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Abstract 

Background  Aquaculture, traditionally a form of biotechnology, has evolved to integrate innovative biotechno-
logical applications, such as advanced feed formulations, aimed at improving the growth performance and health 
of farmed fish species. In the present study, the effects of feeding rainbow trout with novel feed formulations were 
investigated. Fish growth, gut and liver morphology, the concentration of fatty acids in the fillet, and volatile fatty 
acids in the gut were assessed. The study also validated scenarios from in vivo experiments using a nutrient-based 
model called FEEDNETICS™. This globally used model serves as a tool for data interpretation and decision support 
in the context of precision fish farming.

Methods  Alternative protein and oil sources, including poultry by-product meal (PBM) and natural algae oil, were 
explored as sustainable replacements for fishmeal (FM) and fish oil (FO). A 90-day feeding trial was conducted using 
rainbow trout, comparing two isoproteic, isolipidic and isoenergetic diets. The control diet contained 15% FM, 5% 
PBM, and 8% FO, while the test diet replaced FM with 15% PBM and 5% feather meal hydrolysate (FMH), and fully 
substituted FO with VeraMaris® natural algae oil and rapeseed oil.

Results  PBM successfully replaced FM protein without negatively affecting feed intake, growth performance or feed 
utilization in trout. The combination of PBM and natural algae oil was well tolerated by the trout and showed no neg-
ative effects on gut health. A detailed analysis of fatty acids in the fillet revealed that PUFAs of the n3 and n6 series 
were significantly higher in the PBM group than in the FM group. Values of fatty acid-related health indexes, includ-
ing atherogenicity index, and thrombogenicity index, confirmed the high nutritional value of trout filet, thus repre-
senting a healthy product for human. In addition, the predictions using the FEEDNETICS™ indicated that the tested 
novel alternative formulations are economically viable. The validation of the model for fish growth resulted in a Mean 
Absolute Percentage Error (MAPE) of 8%.
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Conclusions  The FEEDNETICS™ application enhances our ability to optimize feeding strategies and improve produc-
tion efficiency in the aquaculture industry. VeraMaris® algae oil and PBM could serve as viable and sustainable raw 
materials for fish feed, promoting environmentally friendly aquaculture practices.

Keywords  Alternative protein sources, Fishmeal substitution, Poultry by-product meal, Growth performance, 
Rainbow Trout, Sustainable aquafeed, FEEDNETICS™

Introduction
The aquafeed industry has grown significantly due to ris-
ing demand for fish and seafood. However, this growth 
has raised sustainability concern mainly due to the 
dependence on marine-derived ingredients such as fish-
meal (FM) and fish oil (FO) whose global production is 
reaching its limits. As demand for aquafeed increase, 
the limited supply of FM and FO poses a challenge for 
the aquaculture industry. Therefore, finding sustainable 
alternatives to FM and FO is crucial for the industry’s 
continued growth [1, 2].

Since 1960s and 1970s, significant progress has been 
made in finding alternatives to FM and FO in aquafeed. 
These efforts have led to the partial replacement of FM 
and FO with terrestrial plant ingredients such as soya, 
rapeseed, lupins, peas, wheat, maize, and linseed which 
are now commonly used in aquaculture [3, 4]. While the 
use of herbal ingredients in aquafeeds has shown prom-
ise as a partial replacement, there are serious limitations 
when considered as a full replacement for FM and FO 
[5]. Many plant-based ingredients have relatively limited 
nutritional value, including unbalanced amino acid and 
fatty acid profiles that can lead to nutritional deficiencies 
in some fish species [1, 6]. In addition, certain biological 
components, such as antinutritional factors, may be pre-
sent in plant-based ingredients that negatively impact fish 
performance, health and overall well-being [6, 7]. These 
factors highlight the need for further research and opti-
misation to develop sustainable and nutritionally appro-
priate aquafeed formulations for various fish species.

In recent aquafeed research, has shown growing inter-
est in novel protein sources as alternatives to FM and 
terrestrial plant proteins. Protein sources such as pro-
cessed animal proteins (PAPs) from terrestrial animals 
(e.g., poultry by-product meal, blood meal and feather 
meal), insect meal (e.g., black soldier fly and yellow 
mealworm), unicellular proteins (SCP) (e.g., microalgae, 
yeasts, bacteria and protists) and macroalgae (e.g., Ulva, 
Gracilaria and Laminaria) have emerged as potential 
sustainable alternatives [8, 9]. The reason for this change 
is their lower environmental impact compared to con-
ventional sources. As an alternative to FM, researchers 
have explored various animal protein sources, including 
rendered animal protein products such as meat and bone 
meal and poultry by-product meal (PBM) [10].

