipid ratio of 2.4 to 3 but this was best with fishmeal based diets. Nevertheless, bambaranut
meal and soybean meal favourably could replace over 60% of FM in diets of African catfish C.
gariepinus with better economic conversion ratio than 60% FM diets. This can be of immense
economic benefit especially in sub-Saharan Africa where FM is entirely imported and catfish
farming is booming. Essential amino acids balance of the diet is pivotal to feed suitability and
utilization by the catfish.
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