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Abstract
The utilization of sustainable and innovative raw materials to substitute for traditional fish-
meal (FM) ingredients is required for the aquaculture sector. Sacha inchi meal (SIM), a 
by-product of sacha inchi oil, is one of the promising FM replacers. In the present study, 
four isonitrogenous and isolipidic (approximately 30 and 8%, respectively) diets contain-
ing 0, 270, 330, and 415 g/kg of SIM (SIM0, 60, 80, and 100, respectively) were prepared. 
Four replicate groups of red hybrid tilapia (15.87 ± 0.02  g/fish, 20 fish per replicate, 80 
fish per diet) were randomly distributed into 16 glass tanks (100 L each) and manually fed 
one of the test diets until apparent satiation twice daily for 10 weeks. All fish were used to 
calculate growth parameters. Dietary SIM replacement increased growth performance and 
feed conversion ratio (P < 0.001 for most parameters). The SIM80 diet resulted in the high-
est final weight (56.43 g/fish), weight gain (40.53 g/fish), specific growth rate (1.81%/day), 
and protein productive value (37.30%). The apparent digestibility coefficient of protein 
was significantly increased (81.65 ‒ 87.65%) by replacement of FM with SIM (P < 0.001) 
with a significant negative effect observed in the fish fed SIM100 (78.30%). Hematology, 
total cholesterol, triglycerides, and low-density lipoprotein cholesterol were significantly 
decreased in all SIM-supplemented groups (P < 0.05). Aspartate aminotransferase and ala-
nine transaminase levels were significantly increased with the highest levels in the SIM100 
group (75.20 and 42.61 UL−1, respectively, P < 0.001). Among the histological differences 
observed in the liver, nuclei shifting and hepatocyte vacuolization were the main abnor-
malities in the fish fed the SIM80 and SIM100 diets. Intestinal villi height and thickness 
were increased by the dietary replacement (P < 0.05). These results demonstrate that SIM 
can replace FM by up to 330 g/kg (SIM80) improving growth, digestibility, blood param-
eters, and histological integrity.
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Introduction

Aquaculture is the fastest-growing segment among the farmed agricultural food sections 
due to an increase in fish and seafood consumption. Since 2010, total aquaculture produc-
tion has grown at an average annual growth rate of roughly 10.3% over the last 20 years, 
accounting for 89% of the global total fisheries production (FAO 2020; NRC 2011). 
Because of the rising demand for high-quality protein, the decline in wild fish catches, and 
advances in fish farming technology, global aquaculture production is expected to double 
by 2050 (Stentiford 2017). In aquafeed industry, fish meal (FM) is widely used as an ani-
mal protein source due to its plenty of balanced essential amino acids, high protein content, 
and palatability (Gatlin et al. 2007; NRC 2011). However, the global FM supply can not 
keep up with the rising demand for aquafeed production, resulting in a continuous increase 
in the price (FAO 2020). In addition, during the last two decades, FM has significantly 
suffered from stagnation in global supply, resulting in periodic fluctuations of pricing up 
to 300% (Beal et al. 2018; Hua et al. 2019). The major advantages of FM include its high 
protein content, lack of anti-nutritional factors (ANFs), high digestibility, palatability, and 
well-balanced amino acid composition. Due to the scarcity of FM, fish nutritionists have 
been looking for alternative protein sources that have similar properties and are both cost-
effective and sustainable (Gatlin et al. 2007; NRC 2011).

Alternative plant protein sources are one of the most extensively used FM replacers 
because of their consistent supply, low cost, and nutritional advantages. As a result, there 
is ongoing interest in researching what kind of plant protein and how much of them can be 
used to replace FM in aquafeed (FAO 2020; NRC 2011). Several plant proteins have been 
widely used to replace FM in part or completely: cotton seed, soybean, lupin, pea, corn, 
corn gluten, and combination of plant proteins (Webster et al. 1992; Rinchard et al. 2003a; 
Hernández et al. 2007, 2021; Zhang et al. 2012; Diógenes et al. 2018). However, there are 
still a number of drawbacks that limit the utilization of plant protein sources in aquafeed: 
e.g., poor palatability, imbalanced essential amino acid profile, and the presence of ANFs 
such as tannin, trypsin inhibitor, phytic acid, and saponin. Dietary inclusion of plant pro-
tein-based diets, particularly at a high level of replacement, can jeopardize the growth, feed 
utilization, nutrient bioavailability, and well-being of fish, leading to physiological anoma-
lies (Samtiya et  al. 2020; Khieokhajonkhet et  al. 2021). This is due, at least in part, to 
ANFs and a lack of lysine and methionine in plant proteins (Gatlin et al. 2007; NRC 2011).

The wild oleaginous plant sacha inchi (Plukenetia volubilis L., family Euphorbiaceae) 
is native to the Amazonian tropical rainforest of South America (Chirinos et al. 2013). It 
is frequently referred to as a “superfood” because of its excellent nutritional profile and 
potential health advantages, and the market is rapidly growing (Gutiérrez et al. 2011, 2017; 
Wang et al. 2018). Sacha inchi meal (SIM) is a by-product of cold-pressed sacha inchi oil 
manufacture (Muangrat et al. 2018). The cold pressing method is traditional but still very 
common because other non-cold techniques often add unpleasant off-flavors to sacha inchi 
products by deteriorating polyunsaturated fatty acids (PUFAs). Aside from the nutritional 
and sensory benefits, the cold pressing method is simple, safe (i.e., uses less chemical), and 
low cost (Siregar et al. 2015); and thus the future spread of sacha inchi is anticipated to 
increase and stabilize SIM supply. Previous studies revealed that SIM has a relatively high 
crude protein content of 539.7 g/kg, fat (41.30 ‒148.8 g/kg), total n-3 fatty acids (26.5 g/
kg), and total n-6 fatty acids (24.3 g/kg) (Rawdkuen et  al. 2016; Khieokhajonkhet et  al. 
2021), while some ANFs have also been detected (Rawdkuen et al. 2016). These superior 
nutritional features make SIM a promising candidate of the alternative protein resource 
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in aquafeed, but to the best of our knowledge, only three reports have been published on 
the use of SIM in fish diet: one showed that SIM supplementation increased the apparent 
digestibility coefficient (ADC) of protein in rainbow trout, Oncorhynchus mykiss (Ortiz-
Chura et al. 2018); another showed that the dietary inclusion of air-dried SIM did not suc-
cessfully enhance growth in Nile tilapia, Oreochromis niloticus (Muichanta et  al. 2020); 
the latest study showed that SIM could totally replace soybean meal for red hybrid tilapia, 
O. niloticus × O. mossambicus (Khieokhajonkhet et al. 2021).