Terrestrial animal proteins, including poultry by-prod-
uct meal (PBM) and feather meal hydrolysate (FMH), 
have gained significant attention as valuable feed ingre-
dients in aquaculture. These protein sources have been 
re-authorized for use in European aquafeeds and have 
demonstrated effectiveness as substitutes for FM in the 
diets of various fish species [11–13]. However, some ren-
dered animal protein meals, such as blood meal, FMH, 
and meat and bone meal, may present a deficiency or 
excess of certain essential amino acids. This variation in 
amino acid profiles can lead to inconsistent performance 
in fish, especially when these protein sources are used 
alone as the primary protein in the diet [14–16]. There-
fore, while PBM and FMH offer promising alternatives to 
FM, their amino acid composition must be carefully bal-
anced to ensure optimal growth and health in aquacul-
ture species.

PBM is considered one of the most promising PAPs for 
aquafeed formulations. It is obtained from the utiliza-
tion of the non-meat parts of slaughtered poultry, such as 
feathers, heads, feet and internal organs [17]. PBM typi-
cally contains a protein content of 450 to 650  g/kg and 
is rich in most essential amino acids, with the exception 
of lysine and methionine [15, 18]. FMH is another alter-
native protein source that has gained attention in recent 
years. In addition, feather meal is known to be rich in 
certain amino acids, including cystine, threonine and 
arginine, which are important for fish growth and health 
[19]. PBM is a promising alternative and viable supple-
ment to the diet of marine animals, which has proven 
its suitability for various fish such as gilthead seabream 
(Sparus aurata) [20–22], black seabass (Centropristis 
striata) [23] and red seabream (Pagrus major) [24]. Stud-
ies have shown that salmonids such as rainbow trout (O. 
mykiss) and Atlantic salmon (Salmo salar) have shown 
optimal growth performance when fed diets high in PBM 
[25–29].

When substituting FM in fish feed, it is often advisable 
to use a combination of different protein sources rather 
than relying on just one. Using terrestrial animal proteins 
like PBM and FMH in aquafeed not only utilizes animal 
by-products but also enhances the ecological efficiency 
of poultry production [30]. By utilizing land animal pro-
teins in aquafeed, can improve its overall sustainability 
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and generally have a more favorable carbon footprint and 
higher environmental efficiency [31].

The maximum proportion of PBM in the diet varies by 
fish species, PBM quality, and overall feed composition. 
To maintain nutritional balance, digestibility, and palat-
ability, most studies suggest replacing only a portion of 
FM with PBM. However, some propose that PBM can 
fully replace conventional protein sources [20, 21, 32, 33]. 
Given these nuances, it is evident that while PBM can be 
a viable alternative to FM without significantly compro-
mising growth, certain performance metrics may exhibit 
slight, non-significant trends that could vary depend-
ing on species, diet formulation, and other factors. We 
designed our experimental diets to meet the nutritional 
requirements of the trout, particularly focusing on a bal-
anced amino acid profile, which likely contributed to the 
observed outcomes.

Ensuring the welfare of farmed fish exposed to novel 
feeds is currently a major concern in aquaculture and 
has implications for sustainability and ethical production 
standards [34]. Under rearing conditions, feeding poses a 
significant risk to fish welfare [35], as sub-optimal nutri-
tion can disrupt physiological balance and the ability to 
cope with stressful situations [36]. This can have various 
effects, including reduced growth performance, lower 
feed efficiency, reduced disease resistance and potentially 
compromised product quality [37]. However, altered pro-
tein feeding also affects the functionality of the diges-
tive system [38]. Fish need a healthy digestive system to 
realise their full potential. The intestine is the main site 
of nutrient digestion and absorption, while the liver is 
the main organ for the deposition and metabolism of 
nutrients.

