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Hunger affected 278 million people in Africain 2021, and in Kenya, the proportion
of the population unable to afford a healthy diet is 81%. To combat hunger and
increase resilience throughout the food system, spirulina (Arthrospira platensis)
has been shown to have remarkable properties. The main aim of this study is
to investigate whether protein from spirulina is a suitable alternative to protein
sourced from fish meal in fish feed for juvenile Nile tilapia (Oreochromis
niloticus). In a trial investigating the use of spirulina biomass for fish feed on
juvenile Nile tilapia, it has been proven that tilapia fingerlings fed diets with
spirulina, replacing up to 30% of fish meal protein, were not affected in terms
of growth performance compared to the fish fed the commercial diet. This
shows that, nutritionally, protein from spirulina can replace fish meal protein fed
to juvenile Nile tilapia. This offers promising opportunities for enhanced food
and nutrition security. If produced affordably, spirulina can have a significant
impact on the income level of low-income fish farmers in Kenya, who often
spend more than 50% of their income on commercial fish feed. Affordability
can be made possible if small-scale farmers can produce spirulina using animal
manure that is available on the farm instead of using highly priced commercial
fertilizer. The additional environmental benefits of spirulina include carbon
dioxide sequestration and the removal of nitrogenous and phosphorous waste
from the wastewater. Spirulina can therefore increase the sustainability of a
whole food system.
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1 Introduction

In 2021, hunger affected 278 million people in Africa, and it has
been estimated that nearly 670 million people worldwide will still
be undernourished in 2030 (FAO, [FAD, UNICEE, WEP, WHO, 2022).
For developing countries, accomplishing food and nutrition security
for all is a major challenge (Graef et al., 2014; Miiller et al., 2020). Food
security is a function of food availability, food accessibility, food
stability, and food utilization (Ziervogel and Ericksen, 2010). A food-
secure situation is accomplished through access to sufficient, safe, and
nutritious food to maintain a healthy and active life for all people at
all times (FAO, 1996). In Kenya, the proportion of people unable to
afford a healthy diet is 81% (FAO, IFAD, UNICEE, WEFP, WHO, 2022).

The challenges of combating hunger are complex. Transformation
of agriculture and food systems in line with the Sustainable
Development Goals (SDGs) (Herrero et al., 2021) has become a
commonly agreed upon imperative (Eyhorn et al., 2019; Niggli et al,,
2023), including SDG1: No poverty; SDG2: Zero hunger; SDG6:
Clean water and sanitation; and SDG12: Responsible consumption
and production. A food system approach is applicable to transition
pathways aiming for the SDGs because it conceptually explains how
socioeconomic and climate factors operate as drivers within a food
system, for which multiple (biophysical, economic, political, and
social) factors and activities relate to the production, processing,
distribution, preparation, and consumption of food and the outcomes
of these activities (HLPE, 2014).

Fish farming and the demand for fish feed are growing rapidly
worldwide (Karimi et al., 2021; Boyd et al., 2022; Rashidian et al,,
2023). Fish is very dense in protein and contains important fatty acids
that are essential to human health (Alp Erbay and Yesilsu, 2021; Rasul
etal., 2021). Aquaculture production in Kenya was at 21,076 MT in
2021 (KeFS, 2022), representing only 15% of the total fish production
in Kenya, while per capita fish consumption is still at 4.5kg per year,
which is far below the global annual average of 13.3kg per capita
(Troell et al., 2023). Aquaculture production is affected by the high
cost of feeds due to the high and rising costs of fish meal among other
conventional protein sources such as soybean meal (Shati et al., 2022).
Proteins are the most expensive feed components, and cheaper
alternative protein sources would be desirable to cut down on feeding
costs and make fish more affordable to low-income populations. For
further sustainable growth, the fish feed industry is looking for
alternative protein sources that are sustainable and face less
competition from other sectors (Salter and Lopez-Viso, 2021). Among
these alternatives, microalgae could play an important role due to
their high crude protein values (up to 50% dry weight) and their
profile of amino acid, which is comparable to that of fish meal. In
addition, the presence of high levels of polyunsaturated fatty acids
(PUFAs) makes their use in fish feed extremely interesting (Alagawany
etal., 2021).