Tilapia is a valuable commercial fish species, with the second most popular and widely 
farmed freshwater fish culture after cyprinids accounting for about 10% of all fish produced 
in the aquaculture sector (FAO 2021). The global demand for commercial tilapia feeds is 
expected to increase as production volumes increase and farming becomes more intensive, 
and there is a need to identify protein sources that can contribute to sustain this growth. 
Although the previous studies successfully demonstrated the potential of SIM as an aqua-
feed ingredient, none of them has examined whether FM can be replaced with SIM with 
no adverse effects. Thus, the present study investigates the effect of replacing FM with 
SIM on dietary digestibility, growth metrics, hematology, and liver and intestinal histologi-
cal changes in tilapia. We used red hybrid tilapia, which was developed as the genetically 
improved farm tilapia (GIFT) by crossing Nile tilapia with Mozambique tilapia O. mos-
sambicus, because of the favorable characteristics such as good taste, attractiveness, strong 
capacity to environmental stresses and disease resistance, and quick growth and short gen-
eration times (Islam et al. 2006; Haque et al. 2016).

Materials and methods

Preparation of sacha inchi meal

SIM was kindly provided by The Ultimate Bangkok Co. Ltd., Bangkok, Thailand, and pre-
pared according to our previous study (Khieokhajonkhet et al. 2021). Briefly, it was finely 
ground and homogenized using a kitchen blender, screened through a 30-mesh strainer 
(mesh size approximately 560  µm), and then subjected to the extrusion process using a 
CTE-D25L32 twin-screw extruder (Chareon Tut Co, Ltd., Samutprakan, Thailand). The 
pelleting temperature was at 80 °C, and the extruding temperature never reached 100 °C. 
SIM was extruded at a shaft speed of 200 rpm to obtain 0.5-mm diameter with a feeding 
rate of 120 kg/h. To achieve a barrel type shape, moisture was set at approximately 150 ‒ 
180 mL/kg. Obtained SIM pellets were dried at 70 °C using hot air-oven overnight, ground, 
and kept at ‒20 °C. SIM was used to analyze the chemical composition as described in the 
chemical scrutiny section. The chemical composition of SIM was presented in our previous 
study (Khieokhajonkhet et al. 2021).

Diet preparation

Four isonitrogenous (approximately 30% of crude protein) and isolipidic (approximately 8% 
of crude lipid) diets were prepared in this study. A basal diet (SIM0 as control) was formu-
lated by using FM as the major protein source (350 g/kg). The three other diets were pre-
pared by replacing FM and rice flour with the extruded SIM added at 270, 330, and 415 g/
kg; these diets were designated SIM60, SIM80, and SIM100, respectively (Table 1). Fish oil 
was added to the control diet to obtain a similar crude lipid content to all experimental diets. 
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To ensure the essential amino acid requirements for tilapia, methionine and lysine were sup-
plemented to all test diets (NRC 1993). All fine feed ingredients were mixed according to the 
feed formulation shown in Table 1 using a C-B20G kitchen blender (CKI Family Co, Ltd., 
Nonthaburi, Thailand). Thereafter, fish oil and distilled water were added, and the mixture was 
further blended for 10 min. The mixture was then pelleted with a diameter of approximately 
3 mm using a meat mincer (ICK family Co. Ltd., Nonthaburi, Thailand). The pellets were air-
dried, sealed in polyethylene bags, and kept at ‒20 °C until used for feeding trial and further 
analysis.

Table 1   Formulation and proximate composition of the experimental diets (dry matter)

a Supplied by Praepan Animal feed Corporation, Phitsanulok, Thailand
b Origin Nature, Norway
c Vitamin premix composition (IU or mg per kg diet): vitamin A, 20,000 IU; vitamin D3, 1000 IU; vitamin 
E, 500 mg; vitamin K, 2 mg; Thiamin (B1), 25 mg; riboflavin (B2), 40 mg; pyridoxine (B6), 10 mg; cyano-
cobalamin (B12), 100 mg; inositol, 10 mg; ascorbic acid, 100 mg; niacin, 30 mg; pantothenic acid, 30 mg; 
biotin, 1 mg; folic acid, 3 mg
d Mineral premix composition (g per kg diet): calcium phosphate, 0.8; calcium lactate, 1; ferrous sulphate, 
0.012; potassium chloride, 0.008; potassium iodine, 0.003; copper sulphate, 0.12; manganese oxide, 0.002; 
cobalt carbonate, 0.002; zinc oxide, 0.016; magnesium chloride, 0.022; sodium selenite, 0.010
e Gross energy value was calculated on the basis of combustion values of 23.6 kJ g‒1 protein, 39.5 kJ g‒1 
lipid, and 17.2 kJ g‒1 carbohydrates (NRC 2011)

Ingredients Control/SIM0 SIM60 SIM80 SIM100

Feed formula (g/kg)
   Fish meala 350 140 70 0
   Sacha inchi meal 0 270 330 415
   Gluten 80 80 80 80
   Corn 150 150 150 150
   Rice flour 366 318 328 313
   Fish oilb 14 2 2 2
   Cr2O3 5 5 5 5
   Vitamin premixc 10 10 10 10
   Mineral premixd 10 10 10 10
   Methionine 10 10 10 10
   Lysine 5 5 5 5
   Total 1000 1000 1000 1000