Therefore, studying the possible effects and changes in 
the histomorphology of these tissues is crucial for eval-
uating the potential benefits of using animal proteins 
from land instead of FM. The histopathological effects 
of land-based animal proteins as a replacement for FM 
on liver and intestine are not well known. Studies on 
hybrid groupers [39, 40], Lates calcarifer [41] and Lateo-
labrax japonicus [42] have shown that high intakes of 
land-based animal proteins can induce hepatic steatosis 
and promote hepatic lipid vacuolization. Replacing land-
based animal proteins with FM has also been associated 
with negative effects on gut histology [39]. Many articles 
have been published on the use of PBM as a sustainable 
protein source in FM, but most of this research has been 
conducted in controlled environments, such as experi-
mental facilities, to limit variables.

In fish farming, mathematical modelling can be used 
to describe the complex dynamics of farming systems, 
taking into account factors such as fish growth rates 
and environmental factors. These models help fish 

farmers better understand their operations and pre-
dict future outcomes, such as fish growth, serving as a 
decision-making tool [43, 44]. Significant progress has 
been made in developing mathematical models to sup-
port fish farming practices [45, 46]. Recently, FEEDNET-
ICS™ (Software; FEEDNETICS, 2022, Olhão, SPAROS), a 
mechanistic, nutrient-based tool designed to assist with 
data interpretation and decision-making in precision fish 
farming, was developed. This model provides a range 
of applications for fish farming, with the objective of 
improving efficiency and productivity in various aspects 
of the industry [47]. FEEDNETICS serves as a compu-
tational tool specifically developed for the analysis and 
optimization of feed formulations and feeding strategies 
in aquaculture research.

Unlike previous studies that focused solely on PBM as 
a replacement for FM, our study investigates the com-
bined use of PBM and FMH along with VeraMaris® algae 
oil. The inclusion of FMH is intended to complement 
the amino acid profile provided by PBM, addressing the 
deficiency in lysine and methionine. VeraMaris® algae 
oil serves as an alternative source of omega-3 fatty acids, 
which are crucial for fish growth and health. In the pre-
sent study, we therefore investigated the effects of com-
pletely replacing FM with PBM and FMH, alongside the 
full substitution of FO with VeraMaris® natural algae oil 
and rapeseed oil in the diet of rainbow trout (O. mykiss). 
The impact on fish growth performance, gut and liver 
morphology, production of volatile fatty acids in the gut, 
lipid metabolism indices, and fatty acid profile in fillets 
was thoroughly examined. We also validated the data 
from the in  vivo experiments using a nutrient-based 
FEEDNETICS™ model, which can be used as a tool for 
data interpretation and decision support in the context of 
efficient fish farming.

Materials and methods
Experimental diets
The selection of alternatives to FM and FO ingredients 
was made within the framework of the circular economy, 
which aims to reduce waste throughout the agri-food 
value chain and promote sustainability both within the 
current constraints and the expected regulatory frame-
work. The feeds were developed in accordance with the 
nutritional requirements of rainbow trout (O. mykiss) 
[48] and produced by extrusion at the SPAROS facilities 
in Olhão, Portugal.

Two experimental feeds were produced, designated 
as the control feed (FM) and test feed (PBM). The feeds 
were carefully formulated to ensure that they contained 
the same levels of nitrogen, lipids and energy to ensure 
a fair comparison of their effects on the growth perfor-
mance of rainbow trout. The FM diet contained a higher 
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proportion of FM, specifically 15%, along with 5% poul-
try meal (PM) and other protein sources. In contrast, 
the PBM test diet was formulated to replace FM with 
15% PM and included an additional 5% FMH to bal-
ance the amino acid profile. Notably, the PBM diet, did 
not include any FO. Instead, FO was replaced by 5.35% 
algae oil (VeraMaris® algae oil) and an increased propor-
tion of rapeseed oil. The algae oil VeraMaris® was sup-
plied by VeraMaris® V.O.F., a joint venture between DSM 
and Evonik, specializing in producing omega-3 fatty 
acids EPA and DHA from natural marine algae for animal 
nutrition. This innovative inclusion aimed to provide a 
sustainable source of omega-3 fatty acids without relying 
on traditional FO sources.