Spirulina is a well-known microalga whose production is mainly
focused on human consumption as a nutraceutical (Soni et al., 2017).
However, because spirulina contains useful amino acids, minerals,
antioxidants, and immune-stimulating properties that can minimize
the expense and risk of using medication in aquaculture, it has been
acknowledged as a potential sustainable alternative protein source to
fish meal in fish nutrition (FAO, 2008; Ungsethaphand et al., 2009;
Onura et al., 2022; Al Mamun et al.,, 2023). Indeed, the benefits of
using spirulina in fish feed have been highlighted in recent studies. For
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instance, improved immunity has been reported in cultured fish when
the fish consume spirulina-based diets (Abdel-Tawwab et al., 2021;
Shalata et al., 2021; El-Araby et al., 2022; Al Mamun et al., 2023),
including immunological responses of Nile tilapia (O. niloticus) to
Aeromonas hydrophila infections (Mabrouk et al., 2021). Moreover,
the use of spirulina as a feed ingredient has resulted in significant
improvements in the growth performance of cultivated fish (Tongsiri
et al, 2010; Jahan et al., 2016) and in boosting the reproductive
performance of tilapia by increasing the number and size of eggs as
well as their hatchability (Wahbi and Sangak, 2017; Joshua and
Zulperi, 2020). However, these fish feed trials have mostly been
carried out in Asia, with only very few studies showing the
effectiveness of spirulina in African countries. This is likely because
spirulina is more often used as a human food supplement than as a
livestock and fish feed ingredient. The possibility of using spirulina to
replace fish meal as a protein source in feed can be an added advantage
for rural communities in Africa. By using locally available animal
manures, which are affordable, manure production can contribute to
reducing natural resource degradation and carbon emissions and
enhance sustainability (Soma et al., 2022; Tzachor et al., 2022).

Against this background, in this study, the main aim is to
investigate whether protein from spirulina is a suitable alternative to
protein from fish meal in fish feed for juvenile Nile tilapia. In
particular, we investigate the impacts of replacing parts of commercial
feed for juvenile tilapia with spirulina to measure fish growth
performance, fish proximate composition, and the fatty acid profile of
the whole fish. These trials can be duplicated all over the world.

2 Materials and methods
2.1 Experimental diets and fish stocking

The trial on the use of spirulina biomass as a protein source for
fish feed for Nile tilapia fingerlings took place at Kenya Marine and
Fisheries Research Institute (KMFRI), Hatchery in Sagana, Kirinyaga
county, Kenya, in 2022, in cooperation with Wageningen University
& Research (WUR). The dried spirulina powder was brought in from
a firm in Portugal (SPAROS LDA). The nutritional composition of this
batch of spirulina is provided in Table 1.

Four experimental diets were formulated, of which the protein
fraction of the fish meal was replaced by protein stemming from
spirulina at 0, 10, 20, and 30%, respectively. In addition to these four
experimental feeds, a commercial feed (Skretting® Nutra tilapia 120
of 40% CP, 8% crude fat, 1.2 mm pellet) was used as a reference diet.
The experimental diets were formulated and extruded to obtain
1.2mm pellets at Sparos®, Olhdo, Portugal, and shipped to KMFRI,
Kenya. The feed was stored in airtight containers at room temperature
before feeding. The composition of the feeds was isonitrogenous and
isoenergetic based on the composition of the commercial diet
(Table 2).

The experimental diets were tested in triplicate, summing up to a
total of 15 experimental units with a stocking density of 35 fish/tank
and adding up to 525 fish in total. Juvenile Nile tilapia (O. niloticus)
(+ 2g) obtained from the KMFRI Sagana hatchery were randomly
allocated to the 15 tanks (70 cm x 47 cm x 30cm) integrated into a
flow-through aquaculture system. During the acclimatization period,
the fish were fed the commercial diet (Sketting® Nutra tilapia 120),
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TABLE 1 Composition of the spirulina powder used for the feed trial

formulation.
Dry matter
Moisture

Total Nitrogen

Proteins (Nx6.25) (Kjeldahl)

Crude Fat

Crude fibre

Ash

Total carbohydrates
Energy value (kcal)

Energy value (kJ)

Amino acids (acid hydrolysis)

Alanine
Arginine
Aspartic acid
Cystein
Glutamic acid
Glycine
Histidine
Hydroxyproline
Isoleucine
Leucine

Lysine
Methionine
Ornithine
Phenylalanine
Proline

Serine
Threonine
Tyrosine
Tryptophan
Valine
Minerals
Sodium (Na)
Phosphorus (P)
Manganese (Mn)
Calcium (Ca)
Selenium (Se)
Potassium [K]
Magnesium (Mg)
Iron (Fe)
Copper [Cu]

Zinc (Zn)

94.9 (+0.5) g/100g
5.1 (0.5) g/100g
10.86 (+ 0.27) g/100g
67.9 (+1.7) g/100g
5.6 (+0.7) g/100g
<0.4g/100¢g
6.7 (+0.3) g/100g
14.7¢g/100¢g
381kcal/100g

1,612kJ/100g

5.11(+0.72) g/100g
452 (+0.63) g/100g
639 (+0.89) g/100g
0.556 (+ 0.078) g/100g
9.29 (+ 1.30) g/100 g
3.24 (+0.45) g/100g
1.04 (£ 0.15) g/100g
<0.2 (LOQ) g/100g
3.56 (+ 0.50) g/100g
575 (+0.81) g/100g
3.02 (+0.42) g/100g
1.60 (+0.22) g/100g
<0.05 (LOQ) g/100g
2.96 (+0.41) g/100g
2.44 (+0.34) g/100g
3.27 (+0.46) g/100 g
325 (+0.46) g/100g
2.83 (+0.40) g/100g
1.05 (+0.11) g/100g

412 (+0.58) g/100g

4,000 (+ 800) mg/kg
11,000 ( 2,200) mg/kg
37 (+ 7.4) mg/kg
3,200 (+ 640) mg/kg
<0.2mg/kg
15,000 (+ 3,000) mg/kg
3,500 (+ 700) mg/kg
600 (+ 120) mg/kg
1.0 (£ 0.2) mg/kg

15 (+ 3.0) mg/kg

1.2mm pellets. To achieve maximum feed intake after the
acclimatization period, the fish were fed to apparent satiation with the
experimental diets twice daily, in the morning (10,00 h) and afternoon

Frontiers in Sustainable Food Systems

10.3389/fsufs.2024.1283150

(16,00 h). During the experiment, fish were held under natural
daylight conditions.