Proximate composition (%)
   Crude protein 30.04 ± 0.42 30.55 ± 0.45 29.96 ± 0.42 30.35 ± 0.22
   Crude lipid 7.93 ± 0.21 8.04 ± 0.33 8.23 ± 0.47 8.08 ± 0.24
   Crude fiber 2.19 ± 0.17 2.98 ± 0.74 3.14 ± 0.21 3.45 ± 0.81
   Ash 7.41 ± 0.05 5.22 ± 0.03 4.14 ± 0.11 3.51 ± 0.05
   Moisture 8.20 ± 0.42 8.61 ± 0.17 8.54 ± 0.78 8.19 ± 0.49
   Gross energy (kJ/g)e 18.90 ± 0.34 19.00 ± 0.47 19.20 ± 0.87 19.70 ± 0.92
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Feeding trial

A total of 500 juvenile red hybrid tilapia (2.5 ‒ 3.0 g/fish) were purchased from a local 
commercial hatchery farm in Phrompiram district (Dokdin hatchery, Phitsanulok, Thai-
land). The experimental fish were transferred and acclimatized to the experimental con-
ditions in indoor recirculation systems (volume 500 L) for 4 weeks with a natural pho-
toperiod (12-h light: 12-h dark) at the Faculty of Agriculture Natural Resources and 
Environment, Naresuan University, Phitsanulok, Thailand. They were fed daily at 08:30 
and 16:30 using a commercial diet containing approximately 32, 4, and 4% of crude 
protein, crude lipid, and crude fiber, respectively (NB Distribution Co, Ltd., Ratchaburi, 
Thailand). One-third of the water was exchanged every 2 days with dechlorinated water.

A total of 320 red hybrid tilapia with similar size (average initial weight 
15.87 ± 0.02 g/fish) were fasted for 24 h and anesthetized using 50 mg  mL−1 of clove 
oil solution (clove oil:ethanol, 1:9). Twenty fish of each tank were bulk weighed and 
randomly allocated into 16 experimental glass tanks (0.45 × 0.45 × 0.90 m with approxi-
mately 100-L capacity; 4 treatments × 4 replicates). As the initial sample, 10 whole 
body fish were randomly collected per each treatment and euthanized using an overdose 
of clove oil solution (approximately 100  mg/mL−1). The fish samples were stored at 
‒20 °C and used for initial whole body composition analysis. During the feeding trial, 
fish were hand fed to satiation at 08:30 and 16:30 daily. The experimental diets were 
given until no more fish at the water surface actively took the feed pellets. Total daily 
feed consumption and mortality were recorded, and the dead fish were removed from 
the calculation of the total feed intake and feed conversion ratio (FCR). Approximately 
60% of water in each tank was replenished using dechlorinated water every day. Water 
parameters were determined in the afternoon daily: temperature 28 – 30 °C, dissolved 
oxygen (DO) 3.0 – 6.5 mg L−1, and pH 7.0 – 8.2.

Growth performance and morphological indexes

At the end of the feeding trial, all fish were starved for 24  h and anesthetized using 
50 mg mL−1 of clove oil solution. Fish in each individual tank were counted and bulk 
weighed, and used to calculate growth parameters and survival. The following equa-
tions were used: Specific growth rate (SGR, %/day) = 100 × (Ln final body weight – Ln 
initial body weight)/number of days; FCR = feed intake (g)/weight gain (g); Protein effi-
ciency ratio (PER, %) = wet weight gain (g)/protein intake (g); Protein productive value 
(PPV) = protein gain (g)/protein intake (g); Survival (%) = 100 × (final number of fish)/
(initial number of fish).

To determine morphological indexes, two fish per replicate tank (N = 8 per treat-
ment) were individually weighed and measured for total body length (cm) to calculate 
the condition factor (K value). Liver and visceral tissues were dissected and individu-
ally weighed to calculate the hepatosomatic index (HSI) and viscerosomatic index 
(VSI), respectively. Liver weight was included in the calculation of VSI. Morphological 
indexes were calculated using the following equations: K value (g/cm3) = 100 × (indi-
vidual final body weight, g)/(individual final body length, cm3); HSI (%) = 100 × (indi-
vidual liver weight, g)/(individual whole body weight, g); VSI (%) = 100 × (individual 
viscera weight, g) /(individual final body weight, g).

681Aquaculture International (2022) 30:677–698



1 3

Chemical scrutiny and composition

All feed ingredients, experiment diets, initial- and final whole-body fish (2 fish per replicate 
tank were pooled, N = 4) were used to determine proximate composition. The proximate 
analyses were performed following the standard procedures (AOAC 1990) in quadruple. 
Moisture content was determined using a hot air oven at 105 °C (Memmert model UL50, 
Germany, method 930.15) by heating samples until a constant weight was obtained. Crude 
protein content was measured by the Kjeldahl method after acid digestion (N × 6.25) using 
a Kjeldatherm block heating system (semi-automatic Kjeldahl, Gerhardt Vapodest, 45  s, 
Germany, method 984.13). Crude lipid content was determined by the conventional lipid 
extraction using petroleum ether and a classical Soxhlet apparatus following the method 
920.85, whereas ash content was measured by a combustion method 942.05 at 550 °C for 
6 h using a Carbolite ELF 11/14 muffle furnace (Hope Valley, England). Crude fiber con-
tent was determined after acid (H2SO4) and base (NaOH) digestion. Digested samples were 
air-dried and incinerated for 3 h using a muffle furnace (Yasumaru and Lemos 2014), and 
gross energy was calculated using combustion values (NRC 2011).