Detailed information on the formulation and approxi-
mate composition of the two diets can be found in 
Table 1. The feed preparations were carried out using an 
extrusion process at the SPAROS LDA trial facility. In this 
process, all ground ingredients were carefully mixed with 
oil, and water was added to achieve the required mois-
ture content for extrusion. The mixture was then passed 
through an extruder at high temperature and pressure, 
which resulted in the expansion of the feed material and 
the formation of pellets. The extruded pellets were dried 
at 50 °C for 48 h to remove excess moisture.

Chemical analysis of feeds
The chemical analysis of the feeds was carefully per-
formed, with measurements taken in triplicate to ensure 
accuracy and reliability. Various nutritional compo-
nents were evaluated, including dry matter (DM, AOAC 
#930.15), crude protein (CP, AOAC #2001.11), crude 
fiber (AOAC #978.10), ash (AOAC #942.05), and ether 
extract (EE, AOAC #920.39) content. These determina-
tions were performed in accordance with the established 
standard procedures of the Association of Official Ana-
lytical Chemists [49], with emphasis on the rigor and pre-
cision of the analytical methods.

Gross energy assessment was performed using an adi-
abatic calorimetric bomb (C7000; IKA, Staufen, Ger-
many), which provides information on the total energy 
content of the feeds. The comprehensive composition 
of the feeds, which includes these important nutritional 
components, is shown in Table 1.

In addition to the basic nutritional components, the 
detailed composition of amino acids, fatty acids and min-
erals in the two meals was carefully analyzed (Tables 2, 3 
and 4). The protocols used for those specific analysis have 
been described in detail in [50].

Fish rearing conditions
The feeding trial with rainbow trout (O. mykiss) was 
carried out at the agricultural company “Fattoria del 

Pesce” in Cerano, Novara, Italy (authorization of the 
Italian Ministry of Health no. 143810 of 19/03/2019). At 
the beginning of the experiment, about 2,908 juvenile 
rainbow trout (initial body weight, IBW = 27.5 ± 0.3  g; 
mean ± standard deviation, SD) were randomly distrib-
uted in 4 rectangular outdoor tanks of 10 m3 each with 
727 fish/tank (initial density = 20  kg/m3) and acclima-
tized for one week. During the acclimatization week, 
the fish were kept under a natural photoperiod and 
fed a commercial feed containing approximately 45% 
crude protein and 20% crude lipid. The primary protein 
source in the commercial feed was fishmeal, while fish 
oil was the primary lipid source.

Table 1  Ingredients and proximate composition of the 
experimental feeds

Experimental diets

Ingredients (% as feed): FM PBM

Fishmeal Super Prime 15.0 0

Poultry meal 5.0 15.0

Feather meal hydrolysate 0 5.0

Fish protein hydrolysate 3.0 3.0

Fish oil 8.0 0

Rapeseed oil 13.1 16.75

Algae oil VeraMaris® 0 5.35

Porcine blood meal 2.0 2.0

Insect meal (Hermetia illucens larvae) 2.0 2.0

Soy protein concentrate 12.6 12.0

Wheat gluten 9.1 7.1

Corn gluten meal 5.0 5.0

Soybean meal 6.5 6.5

Wheat meal 12.15 12.73

Whole peas 3.0 3.0

Vitamin and mineral premix 1.0 1.0

Choline chloride 50% 0.2 0.2

Antioxidant 0.2 0.2

Sodium propionate 0.1 0.1

MAP (Monoammonium phosphate) 1.2 1.65

L-Lysine HCl 99% 0.4 0.8

DL-Methionine 0.1 0.27

L-Taurine 0.2 0.2

Soy lecithin 0.15 0.15

Proximate composition (% as feed):
Crude protein 43.0 43.0

Crude fat 23.0 23.0

Fiber 1.7 1.7

Starch 11.6 11.8

Ash 5.8 5.3

Gross energy (MJ/kg as feed) 22.6 22.6
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After the acclimatization period, each feed was dis-
tributed for 90 days to two tanks with an initial biomass 
of approximately 20  kg of rainbow trout. Trout were 
hand-fed either FM or PBM feed once a day, 7 days a 
week with a daily meal (between 08:00 and 10:00). The 
feeding rate was set at a ratio of 1.5-2.0% of the total 
biomass in each tank and was adjusted throughout 

the trial based on water temperature, fish growth and 
feed intake to ensure that all the feed was consumed. 
The feeding trial began on 1 December 2022 and was 
conducted over 90 days. Throughout the experiment, 
parameters such as temperature (between 9.4 and 
12.4  °C), pH, dissolved oxygen concentration, total 
ammonia-nitrogen, and salinity were continuously 
monitored to maintain optimal environmental condi-
tions for the trout. The biomass in each tank was deter-
mined by weighing all fish individually on a monthly 
basis. Fish mortality in the tanks was monitored daily.