2.2 Water quality monitoring

Water quality parameters were measured weekly using a multi-
parameter water quality meter model H19828 (Hanna Instruments
Ltd., Chicago, United States) and using standard methods (Boyd and
Tucker, 1998). Temperature and oxygen were measured daily; pH,
Total ammonium nitrogen (TAN), Nitrite (NO,"), and Nitrate (NO5;")
content were measured twice a week.

2.3 Fish sampling and calculations

To determine growth performance, the fish were weighed to
measure body weight (BW) at the start (BWO0), body weight on day 42
(BW42), and body weight at the end of the trial on day 84 = (BWend).
The fish were not fed one day prior to weighing. From the individual
weight data, average body weight at the start (BWO0), at day 42 (BW42),
and at the end (BWend) were calculated per tank, which was
considered the experimental unit. Growth rates expressed in % BW/d
were calculated using the formula: (BW(#)-BW(0))/t, LN(BW(?)) -
LN(BW(0))/() * 100, with t representing the duration of the growth
period and LN the natural logarithm. Until day 42, the apparent feed
intake in g/fish was calculated by the sum of the feed given, divided
by the number of fish per tank. The tanks were cleaned every 2 days
by siphoning out fecal matter and uneaten feed before feeding in the
morning. A complete water exchange was carried out during the
sampling days. The apparent feed conversion ratio until day 42
(aFCR42) was calculated by dividing the apparent feed intake (aFI42)
by weight gain or growth of fish (aFCR =aFI42/WG42). At the end of
the trial, the apparent feed intake in g/tank is the sum of the feed given
(aFlend). The economic feed conversion rate (eFCR) was calculated
by dividing the feed given per tank by biomass gain per tank (Biomass
gain =harvest weight-stocking weight).

Growth performance, apparent feed conversion rate, and survival
rate were determined at the end of the experiment. The optimal
inclusion, i.e., the replacement of fish protein with spirulina protein
was calculated based on the performance of the fish in relation to the
inclusion of the spirulina in the diet. The optimal level is defined as
the maximum inclusion level of spirulina without loss of production
performance (growth, feed conversion rate, survival rate) relative to
the commercial standard feed.

2.4 Proximate composition analysis of
feeds and fish

Feeds and pooled whole fish homogenate samples were analyzed
for crude protein, crude lipid, fiber, carbohydrates, ash, and gross
energy using the standard methods of the Association of Official
Analytical Chemists (AOAC, 1990). Pooled samples of 30 fish were
taken from each treatment for analysis. Moisture content was assessed
by oven drying at 105°C for 12h to a constant weight, and ash content
was determined by combusting dry samples in a muffle furnace
(Thermolyne Corporation, Dubuque, IO, United States) at 550°C for
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TABLE 2 Feed formulation and proximate composition of the experimental diets.

Spirulina (S) diet!

Ingredients %

Y [0)74 S20%
Fish meal (60% protein) 13.0 11.7 10.4 9.1 -
Spirulina 0.0 1.2 2.45 3.65 -
Poultry meal 5.0 5.0 5.0 5.0 -
Soy protein concentrate 2.5 2.5 2.5 2.5 -
Wheat gluten 2.0 2.0 2.0 2.0 -
Corn gluten meal 14.0 14.0 14.0 14.0 -
Soybean meal 44 20.0 20.0 20.0 20.0 -
Rapeseed meal 12.0 12.0 12 12 -
Wheat meal 11.0 11.0 11 11 -
Wheat bran 4.5 4.5 45 4.5 -
Rice bran full fat 4.0 4.0 4.0 4.0 -
Corn meal 4.6 4.5 43 4.1 -
Vitamin and mineral premix" 1.0 1.0 1.0 1.0 -
Choline chloride 50% 0.2 0.2 0.2 0.2 -
Antioxidant 0.2 0.2 0.2 0.2 -
Sodium propionate 0.1 0.1 0.1 0.1 -
Dicalcium phosphate 1.8 1.95 2.1 23 -
L-Lysine HCI 99% 0.2 0.2 0.2 0.2 -
Soy lecithin 0.5 0.5 0.5 0.5 -
Fish oil 0.9 0.9 0.9 0.9 -
Soybean oil 25 2.6 2.7 2.8 -
Composition (% dry matter)
Crude protein 40.1 40.1 40.1 40.1 40.0
Crude fat 8.1 8.1 8.1 8.1 8.0
Fiber 4.4 4.4 4.3 4.3 3.0
Carbohydrates 17.4 17.3 17.1 17.0 18
Ash 8.5 8.5 8.4 8.4 7
Gross energy (MJ/kg feed) 18.8 18.8 18.8 18.8 14.5

'S0% = control diet and, $10%, S20%, and S30% the experimental diets in which 10, 20%, or 30% of the fish meal protein was replaced with spirulina protein, respectively, and

CPEL = commercial Skrettings® feed.