To determine the amino acid profile, experimental diets were analyzed in duplicate at 
The Central Instrument Facility (CIF) Service, Faculty of Science, Mahidol University, 
Bangkok, Thailand (Table 2). Briefly, 0.3 mg of each sample was hydrolyzed using 1 mL 
of 6  N HCl at 110  °C for 22  h. The obtained sample was then diluted in 0.02  N HCl. 
After filtration with a 0.45-µm microfilter, the sample was injected into an automatic amino 
acid analyzer (Hitachi-L8800, Tokyo, Japan). Predominant essential amino acids in the 

Table 2   Amino acid profile of the experimental diets (g/kg dry matter)

Amino acids Control/SIM0 SIM60 SIM80 SIM100

Total essential amino acids 154.78 139.27 136.13 132.82
   Arginine 16.17 13.65 12.10 11.85
   Histidine 9.75 8.38 7.57 7.84
   Isoleucine 8.82 9.76 9.73 10.74
   Leucine 23.59 24.95 26.97 27.91
   Lysine 19.11 15.14 15.51 14.30
   Methionine 14.22 11.16 10.55 10.18
   Threonine 11.99 12.02 12.31 13.13
   Tryptophan 23.34 21.15 20.55 15.95
   Valine 15.51 13.82 12.76 13.18
   Phenylalanine 12.28 9.24 8.08 7.74

Total non-essential amino acids 126.98 138.84 136.22 146.38
   Alanine 16.61 21.91 22.68 25.00
   Aspartic acid 22.18 26.81 27.15 28.59
   Cystine 4.50 2.37 1.48 1.49
   Glutamic acid 30.77 31.18 29.47 33.33
   Glycine 17.96 20.30 21.87 22.34
   Proline 16.11 14.68 13.50 12.81
   Serine 10.40 12.29 12.03 14.03
   Tyrosine 8.50 9.30 8.04 8.79

682 Aquaculture International (2022) 30:677–698



1 3

experimental diets included isoleucine, leucine, and threonine, while predominant non-
essential amino acids were aspartic acid, alanine, serine, and glycine (Table 2).

Fatty acid profiles were determined according to a previous report by Khieokhajonkhet 
et al. (2021). Briefly, total lipids were extracted in duplicate from experimental diets with a 
mixture of methanol and chloroform (1:2 v/v) according to Folch et al. (1957). Thereafter, 
fatty acid methyl esters (FAMEs) were obtained using anhydrous methanol and 2% sulfuric 
acid and quantified with a gas chromatograph-mass spectrometer (GC–MS, Agilent tech-
nologies 7890B – 5977A, USA) equipped with a flame ionization detector (FID) and HP-5 
capillary column (30 m × 0.32 mm; 0.25 μm film thickness). The initial oven temperature 
at 120 °C held for 1 min was increased to 190 °C at the rate of 5 °C  min−1 and then to 
200 °C at 10 °C min−1. The final temperature was held at 200 °C for 5 min. The fatty acid 
content was calculated using the retention time and peak area of the reference standard 
(Sigma-Aldrich, MO, USA). Fatty acid profiles of experimental diets are shown in Table 3, 
in which the effect SIM inclusion was well reflected in the fatty acid contents and composi-
tions. Dietary inclusion of SIM quadratically decreased total saturated fatty acids (SFA) 

Table 3   Fatty acid composition of experimental diets (g/kg fatty acids)

Fatty acid profile are mean values of two replicates
a ∑ SFA is the summation of saturated fatty acids (6:0, 8:0, 10:0, 12:0, 14:0, 15:0, 16:0, 18:0, 20:0, 22:0, 
24:0)
b ∑ MUFA is the summation of monounsaturated fatty acids (14:1, 16:1, 18:1n-9, 20:1n-9, 22:1n-9, 24:1)
c ∑ PUFA is the summation of PUFAs (18:2n-6, 20:2n-6, 18:3n-6, 18:3n-3, 20:3n-3, 20:4n-6, 20:5n-3, 
22:5n, 22:6n-3)
d ∑n-3 is a summation of n-3 PUFAs (18:3n-3, 20:5n-3, 22:5n-3, 22:6n-3)
e ∑n-6 is a summation of n-6 (18:2n-6, 18:3n-6, 20:2n-6, 20:4n-6)
f ∑n-9 is a summation of n-9 (18:1n-9 trans, 18:1n-9 cis, 20:1n-9, 22:1n-9)
Abbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated 
fatty acids

Fatty acids Control/SIM0 SIM60 SIM80 SIM100 ANOVA Quadratic

  14:0 28.1a 16.0b 12.1c 1.9d

  16:0 241.9a 222.3ab 208.8bc 196.5c

  18:0 89.0a 80.1ab 74.5b 33.9c

∑ SFAa 372.5a 334.6b 309.7b 236.2c  < 0.001 0.040
   16:1 35.9a 17.8b 11.0c 2.8d

   18:1n-9 353.0a 336.6ab 316.6b 205.3c

   20:1n-9 13.7a 5.2b 3.8bc 3.2c

∑ MUFAb 408.0a 361.0b 332.0c 211.7d  < 0.001 0.001
   18:2n-6 156.1d 193.0c 269.8b 321.2a

   18:3n-3 17.3d 68.1c 188.1b 259.0a

   20:5n-3 5.6 4.4 3.9 3.3
   22:6n-3 27.1 21.6 20.8 17.1

∑ PUFAc 219.7d 288.5c 482.6b 651.4a  < 0.001 0.950
   ∑n-3d 50.0d 94.2c 212.8b 279.4a  < 0.001 0.085
   ∑n-6e 164.2d 194.3c 269.8b 372.0a  < 0.001 0.012
   ∑n-9f 368.7a 322.4b 340.7b 208.9c  < 0.001  < 0.001

∑n-3/∑n-6 0.30c 0.48b 0.78a 0.75a  < 0.001 0.001
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and monounsaturated fatty acids (MUFA) contents. Total polysaturated fatty acids (PUFA), 
n-3 fatty acids, n-6 fatty acids, and the n-3/n-6 ratio were significantly increased by SIM 
inclusion (ANOVA, P < 0.001). The increase was quadratic for total PUFA, n-3, and the 
n-6 fatty acid content.