Due to logistical constraints and the commercial 
nature of the farm setup, it was feasible to allocate only 
two tanks for each dietary treatment. While the num-
ber of tanks was limited, the large number of fish per 
tank provided a substantial sample size at the indi-
vidual fish level, allowing for a detailed analysis of the 
dietary effects.

Samples collection
At the end of the 90-day feeding trial, 32 fish per feed-
ing group (16 fish/tank) were sacrificed by an overdose 
of anesthetic (100  mg/L tricaine methanesulfonate, 
MS222) (Sigma Aldrich, Saint-Louis, MO, USA). After 
measuring the final body weight BW (g) and final 
standard-length SL (cm) for the calculation of key per-
formance indicators, six fish per tank (12 per diet) were 
used for sampling of liver and entire intestine. A small 
piece of the liver, anterior intestine (AI) and posterior 
intestine (PI) (0.5  cm) was fixed in a solution of neu-
tral buffered formalin (NBF, 10%) to perform histologi-
cal analysis, while the fecal samples were collected and 
stored at -80 °C for short‑chain fatty acid (SCFA) analy-
sis. Fillets were also collected and pooled (6 fish/tank, 
12 /diet) to analyze proximate composition and fatty 
acid profile and stored at -80 °C.

Table 2  Amino acid composition (g/100 g dry matter) of the 
experimental feeds

FM PBM

Essential amino acids (EAA)

  Arginine 2.3 2.4

  Histidine 1.0 0.9

  Isoleucine 1.6 1.6

  Leucine 3.4 3.3

  Lysine 2.6 2.6

  Threonine 1.5 1.6

  Tryptophan 0.5 0.4

  Valine 1.9 1.9

  Methionine 0.9 0.9

Non-essential amino acids (NEAA)
  Cysteine 0.6 0.6

  Methionine + Cysteine 1.4 1.5

  Phenylalanine 2.0 1.9

  Tyrosine 1.4 1.3

  Phenylalanine + Tyrosine 3.4 3.3

  Asparagine 3.4 3.3

  Glutamine 8.2 7.6

  Alanine 2.2 2.1

  Glycine 2.1 2.5

  Proline 2.7 3.0

  Serine 1.9 2.2

  Tubulin associated unit 0.3 0.3

Table 3  Fatty acid composition (g/100 g dry matter) of the test 
feeds

FM PBM

Myristic acid (C14) 0.7 0.2

Palmitic acid (C16) 2.5 2.5

Octadecanoic acid (C18) 0.5 0.4

Oleic acid (C18:1n9) 8.4 9.3

Linoleic acid (C18:2n6) 2.9 3.6

Alpha-Linolenic acid (C18:3n3) 1.2 1.4

Arachidonic acid (C20:4n6) 0.1 0.1

Eicosapentaenoic acid (C20:5n3) 1.5 0.8

Docosahexaenoic acid (C22:6n-3) 1.3 2.0

Eicosapentaenoic acid + Docosahexaenoic 
acid

2.8 2.8

Table 4  Mineral profile (mg/kg dry matter) of the experimental 
feeds

FM PBM

Ca 0.6 0.5

Na 0.3 0.2

Mg 0.1 0.1

K 0.7 0.6

Cu 10.7 10.9

Fe 250.6 153.7

I 3.6 3.4

Mn 26.7 26.5

Se 0.6 0.4

Zn 106.8 102.2



Page 6 of 20Hasan et al. BMC Veterinary Research          (2024) 20:472 

Growth performance
To calculate the growth indices, all fish were weighed 
individually each month. The following indices were 
calculated for each feed group:

Survival rate (SR, %) =100 ×

[

Final fish number
Initial fish number

]

Weight gain (WG, g) = Average Final body weight 
(FBW, g)− Average Initial body weight (IBW, g)

Specific growth rate (SGR, % day − 1) = 100 ×
ln Wt−ln Wi

t

Condition factor (CF, %) = 100 ×
body weight, (g)
body length (cm)3

Feed Conversion Ratio (FCR) = cumulative feed per 
fish / Av. Weight gain.