"Vitamin and mineral premix (per kg): vitamin A 250001U; vitamin D3, 2000 IU; vitamin E 400 mg; vitamin C 200 mg; vitamin K3 15 mg; vitamin B1 45 mg; vitamin B2 35 mg; vitamin B6 50
mg; vitamin B12 0.15 mg; niacin 150 mg; biotin 2 mg; D calcium pantothenate 150 mg; folic acid 7.5 mg, iron (ferrous sulfate monohydrate) 150 mg; zinc (zinc sulfate monohydrate): 30 mg;
copper (cupric sulfate pentahydrate) 25 mg and manganese (manganous sulfate) 20 mg.

12h. Crude protein content (N x 6.25) was determined using a micro-
Kjeldahl apparatus (Labconco Corporation, Kansas City, USA), and
lipid content was analyzed using a Soxhlet extractor (VELP Scientifica,
Milano, Italy). Ash content was evaluated by burning dry samples for
12h in a muffle furnace (Thermolyne Corporation, Dubuque, IO,
United States) at 550°C.

2.5 Extraction of lipids and fatty acid
analysis

Lipid extraction was done according to Bligh and Dyer (1959), for

which total lipid was extracted from 0.5g samples of pooled whole fish
homogenates from every treatment. The samples were homogenized in
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10mL chloroform/methanol (2:1, v/v) containing 0.01% butylated
hydroxytoluene (BHT) as an antioxidant, 2mL cold isotonic saline, and
0.9% sodium chloride. Homogenates were mixed vigorously and allowed
to stand for 20 min before being centrifuged at 3000 rpm for 10 min, and
the upper aqueous layer was aspirated before the lower organic/
chloroform layer was transferred to a 100 mL reflux flask and evaporated
to dryness under vacuum. Fatty acid methyl esters (FAME) were
synthesized from extracted total lipid and fatty acid standards using
acid-catalyzed transmethylation. In a 50mL reflux flask, 5mL of 1%
H,SO, (v/v) in methanol was combined with 1 mL of extracted total lipid
and refluxed at 70°C for 3h. FAME was extracted in 750 mL of distilled
water and 10mL of hexane then dehydrated in anhydrous sodium sulfate
(Na,SO,). The extracted FAME was concentrated to 0.5mL in a vacaum
evaporator and put into gas chromatography (GC) before GC analysis.
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TABLE 3 Growth performance of Nile tilapia (O. niloticus) fingerlings fed graded levels of protein replacement in fish meal with protein stemming from
spirulina (A. platensis) and commercial diet.

Parameter

BW g 21402 20+0.2 19402 20403 2.0+0.1 0.85
BW., g 11.740.9 11.2+1.1 10.5+0.7 112419 11.1£16 0.87
BW,g g 32.1+4.1 311433 322419 31.0+52 335+17 091
aFl,, g/fish 11.940.8 11.6+1.1 123405 129414 10.5+1.3 0.15
aFl, g/tank 1707 61 17224113 1752438 1822431 1,653+108 0.19
WG, g 9.640.8 9.3+1.0 8.7+0.5 9.1+1.6 9.1+1.6 0.89
WG g 30.144.0 293432 303+1.9 29.045.0 31.6+1.7 0.89
SGR,, % BW.d™! 4.1+0.2 42+0.2 4.1+0.2 4.1+0.1 41+0.3 0.98
SGR.g % BW.d™! 33402 33+0.1 3.4+02 3240.1 3.4%0.1 0.48
aFCR,, - 1.2+0.0 13402 1.4+0.1 1.5+0.4 1.2+0.1 035
Biomass_gain g 1,016 +203 991+220 1,065+ 143 1,040 97 987+74 0.97
eFCR, - 17404 1.9+0.5 1.6+0.1 1.7+0.1 1.740.1 0.83
Mortality % 48 0 29 29 5.7 0.03

'S0% = control diet, $10%, $20%, and S30% the experimental diets in which 10, 20%, or 30% of the fish meal protein was replaced with spirulina protein, respectively CPEL = commercial

Skrettings® feed.

p=p-value, BW =bodyweight, aFI =apparent feed intake, WG = weight gain, SGR=specific growth rate, aFCR =apparent feed conversion rate, eFCR = economic feed conversion rate. Biomass

gain = (harvest weight-stocking weight).