Apparent digestibility coefficients (ADCs)

The ADCs of dry matter and protein were determined using inert chromic oxide (Cr2O3) 
as a marker by the indirect digestibility method (NRC 2011). Fish were fed with diets 
containing 5 g/kg diet of Cr2O3. After feeding this diet for 30 min, all-glass tanks were 
cleaned to ensure removal of the uneaten feed, sediment, and debris, and freshwater was 
completely replenished. Fresh feces were gently collected by siphoning at 3 ‒ 4  h after 
feeding for 10 days from the 57th to 70th days of the feeding trial. Feces collected from each 
glass tank were briefly rinsed with distilled water, pooled for each tank (n = 4 per diet), 
and kept at ‒20 °C until used for composition analysis. The pooled feces containing Cr2O3 
were oven-dried at 65  °C and quantitatively analyzed using the 70% nitric acid (HNO3) 
followed by 70% perchloric acid (HClO4) digestion method according to Furukawa and 
Tsukahara (1966) along with experimental diets containing Cr2O3. A UV spectropho-
tometer (UV-1800, Shimadzu, Japan) was used to measure the absorbance at 350 nm. In 
order to calculate ADC of protein, protein content of the fecal samples was determined 
following the protocol described in the chemical scrutiny and composition section. The 
ADCs of dry matter and protein were calculated as follows: ADC of dry matter (%) = 100 
‒ (100 × Cr2O3 of diet/Cr2O3 of feces); ADC of protein (%) = 100 ‒ (100 × % Cr2O3 in diet/
Cr2O3 in feces × % crude protein in feces/crude protein in diet).

Blood sampling and determination of hematological and biochemical parameters

One milliliter of blood was collected from the caudal vein of four fish per tank after the 
10-week feeding trial using heparinized syringes. The collected blood was used to deter-
mine hematological parameters including red blood cells (RBCs), white blood cells 
(WBCs), and hematocrit according to Hesser (1960) methods. Another set of blood sam-
ples was withdrawn using non-heparinized syringes. The blood samples were stored on ice 
for 1 h and subjected to centrifugation at 5000 × g at 4 °C for 10 min. The resulting plasma 
was immediately used for biochemical analyses. Total protein and albumin concentrations 
were determined by following the Biuret and Bromocressol-green methods, respectively 
(Drupt et  al. 1974; Scoffone and Fontana 1975). Globulin, aspartate aminotransferase 
(AST), alanine transaminase (ALT), alkaline phosphatase (ALP), total cholesterol, triglyc-
erides, high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cho-
lesterol (LDL-C) levels were determined using colorimetric methods (Coz-Rakovac et al. 
2008). All blood biochemical analyses were performed with the automated blood analyzers 
P400 and PC400 (Horiba, Japan).

Histological analyses

After the feeding trial, two fish in each tank were euthanized using an overdose of the 
clove oil solution. Liver was dissected out and 4 ‒ 5 pieces of approximately 0.2 ‒ 0.3 
cm3 were cut out for each individual fish. Dissected tissues were immediately preserved 
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in a 10% neutral formaldehyde solution. Similarly, anterior intestinal organs were cut into 
2 – 3 pieces (approximately 0.5 – 0.8 cm in length) and fixed using the fixative reagent. 
Two fixed tissue samples of each organ were used for histological examinations according 
to standard histological procedures. Briefly, tissue samples were dehydrated, cleared, and 
embedded using paraffin wax. Slices with 5 – 6-µm thickness were serially cut, stained 
with hematoxylin and eosin (H&E), and sealed with a coverslip. Tissue sections were 
observed with a light microscopy BX-51, Olympus (Tokyo, Japan). Histomorphometric 
analysis was performed on villi height and thickness, as well as the thickness of submucous 
and muscular layers based on the measurement of 8 microvilli per intestinal Sect. (8 micro-
villi per section, 2 × 8 = 16 villi per replicate tank) using the Axio Vision software (Carl 
Zeiss, Jena, Germany).

Statistical analysis

All data were analyzed using the statistical program SPSS (Version 17, Chicago, IL USA) 
for Windows. Analysis of variance (ANOVA) was used to find out if the SIM inclusion 
significantly affected the observed parameters with a 5% probability (P < 0.05). A prag-
matic approach was used for the regression analysis, in which linear or second-order poly-
nomials regression was applied to each dataset based on the plot. The optimal SIM levels 
were calculated for several parameters based on the polynomial regression. All results were 
expressed as mean ± SEM values. To compare the significant differences between treat-
ments, Tukey’s post hoc test was performed.

Results

Growth performance

The growth metrics of experimental fish are shown in Table 4. Overall, ANOVA detected 
significant effects of diets on the growth metrics and ADCs (P < 0.001), and fish fed with 
the SIM80 diet showed the highest final weight, weight gain (WG), SGR, PER, PPV, ADC 
of dry matter, and ADC of protein among all groups. Furthermore, the final weight of the 
SIM80 group was 3.5 times higher than the initial body weight, reaching 56 g in 70 days 
(Table  4), achieving a satisfactory growth level of a commercial standard. On the other 
hand, a complete replacement of FM with SIM (the SIM100 diet) decreased several growth 
metrics (final weight, WG, SGR, PER, and PPV) and ADCs (Table 4). The survival rates 
showed no significant differences between the experimental groups (ANOVA, P > 0.05). 
HSI and VSI showed a similar trend. Namely, fish fed SIM60 and SIM80 decreased these 
values compared to the control, but in the SIM100 group these values became comparable 
to those of the control group.

Considering the distribution, the second-polynomial regression was applied to above 
data (Fig. 1). Significant quadratic effects of SIM inclusion were observed for SGR. The 
optimum SIM levels for this parameters were calculated to be 42.9% (Fig. 1A). The signifi-
cant quadratic effect of SIM inclusion was observed in FCR, PER, and PPV (Fig. 1B–D). 
The optimum SIM level for this parameter was calculated to be 43.0, 28.4, and 29.8%, 
respectively.
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Table 4   Growth performance, feed utilization, apparent digestibility coefficients, and relative indexes of red 
hybrid tilapia fed graded levels of sacha inchi meal

Values are represented as mean ± SEM of quadruplicate tanks (growth, feed utilization, survival rate, and 
ADCs were determined from 20 fish per replicate tank and the relative indexes were individually deter-
mined using 2 fish per replicate tank). Abbreviations: WG, weight gain; SGR, specific growth rate; FCR, 
feed conversion ratio; PER, protein efficiency ratio, PPV; protein productive value; ADCs, apparent digest-
ibility coefficients; K, condition factor; HSI, hepatosomatic index; VSI, viscerosomatic index