Where, Cumulative feed per fish = sum of the feed 
per fish during the trial.

Feed per fish = feed given / nº of fish (per day).
And Av. Weight gain = Av. Final weight – Av. Initial 

weight.
Where, Wt is final body weight (g), Wi is initial body 

weight (g), ln is natural log, and t is experimental dura-
tion in days.

Histology of the intestine and liver
For the histological evaluation, the anterior and pos-
terior intestinal segments as well as the liver of 12 fish 
per diet were removed, dehydrated and embedded in 
paraffin using standard techniques. Subsequently, the 
intestinal samples were cut into 5  μm cross-sections 
using a microtome (Leica RM2245, Leica Biosystems, 
Milan, Italy) and stained with hematoxylin-eosin 
(H&E) for examination under a light microscope (Zeiss 
Axiophot microscope, Milan, Italy). Tissue morphol-
ogy was analyzed using a CMOS Discovery C30 digi-
tal camera mounted on the microscope. Images were 
captured using an Olympus IX51 light microscope 
and processed using Fiji software, an open-source 
Java-based imaging program (https://​fiji.​sc/, accessed 
15 January 2024). A semi-quantitative assessment of 
inflammation and accumulation of fatty deposits in the 
liver was performed to verify liver health, using a scale 
from 1 to 5, which corresponds to the categorization 
for histological features proposed by [51–53]. Semi-
quantitative analysis was performed on a randomized 
sequence of samples. For each dietary group (12 sam-
ples), these features were assessed in 9 randomly 
selected areas and in 3 sections. The histological 
assessment of the intestine included the measurement 
of 4 main morphological criteria as described by [54]. 
These criteria were villus height (ViH), villus width 
(ViH), lamina propria width (LPW) and submucosa 
width (SW).

Quantitative and qualitative analysis of short‑chain fatty 
acids (SCFAs) in feces
The analysis of fecal short-chain fatty acids (acetate, pro-
pionate, iso-butyrate and butyrate) included both quali-
tative and quantitative assessments using a modified 
method of [55]. First, 0.5  g of fecal material was mixed 
with 5 mL of HPLC PLUS water in a falcon tube and 
vortexed for three minutes. This mixture was then cen-
trifuged at 4,000 rpm for 30 min. The clear liquid above 
the sediment (the supernatant), was passed through a 
0.22 µ PTFE syringe filter for further purification. A high-
performance liquid chromatography (HPLC) system with 
UV-VIS detection, a Shimadzu model from Milan, Italy, 
was used for the analysis.

The HPLC system comprised two LC-20AD pumps, 
a CBM-Alite controller, a DGU-20A5 degasser and an 
automatic sample injector. For the chromatographic pro-
cess, an Ascentis Express 90 A C18 column with an inner 
diameter of 4.6  mm, a length of 150  mm and a particle 
size of 2.7  μm was used, which was manufactured by 
Merck KGaA in Darmstadt, Germany. The separation 
was performed in isocratic mode with a mobile phase 
of 0.005 M sulfuric acid (H2SO4) flowing at 0.6 mL/min 
and a column temperature of 60  °C. Each sample injec-
tion was 10 µl and UV-VIS detection was performed at a 
wavelength of 210 nm using LC Solution Software (S/N 
L52405100502LG) from Shimadzu, Milan, Italy. To iden-
tify the SCFAs, their retention times were compared with 
those of known standards. For quantification, a calibra-
tion curve method was used for different concentrations 
and the results were expressed in millimoles/L.

Analyses of the fatty acid composition of fish fillet
To assess the fatty acid profile, total lipids were first 
extracted from 2  g of minced, moist muscle fillet (24 
samples in total, 12 fish per diet and 6 fish per repli-
cate). The total lipid content was extracted with a chloro-
form/methanol solution (2:1, v/v) according to the Folch 
method [56]. Subsequently, the total lipids obtained were 
used to produce fatty acid methyl esters (FAMEs) for 
the evaluation of the FA profile according to the method 
described in [57]. Specifically, 2 ml of methanol-sulfuric 
acid solution (9:1, v/v) was added to each oil sample and 
heated at 100 °C for 1 h.