2.6 Gas chromatography analysis

FAME were separated and quantified by gas chromatography
(GC) (Shimadzu Model GC14B, Japan) fitted with on-column
injection and equipped with a fused silica capillary column
(SUPELCO Column Omega wax" 530, 30 m x 0.5 mm x 0.5 pm) with
nitrogen as carrier gas. Temperature programming was from 170°C
to 220°C at 1.8°C min~, then 220°C for 47 min and a total run time
of 75min. Injection and detection temperatures were 240°C and
260°C, respectively. All GC analyses were performed under the same
conditions. Individual methyl esters were identified by comparing the
retention times of FAME with the Supelco 37 Component FAME Mix
standard (Sigma-Aldrich, Munich, Germany).

2.7 Statistical analyses

The obtained data were analyzed using one-way analysis of
variance (ANOVA) to test dietary effects. The Fisher Least Significant
Difference (LSD) post hoc test was performed for means comparisons.
The significance level was set at p <0.05.

3 Outcomes of the spirulina feed trial
on juvenile Nile tilapia

3.1 Growth performance

Fish growth performance data is presented in Table 3. Fish
body weight at the start of the experiment (BWstart) was similar
between treatments (p>0.05). All diets were well eaten by the fish.
Apparent feed intakes at day 42 (g/fish) (aFI42) and at the end (g/
tank) (aFlend) were similar between treatments (p>0.05),
although numerically, the aFI at the end in g/tank increased with
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an increasing inclusion level of spirulina. Fish body weight in g at
day 42 (BW42) and at the end (BWend) was not affected by diet.
Growth was expressed in % BW d~' at day 42 (SGR42) and at the
end (SGRend). Weight gain at day 42 and at the end was not
significantly different among the treatments (p >0.05). Mortality
was less than 6% in all the treatments of S0%, S10%, S20%, S30%,
and CPEL. The mortality did not affect the economic feed
conversion rate (eFCR) at the end. Weight gain at day 42 (WG42)
and at the end (WGend), the apparent feed conversion rate at day
42 (aFCR42), biomass gain at the end, and the economic feed
conversion rate (eFCR) were all similar across treatments (p > 0.05).

3.2 Water quality

During the experiment, temperature 26.4 +0.5°C and dissolved
oxygen 5.0 £0.2mg/L were similar between treatments (p>0.05). The
pH 6.7+0.0, TAN 0.2+0.0mg/L, NO2-0.01+0.01 mg/L, NO3-
12.9+1.4mg/L, and salinity 0.13 +0.0 ppt were within the required
range limits for tilapia culture (Boyd and Tucker, 1998).

3.3 Fish proximate composition

The proximate composition (Table 4) indicated that there were
significant differences in the crude protein composition of fish fed
spirulina-based diets. The fish fed 30% spirulina presented a
significantly higher protein content (55.2%) compared to 10 and 20%
spirulina diets (p <0.05). Fat content was significantly higher in fish
fed 20% spirulina (6.20%) compared to the other treatments. Ash
content was significantly lower in fish fed the control diet (S0%) and
fish fed S20%, while carbohydrates were significantly higher in the
fish fed S20% (p <0.05). Gross energy was significantly higher in fish
fed the commercial diet (CPEL).
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TABLE 4 Whole body composition of Nile tilapia fingerlings (O. niloticus) fed grade levels of Spirulina (A. platensis) and commercial diet.

Parameter (

dry matter) el

Moisture 80.78+0.14° 72.55+0.82° 73.51+0.39¢ 72.31+0.47° 72.93+0.53 73.75+0.46°
Crude protein 59.30+0.44° 62.31+0.60° 49.26+2.93¢ 42.25+2.77¢ 55.20+1.22° 62.55+1.02°
Crude fat 5.78 +£0.50° 5.70+0.34° 4.91+0.14° 6.20+0.27¢ 5.81+0.31° 529+0.47°
Crude ash 13.23+0.50° 11.21+1.07° 13.67£0.69° 12.420.60° 13.88+0.65¢ 14.05+0.18°
Carbohydrates 4.69+0.24° 5.71+0.49° 8.53+0.80° 10.83+0.52¢ 6.81+0.69° 4.65+0.25°
Gross energy (MJ/100g) 8.71+0.13° 13.67+0.11° 11.64+0.32¢ 11.33+0.40° 12.69+0.18° 13.40+0.16°

'S0% = control diet, $10%, S20%, and S30% the experimental diets in which 10, 20%, or 30% of the fish meal protein was replaced with spirulina protein, respectively CPEL, Commercial

Skrettings® feed.

TABLE 5 Whole body fatty acid composition of Nile tilapia fingerlings (O. niloticus) fed graded levels of spirulina (A. platensis) and commercial diet.