Parameters Control/SIM0 SIM60 SIM80 SIM100 ANOVA Quadratic

  Initial weight (g/
fish)

15.87 ± 0.02 15.86 ± 0.02 15.90 ± 0.01 15.88 ± 0.02 0.097 0.393

  Final weight (g/
fish)

47.64 ± 2.10b 52.56 ± 1.75a 56.43 ± 2.66a 36.63 ± 1.99c  < 0.001  < 0.001

  WG (g/fish) 31.77 ± 2.08b 36.70 ± 1.74a 40.53 ± 2.66a 20.75 ± 2.01c  < 0.001  < 0.001
  SGR (%/day) 1.57 ± 0.06b 1.71 ± 0.05a 1.81 ± 0.07a 1.19 ± 0.08c  < 0.001  < 0.001
  FCR 1.61 ± 0.06b 1.64 ± 0.03b 1.61 ± 0.06b 2.20 ± 0.15a  < 0.001  < 0.001
  PER 2.05 ± 0.08a 1.97 ± 0.06a 2.08 ± 0.20a 1.38 ± 0.18b  < 0.001 0.001
  PPV (%) 29.14 ± 1.17b 30.78 ± 1.12b 37.30 ± 3.70a 23.27 ± 0.85c  < 0.001  < 0.001
  Survival rate (%) 97.91 ± 4.17 100.00 ± 0.00 97.91 ± 4.17 100.00 ± 0.00 0.588 1.000

Apparent digestibility coefficients (ADCs, %)
  ADC of dry matter 70.99 ± 0.64b 73.41 ± 0.81a 74.11 ± 0.37a 69.73 ± 0.85b  < 0.001  < 0.001
  ADC of protein 81.65 ± 0.94c 84.62 ± 0.80b 87.65 ± 0.70a 78.30 ± 0.32d  < 0.001  < 0.001

Relative indexes
  K value (g/cm3) 1.81 ± 0.16 1.90 ± 0.06 1.91 ± 0.08 1.80 ± 0.12 0.403 0.101
  HSI (%) 2.18 ± 0.15a 2.03 ± 0.10a 1.56 ± 0.15b 1.96 ± 0.04a  < 0.001 0.148
  VSI (%) 11.57 ± 0.50a 9.49 ± 0.73b 9.07 ± 0.42b 11.40 ± 0.53a  < 0.001  < 0.001

Fig. 1   Second-order polynomial relationship of specific growth rate (A), feed conversion ratio (B), protein 
efficiency ratio (C), and protein productive value (D) to levels of dietary replacement of fishmeal protein 
with sacha inchi meal
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Whole‑body proximate composition and morphological indexes

The SIM inclusion significantly affected whole-body crude protein and crude lipid levels 
(ANOVA, P < 0.001) (Table  5). The increase in crude protein and crude lipid contents 
was the most pronounced in fish fed the SIM80 diet. The ash content was significantly 
decreased by the SIM inclusion.

Hematological and biochemical parameters

Dietary inclusion of SIM exhibited no significant effect on RBC, WBC, hematocrit, total 
protein, and albumin (ANOVA, P > 0.05, Table 6). These was a significant effect of SIM 
inclusion on globulin levels, where fish fed SIM-containing diets had lower levels than the 
control fish, with the SIM60 group having the lowest value. The AST and ALT activities 
were significantly affected by the SIM inclusion, and the SIM100 group showed the high-
est activities. Insignificant changes were observed in the ALP activity among the experi-
mental groups (ANOVA, P > 0.05).

Dietary SIM inclusion significantly affected total cholesterol, triglycerides, and LDL-C 
with significant quadratic decreasing trends (Table  6). HDL-C was also significantly 
affected by SIM inclusion, but we observed no significant quadratic response (ANOVA, 
P < 0.05; Table 6).

Histology and quantitative observations

Hepatocytes of the fish fed the control and SIM60 diets showed a normal piscine presenta-
tion with abundant granules (Fig. 2A ‒ B). Enlargement of vacuolization at the cytoplasm 
periphery, nuclear atrophy, and nuclear displacement were observed in the hepatocytes of 
the SIM80 group with more density of these pathological differences found in SIM100 
group (Fig. 2Da and Db).

The effects of dietary SIM inclusions on the intestine morphology are depicted in Fig. 3. 
The intestine of fish fed control, SIM60, and SIM80 diets showed no morphological abnor-
malities (Fig. 3A – C), but gross microscopic examination revealed that the microvilli of fish 
fed the SIM100 group were thinner than those of other groups (Fig. 3D). In quantitative obser-
vations, SIM inclusion quadratically increased height and thickness of villi (Table 7) in which 
the SIM100 diet resulted in the lowest values. In addition, the submucous layer (SL) thickness 

Table 5   Whole-body composition of red hybrid tilapia fed different levels of sacha inchi meal

Values are represented as mean ± SEM of quadruplicate tanks (whole-body composition was pooled using 2 
fish per replicate tank)

Parameters Initial Control/SIM0 SIM60 SIM80 SIM100 ANOVA Quadratic

Composition (%)
   Moisture 78.62 ± 0.42 71.98 ± 0.96c 72.94 ± 0.52ab 72.38 ± 0.11bc 73.45 ± 0.37a 0.002 0.829
  Crude 

protein
40.41 ± 0.24 43.16 ± 0.46d 49.14 ± 0.63b 54.19 ± 0.34a 46.48 ± 0.58c  < 0.001  < 0.001

  Crude 
lipid

23.14 ± 0.17 24.60 ± 0.51c 26.59 ± 0.35b 27.65 ± 0.51a 25.60 ± 0.77b  < 0.001  < 0.001

  Ash 16.40 ± 0.74 14.92 ± 0.57a 14.03 ± 0.84b 13.63 ± 0.28b 12.80 ± 0.14c  < 0.001 0.909
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was the highest and lowest in the SIM80 and SIM100 groups, respectively. In the SIM100 
group, the muscular layer (ML) thickness had the lowest value (ANOVA, P < 0.05, Table 7).

Discussion

Partially or fully replacing FM with plant protein sources is an urgent challenge for devel-
oping sustainable aquaculture (FAO 2020). In the present study, SIM has been shown to be 
a suitable alternative plant protein source for red hybrid tilapia. SIM inclusion up to 330 g/
kg (SIM80) increased final weight, WG, SGR, PER, PPV, and ADC of protein compared 
to the control group. While the optimum SIM inclusion levels were calculated to be 28.4 

Fig. 2   Schematic representation of liver histology in red hybrid tilapia (Oreochromis niloticus × O. moss-
abicus) fed with different inclusion levels of sacha inchi meal for 10 weeks (original magnification × 40); A, 
control diet; B, SIM60; C, SIM80, and Da, SIM100. Panel Db depicted an area of the enlargement from the 
framed part in Da. The arrowheads show enlargement of vacuole. The arrows indicate nuclei displacement 
in hepatocyte cells
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– 43.0% for SGR, FCR, PER, and PPV parameters, the SIM80 group generally showed 
the best growth performance. These findings are consistent with a study on rainbow trout, 
which showed that 296.1 g/kg of SIM significantly increased the ADC of protein more than 
those containing other plant feedstuffs (Ortiz-Chura et  al. 2018). Furthermore, a recent 
study found that SIM could totally replace soybean meal in red hybrid tilapia, despite 
some negative impacts on growth and histological integrity of the liver and intestine were 
observed (Khieokhajonkhet et al. 2021). FM can be completely replaced in the diet of Nile 
tilapia by alternative plant protein sources, such as soy protein concentrate, soybean meal 
supplemented with lysine, cottonseed supplemented with iron, and a mixture of cottonseed, 
sunflower meal, linseed meal, and soybean meal (El-Saidy and Gaber 2002, 2003, 2004; 

Fig. 3   Schematic representation of anterior intestine histology in red hybrid tilapia (Oreochromis niloti-
cus × O. mossabicus) fed with different inclusion levels of sacha inchi meal for 10 weeks (original magnifi-
cation × 40); A, control diet; B, SIM60; C, SIM80, and D, SIM100. Histometric measurements of microvilli 
are indicated in Fig. 3C. Abbreviations; VH, villi height; VT, villi thickness; SL, submucous layer thick-
ness; ML, muscular layer thickness

Table 7   Intestinal morphometric parameters of red hybrid tilapia fed graded levels of sacha inchi meal for 
10 weeks

Values are represented as mean ± SEM (8 microvilli per fish from 2 fish per replicate tank). Abbreviations: 
SL thickness, submucous layer thickness; ML thickness, muscular layer thickness

Parameters 
(µm)

Control/SIM0 SIM60 SIM80 SIM100 ANOVA Quadratic

Villi height 247.00 ± 28.39b 292.50 ± 19.86a 302.51 ± 24.54a 224.19 ± 7.54b  < 0.001  < 0.001
Villi thickness 78.26 ± 6.23b 88.91 ± 8.27a 87.75 ± 4.16a 73.29 ± 5.55b 0.001  < 0.001
SL thickness 27.88 ± 4.85b 27.12 ± 2.50b 33.47 ± 3.73a 13.94 ± 3.07c  < 0.001  < 0.001
ML thickness 41.45 ± 3.68a 39.62 ± 2.32a 40.42 ± 4.48a 35.38 ± 3.49b 0.001 0.128
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Zhao et al. 2010). Red hybrid tilapia is projected to be able to accept plant protein sources, 
making it a useful aquaculture species. SIM is a novel promising plant protein source that 
provides an extra benefit (i.e., enhanced growth) to tilapia culture.

In the present study, the SIM100 diet had negative effects on growth, feed utilization, 
and ADCs. Three primary causes are commonly observed for the negative consequences 
of alternate plant protein sources including decreased palatability due to the lack of feed 
attractant, an imbalance in essential amino acids, and the presence of ANFs in plant feed-
stuffs (Dias et al. 2005; Espe et al. 2006). Pre-processing treatment can mitigate the detri-
mental effects of these elements. For example, previous studies showed that SIM treated 
with heat before use as the feedstuff for fish (Ortiz-Chura et  al. 2018; Muichanta et  al. 
2020) resulted in better growth performance and feed utilization compared to the untreated 
plant ingredients, which often contain ANFs that could negatively affect intestinal diges-
tion and absorption capacity, reducing feed utilization, digestibility, and growth perfor-
mance in monogastric animals (Gatlin et al. 2007; Dawood et al. 2020; Muichanta et al. 
2020). Although the current protocol, which allowed us to replace SIM80 of FM in the 
diet, is already useful in tilapia farming, future studies are needed to address the optimum 
pretreatment to enhance feed utilization of dietary SIM inclusion.

Fish fed experimental diets containing SIM60 and SIM80 displayed significant 
increases in whole-body moisture, crude protein content, and crude lipid content compared 
to the control group in this study (ANOVA, P < 0.001). Significant quadratic responses 
were found in these parameters. Fish fed the SIM100 diet had lower whole-body protein 
and lipid contents than those fed the other diets. These findings are in line with Dossou 
et  al. (2018) and Kumar et  al. (2020), who found that a high dietary inclusion of plants 
reduces protein utilization, carcass protein content, protein retention, and growth. Wang 
et al. (2020) attributed this to ANFs, such as gossypol in cottonseed.