Fatty acid Lioi " Diet!

ipid name Initial
(mg/1009) S20% S30%
Myristic Cl14:0 0.75 0.16* 0.15* 0.91° 0.29° 0.35¢
Palmitic C16:0 20.1 26.99° 26.24° 25.13° 24.95 24.15°
Margaric C17:0 1.37 nd 0.52* 0.46° 0.49° 0.39°
Stearic C18:0 0.35 1.94* 0.37° 0.72¢ 0.42° 0.87¢
Arachidic C20:0 0.57 0.57* 0.91° 0.14¢ 0.29¢ 0.34¢
Lignoceric C24:0 0.4 0.25° 0.23* L11° 0.63¢ 2.61¢
YSFA 23.54 29.91° 28.42° 28.47° 27.07° 28.71°
Myristoleic 14:1 (n-5) n.d n.d n.d 0.29 n.d n.d
cis-10 heptadecenoic 17:1 (n-7cis) 0.69 n.d 0.26 0.26 0.28 0.21
Elaidic 18:1 (n-9) 1.83 nd nd 0.29 nd nd
Oleic 18:1 (n-9) 25.43 34.14° 32.35 31.51° 31.42° 29.01¢
YMUFA 27.95 34.14° 32.61° 32.35° 317 29.22
Linoleic (LA) 18:2 (n-6) 18.3 19.25° 23.04° 20.52° 21.47° 23.93
Yn-6 18.3 19.25° 23.04° 20.52° 21.47¢ 23.93"
Linolenic 18:3 (n-3) 2.8 3.83 5.41° 4.26° 5,18 6.84
EPA 20:5 (n-3) 2.15 2.48° 2.9° 2.2 4.91° 2.65°
DHA 22:6 (n-3) 5.81 4.69* 6.07° 3.61° 8.004 5.76"
Yn-3 10.76 11.00° 14.38° 10.07¢ 18.09¢ 15.25°
Y PUFA 29.06 30.25° 37.42° 30.59° 39.56° 39.18°

'S0% = control diet, $10%, S20%, and S30% the experimental diets in which 10, 20, or 30% of the fish meal protein was replaced with spirulina protein, respectively CPEL, Commercial

Skrettings® feed; n.d, not detected; SFA, saturated fatty acids; MUFA, monosaturated fatty acids.

The fatty acid profile of whole fish analyzed at the end of the
experiment is presented in Table 5. The saturated fatty acids had lower
values apart from palmitic acid, which had higher values across all the
treatments but were not significantly different (p>0.05). The total
saturated fats significantly increased (p <0.05) in the fish fed spirulina-
based diets compared to the initial content. Among the
monounsaturated fatty acids, oleic acid was significantly higher in the
fish fed spirulina-based diets compared to the initial content and the
fish fed commercial feed. Linoleic acid (LA) was significantly higher
in fish fed commercial feed (p <0.05). Three omega-3 fatty acids were
detected, namely linolenic acid, eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA), which were significantly higher in fish
fed 30% spirulina compared to the control. Linolenic acid was
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significantly higher in fish fed a commercial diet while the total
omega-3 fatty acid was significantly higher in fish fed S30%. Total
PUFA was also significantly higher in fish fed 30% spirulina (p <0.05)
but was not significantly different from the commercial diet (p>0.05).

4 Discussion — trial outcomes and
K?’gentials for enhanced livelihood in
rica

Even though the challenges of ensuring food and nutrition
security are complex, there are many opportunities, for instance, using
the edible microbial biomass derived from microalgae as a
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conventional source of food and feed (Linder, 2019). In this study, the
main aim is to investigate whether protein from spirulina is a suitable
alternative to protein sourced from fish meal in fish feed for juvenile
Nile tilapia. By replacing parts of the fish meal protein of the control
diet for juvenile tilapia with dried spirulina, we measured (1) the
growth performance, (2) the fish proximate composition, and (3) the
fatty acid profile of whole fish.

The trial in this study confirms that fingerlings can just as well
be fed a diet with 30% of the fish meal protein replaced by protein
from spirulina as the commercial diet. In particular, the body
composition analysis shows that fish fed 30% spirulina protein (S30)
had a significantly higher protein content while a higher lipid content
was reported in fish fed 20% spirulina protein (520). The increase in
protein content could have resulted from increased nutrient deposition
and effective conversion of ingested food into structural protein,
building more muscle (Lara-Flores and Olvera-Novoa, 2013).

Moreover, the results show that the economic commercial feed
diet (eFCR) of the fingerlings fed the different diets was similar across
all trial groups. Also, the nutritive value did not vary significantly
between diets, meaning that the growth of the fingerlings depended
on the nutritive content of the diets and that the growth performance
was not influenced by replacing fish meal protein with spirulina
protein by up to 30%. The similarity in feed intake and mortality rates
of fingerlings from all treatments also indicate that there was no
influence on the palatability or toxicity of the inclusion of spirulina in
feed, i.e., the replacement of fish protein with spirulina protein in
the diet.