Morphological indexes are rough indicators that can be used to determine nutritional 
states and physiological conditions (Dawood et al. 2016). The present study found that the 
K value is not affected by dietary SIM inclusions. On the other hand, HSI was significantly 
decreased as SIM levels increased. Because the HSI values in this study fell in the normal 
range of Nile tilapia HSI, 1.47 – 2.34 (Zhao et  al. 2010; Khieokhajonkhet et  al. 2021), 
these results suggest that SIM inclusion did not severely deteriorate health conditions in 
red hybrid tilapia. The effect of dietary inclusion of plant proteins on HSI has been plant- 
and fish-specific. It decreased HSI in pompano Trachinotus ovatus and gibel carp, Caras-
sius auratus gibelio vas. CAS III (Ma et al. 2020; Zhang et al. 2020), but increased HSI in 
Senegalese sole, Solea senegalensis; hybrid grouper, Epinephelus lanceolatus × E. fusco-
guttatus; and juvenile olive flounder, Paralichthys olivaceus (Cabral et  al. 2013; Seong 
et al. 2018; Ye et al. 2019a). Plant-based diets often have higher levels of lipid and carbo-
hydrate than FM-based diets, resulting in the increase of hepatic glycogen, liver weight, 
and HSI (Lee et al. 2002; Rueda-Jasso et al. 2004). The effect of SIM inclusion on HSI 
should be related to the species-specific lipid and carbohydrate metabolism of fish, which 
needs further investigation.

Blood parameters are frequently used as essential indicators to determine fish feeding 
regimes and physiological responses (NRC 2011). In the present study, hematological 
parameters (RBC, WBC, and hematocrit) were not significantly altered by the dietary SIM 
inclusion. Similarly, Nile tilapia fed with fermented sunflower meal inoculated with yeast 
and bacillus up to 75% (508 g/kg) of FM replacement did not show altered hematological 
parameters (Hassaan et al. 2018). Also, Jahanbakhshi et al. (2013) found that dietary plant 
protein had no effect on hematocrits or WBCs in great sturgeon, Huso huso. These findings 
imply that blood parameters are not very sensitive to the inclusion of plant protein sources, 
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although RBC hemolysis has been reported in the presence of ANFs, such as saponin, in 
the diet (Dabrowski et al. 2001; Rinchard et al. 2003b).

In this study, total protein, albumin, and ALP activity were not altered by SIM’s inclusion 
diets. In comparison to fish fed the control diet, fish fed a dietary inclusion of SIM had higher 
AST and ALT activity as the level of SIM inclusion increased, which is consistent with many 
studies using dietary inclusion of plant protein sources for tilapia (Deng et al. 2017; Hassaan 
et al. 2017, 2018). The hepatic enzymes, AST and ALT, are involved in transamination; and 
thus, AST and ALT levels in the blood are linked to hepatocyte cell damage or failure. The 
fish fed the SIM100 diet exhibited the greatest levels of AST and ALT values, indicating that 
their hepatocytes had been damaged to some extent in this group.

Previous studies reported that dietary plant protein inclusion could interrupt lipid home-
ostasis by reducing lipid droplets, cholesterol, and LDL-C levels in the liver, which could 
reduce atherosclerosis in grouper and Nile tilapia (Deng et al. 2017; Ye et al. 2019b). These 
findings were in line with those of certain vertebrate studies (Gonzales and Gonzales 2014; 
Ambulay et al. 2020) and were likely attributed to the high ω – 3 fatty acid contents of SIM 
(Rawdkuen et al. 2016). Indeed, sacha inchi oil administered to humans resulted in a reduc-
tion of serum cholesterol levels (Gonzales and Gonzales 2014). A high level of 18:3n-3 in 
diets also reduced overall cholesterol levels in silver barb, Puntius gonionotus and hybrid 
sturgeon, Acipenser baeri Brandt × A. schrenckii Brandt (Liu et  al. 2018; Nayak et  al. 
2020). Of note, 18:3n-3 is known to impede the biosynthesis pathway of fatty acids and 
cholesterol by inhibiting the transcription factor of sterol regulatory element-binding pro-
teins (SREBPs) and fatty acid synthetase (FAS) mRNA expression (Fukumitsu et al. 2013; 
Ambulay et  al. 2020), as well as boosting fatty acid oxidation which leads to improved 
health benefits (Fukumitsu et al. 2013).

In the present study, dietary SIM inclusion higher than 330 g/kg (SIM80) caused some 
histological abnormalities in the liver of red hybrid tilapia. Such alterations have been com-
monly observed in fish fed plant protein in the diet (Caballero et al. 2004). The histological 
differences of the liver could be attributed to high SIM inclusion level, which could have 
resulted in poor nutrient absorption and digestion (Khieokhajonkhet et al. 2021). Cytoplas-
mic vacuolization of hepatocytes has been observed in fish fed high replacement levels 
of FM by plant feed ingredients such as 75% of maize gluten in African catfish, Clarias 
gariepinus (Abdel-Warith et al. 2014), 75% of the mixture plant protein sources in hybrid 
grouper (Ye et al. 2019a), and up to 36% of cottonseed in hybrid grouper (Yin et al. 2018). 
The intestine is an organ that plays an important role in digestion and nutrient absorp-
tion, as well as acting as a mechanical defense (Siddik et  al. 2018). The impairment of 
the intestinal barriers results in reduced digestion and absorption capacity of fish (Dawood 
et al. 2016). Villi morphology is used as an indicator of gut health that is associated with 
nutrient absorption (Chen et  al. 2019) and body growth (Caspary 1992). In the present 
study, the microvilli height and thickness responded positively and quadratically to the die-
tary SIM inclusion, where the SIM100 diet had a detrimental effect on them. The growth 
reduction in the SIM100 group could be attributed to an altered digesting process or the 
low food intake caused by the presence of ANFs in the diet beyond the acceptability level. 
These results contradict the previous studies reporting a significant reduction in villi height 
and thickness, supranuclear vacuolization, brush border enzymatic activity, immune alter-
nation, growth performance, and enteritis development after being fed plant-based protein 
inclusion in diets (Gu et al. 2016; Ismail et al. 2019; Krogdahl et al. 2020; Mohammadi 
et al. 2020). This may be a unique feature of SIM as an alternative plant protein source, 
which requires further validation.
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Conclusion

In conclusion, the present study found that SIM has the potential to replace FM up to 
330 g/kg (SIM80) without negatively affecting the growth performance of red hybrid tila-
pia. Moreover, the SIM80 diet was beneficial for improved growth, feed utilization, ADC 
of nutrients, gut health, and blood parameters. While the replacement beyond that level had 
some detrimental impacts on the fish, SIM is a promising alternative plant protein source 
in red hybrid tilapia.
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