Furthermore, the substitution of fish meal and fish oil with plant
sources led to a decrease in polyunsaturated fatty acids (n-3
LC-PUFA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA) levels in aquafeeds, lowering levels of these critical beneficial
fatty acids in many farmed fish species (Sprague et al., 2016; Trevi
etal, 2023). As a result, it is important to find novel ingredients that
can meet the needs of the fish feed industry while also meeting the
nutritional requirements of cultured fish and ultimately enriching the
n-3 LC-PUFA contents of farmed fish (Tocher et al., 2019) to provide
the required important nutrients to the consumers, thereby ensuring
nutrition security. Spirulina has been documented to be rich in n-3
LC-PUFA, EPA, and DHA and its protein content is similar to marine
fish meal, which makes it a suitable substitute for fish meal (Trevi
etal, 2023). The presence of high levels of n-3 PUFA in fish fed 30%
spirulina is an indicator that the fish digested PUFA better than the
saturated fatty acids (SFA) (Raji et al., 2020). Similarly, PUFA levels
were elevated in Siberian sturgeon (Acipenser baeri) fed a diet
containing a high concentration of spirulina, of up to 60% (Palmegiano
et al., 2005).

These outcomes confirm similar findings across the literature on
spirulina trials as feed in the aquaculture sector, mostly in Asia. This
includes experiments on growth performance, survival rate, fatty acid
profiles, and fecundity of Nile tilapia (O. niloticus) conducted in
Bangladesh (Hossain, 2017). In Japan, it has been found that tilapia
fed solely raw spirulina has a high flesh quality (Lu et al., 2003).
Moreover, the literature informs of a series of experiments with
spirulina as feed for catfish. This includes research on; 1) replacing
protein sourced from fish meal with protein sourced from spirulina to
investigate the growth, carcass composition, and pigment of the
Mekong giant catfish (Pangasius gigas) (Tongsiri et al., 2010) 2) the
tolerance effect of spirulina against lead nitrate-induced cytotoxicity
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and genotoxicity in catfish (Clarias gariepinus) (Hamed et al., 2019),
and 3) the effects of feeding African catfish (C. gariepinus) exposed to
food shortage using spirulina diets to investigate growth and
hematological parameters (Sayed and Fawzy, 2014). While, overall, the
experiments inform of positive results, one experiment obtained more
disadvantageous outcomes. Altmann and Rosenau (2022) inform that
although spirulina overall provides a prospective protein source in
poultry and pork production, as well as in aquaculture, it can have
implications for system productivity and end-product quality,
depending on the animal production system, although this needs
further research. Other microalgae, which have been used as feed
ingredients in similar trials, include Schizochytrium (Troell et al.,
2023) and Chlorella (Alagawany et al., 2021).

Such findings are not completely new; As early as in 1975,
spirulina feed trials for experimenting with the growth of tilapia,
among other species, were proven to be successful (Stanley and Jones,
1976). In practice, it is not always easy to get hold of a starter culture
to produce spirulina, and it is often very expensive. Although spirulina
grows naturally on a few lakes in Kenya, it is not suited for feed
production because it is highly contaminated with other microalgae
species, some of which can be toxic. Although commercial spirulina
contains trace concentrations of six typical heavy metals (Ni, Zn, Hg,
Pt, Mg, and Mn), it has been revealed that concentrations of inorganic
elements have not been found to exceed the present regulation levels,
and they can be considered safe food (Al-Dhabi, 2013). To compare
the production costs of spirulina as a protein source in feed at this
stage is not possible for a series of reasons: (1) affordably produced
spirulina is not available at this stage so there is no market price to
compare, and (2) the cost prices of different sources of protein depend
on the market levels: at the community level, at the city level, at the
national level, at the regional level, or in the international market.

There are at least seven reasons for the increased urgency to make
use of spirulina as a protein source in feed (Greene et al., 2016; Linder,
2019). (1) The use of microalgae biomass for animal feed, which can
compete with conventional feed sources such as soy and fish meal, is not
necessarily limited by access to low-cost growth substrates. (2) As the
feed and aquaculture sectors are expanding rapidly, it is more necessary
now than ever to make use of alternative sustainable feed ingredients,
and microalgae have the potential to ensure sustainability standards by
replacing fish meal and fish oil. (3) Given the need to reduce feed and
production costs and feed waste, a highly digestible feed with low input
costs is needed, such as microalgae. (4) The global food production
system is threatened by the effects of climate change, and due to low
carbon footprints and carbon credits from industrial CO, conversion,
microalgae-based feeds have the potential to provide significant climate
benefits as well as economic benefits. (5) Given the urgency of future
food and nutrition security, new sources of environmentally friendly and
nutrient-rich feed ingredients for global food security in the bio-economy
are enhanced. (6) Sustainable management of natural resources in food
systems is critical to food and nutrition security, and microalgae have the
potential to bypass many of the current environmental boundaries of
food production while also reducing environmental impacts. Microalgae
can also be cultivated for food and feed independently of arable land and
can be used for wastewater treatment. (7) The knowledge and insights of
microalgae as a protein replacement in feed and food are increasing.

As such, spirulina can have multiple functions following a food
system approach and can contribute to transition pathways aiming for
SDGs, including SDGI1: No poverty; SDG2: Zero hunger; SDG6:
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Clean water and sanitation; and SDG12: Responsible consumption
and production. According to the literature, there are many potential
uses for spirulina in our food systems. The literature recommends that
spirulina play a critical role in a circular economy context (Napolitano
etal., 2022). For instance, Life Cycle Assessment (LCA) was applied
to estimate the sustainability of “circular” fish farming growing
spirulina on urban or agro-industrial wastewater, resulting in
significant impacts as a wastewater treatment while improving fish
welfare (Napolitano et al., 2022). Novel investigations have shown that
spirulina can efficiently metabolize the nutrients and remove the
heavy metals contained in aquaculture effluent (Alagawany et al,
2021), and as such, it can be used for treating wastewater, including
effluent from fish culture activities (Zhang et al., 2020). Fish
aquaculture could apply an integrated strategy of simultaneously
treating aquaculture effluent while producing spirulina biomass to
supplement fish diets (Zhang et al., 2020). Another study utilized fish
waste in the form of fish protein hydrolysate as an organic nitrogen
source for the cultivation of spirulina as a replacement for inorganic
nitrogen. Because inorganic nitrogen bears high costs and energy use
and causes severe environmental problems, it is concluded that both
fish waste valorization and spirulina cultivation comprise sustainable
and environment-friendly contributions (Shanthi et al., 2021).
Spirulina has also been recommended in other studies for
environmental reasons, including a study investigating spirulina
growth on swine wastewater and a study on the removal of chemical
oxygen demand, ammonia, and phosphorous (Mezzomo et al., 2010).

In Kenya, 26% of children below 5years old suffer from
malnutrition (Masibo et al., 2020) and increased fish consumption by
such vulnerable groups could greatly improve their nutrition status.
While spirulina has nutritional value as a feed ingredient, it can also
become an affordable nutritious food ingredient in future, which can
lead to substantially enhance food and nutrition security among the
food insecure population in Africa. Moreover, affordable fish can have
a huge impact on food and nutrition security among vulnerable groups
in Kenya (Kawarazuka and Béné, 2010; Ogello and Munguti, 2016).
However, fish prices affect consumption patterns in urban slums,
where consumers tend to buy smaller and cheaper fish, such as the
Lake Victoria sardine (Rastrineobola argentea), locally known as
Omena when its price is reduced (Ayuya et al., 2021). This means that
farmed fish could be more affordable to low-income families if it was
produced and sold cheaper. In recent years, the consumption of Omena
has been on the rise locally among poor rural communities (Aura et al.,
2022). Spirulina could fill this gap and complement Omena as human
food and animal feed since it is also utilized as a protein source for fish
and other farmed livestock such as dairy cattle and pigs.

5 Concluding remarks

The main aim of this study is to investigate whether protein
from spirulina is a suitable alternative to protein sources from
fish meal in the feed of juvenile tilapia. The outcomes of a trial
conducted in Kenya show that nutritionally, protein from
spirulina is a suitable ingredient to replace fish meal protein in
juvenile Nile tilapia feed. In particular, the body composition
analysis shows that fish fed 30% spirulina protein (S30) had a
significantly higher protein content, while a higher lipid content
was reported in fish fed 20% spirulina protein (520). This is
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interesting because it implies that non-sustainable protein
sources in feed, such as soya and fish meal, can be replaced by
highly environmentally friendly and climate-neutral alternatives.

Given the unique properties of spirulina, including its high
protein, essential amino acids, and essential fatty acids content, it has
a high potential to fight hunger and to contribute substantially to
increasing food and nutrition security among the most vulnerable
population groups in Kenya and elsewhere, both as feed for
aquaculture (Alofa et al., 2020) and as food (Masibo et al., 2020). Thus,
spirulina potentially has a series of impact areas throughout a food
system. Furthermore, given its contributions to feed and food and
value gained through processing and marketing throughout a value
chain, it serves as an environmental driver in a circular economy,
recommended to play a critical role as a side stream treatment while
improving fish welfare (Napolitano et al., 2022). As such, it contributes
to a series of SDGs, including SDGI: no poverty; SDG2: zero hunger;
SDG6: clean water and sanitation; and SDG12: Responsible
consumption and production.

The challenge is to ensure spirulina becomes available in
affordable quantities to low-income groups. The high prices of
fish meal, soybean, and fish oil lead farmers to often spend more
than half of their earnings from livestock on feed (Chandra et al.,
2010). For instance, making use of spirulina as feed in fish
farming has great potential in Kenya to improve the livelihoods
of farmers by generating income but also by improving nutrition
(Amankwah et al., 2018; Munguti et al., 2022). As such, cheaper
suitable alternative protein-rich ingredients in feed are being
sought, and spirulina is recommended as a major plant protein
source in farmed fish nutrition (Alagawany et al., 2021). To
ensure the low costs of feed, it is recommended that spirulina is
grown on animal manure available on farms (Ungsethaphand
et al., 2009). While, in Kenya, spirulina is produced commercially
for human consumption only, Wageningen University and
Research, together with KMFRI in Sagana and Nasio Trust in
Kakamega, Kenya, are carrying out trials using different types of
animal manure to grow spirulina on fish farms. The incentive is
to make spirulina available to small-scale farmers, to ensure the
affordability of high-quality feed, and to combat hunger by
increasing food production in sustainable, climate-neutral ways.
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