The FAMEs were then analyzed using a Trace 1310 gas 
chromatograph (GC) (Thermo Fisher Scientific, Milan, 
Italy) equipped with a flame ionization detector (FID). 
FAMEs were separated using a fused silica capillary col-
umn (Omegawax 250; Supelco, Bellefonte, PA, USA) 
measuring 30  m × 0.25  mm (length × inner diameter) 

https://fiji.sc/
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coated with a 0.25 μm thick layer. The temperature of the 
column was initially set to 100 °C for 5 min, followed by a 
ramp from 100 to 240 °C at a rate of 4 °C/min and a final 
isothermal hold at 240  °C for 20 min. The temperatures 
of the injector and detector were maintained at 250  °C. 
The injection volume and split ratio were 0.5  µl and 
1:50, respectively, and helium (He) was used as the car-
rier gas at a flow rate of 1 ml/min. Data acquisition and 
processing were performed using Chromeleon™ software 
(Thermo Fisher Scientific, Milan, Italy).

The FAs in the fish samples were identified by compar-
ing the relative retention times of the FAMEs with those 
of a mixed standard solution (37 mixed FAMEs; Supelco, 
Inc., Bellefonte, PA, United States) analyzed under the 
same analytical conditions. The quantification was per-
formed by integrating the individual peaks, with the per-
centage area fractions calculated by considering the sum 
of all identified FAMEs as 100 g. FA concentrations were 
then expressed in g/100 g of the sample.

Indices for the nutritional quality of fillets and for the 
estimation of elongase and desaturase activity
Nutritional indices considering the different fatty acids in 
terms of their different contribution to the promotion or 
prevention of cardiovascular disease were assessed. The 
dietary indices for atherogenic (AtheroI) and thrombo-
genic (TI) fatty acids were calculated using the equations 
of Ulbricht and Southgate [58], while the ratio between 
hypocholesterolemic and hypercholesterolemic fatty 
acids (h/H) was calculated using the equation of [59] as 
follows:

1.	 Atherogenicity index [AtheroI = (C 12:0 + (4 x C 
14:0) + C 16:0)/ (Ʃ Monounsaturated Fatty Acids 
(MUFAs) + n-6 PUFAs + n-3 PUFAs)];

2.	 Thrombogenicity index [TI = (C 14:0 + C 16:0 + C 
18:0)/ (0,5 x Ʃ MUFAs + 0,5 x n-6 PUFAs + 3 x n-3 
PUFAs) + (n-3 PUFAs/ n-6 PUFAs)];

3.	 Hypocholesterolemic/hypercholesterolemic ratio 
(h/H = (C18:1n9 + C18:2n6 + C20:4n6 + C18:3n3 + C
20:5n3 + C22:5n3 + C22:6n3) / (C14:0 + C16:0)].

In addition, the peroxidation index (PI), which 
expresses the peroxidation susceptibility and peroxida-
tive lipid damage for a given phospholipid membrane, 
was calculated using the equation of [60] as follows:

PI = (% dienoic × 1) + (% trienoic × 2) + (% tetraenoic 
× 3) + (% pentaenoic × 4) + (% hexaenoic × 5).

To estimate the activities of the enzymes involved in 
the elongation and desaturation of fatty acids, the ratio 
between product and precursor was calculated using the 
following equations from [61]:

	 4.	 Thioesterase = C16:0/ C14:0;
	 5.	 Elongase = C18:0/ C16:0;
	 6.	 ∆9 desaturase (C16) = [(C16:1)/ (C16:1 + C16:0)]

x100;
	 7.	 ∆9 desaturase (C18) = [(C18:1)/ (C18:1 + C18:0)]

x100;
	 8.	 ∆9 desaturase (C16 + 18) = [(C16:1 + C18:1)/ 

(C16:1 + C16:0 + C18:1 + C18:0)]x100;
	 9.	 ∆5 + ∆6 desaturase (n6) = [(C20:2n6 + C20:4n6)/ 

(C18:2n6 + C20:2n6 + C20:4n6)]x100;
	10.	 ∆5 + ∆6 desaturase (n3) = [(C20:5n3 + C22:5n3 +  

C22:6n3)/ (C18:3n3 + C20:5n3 + C22:5n3 + C22:6n3)]
x100.

Validation of the test results with FEEDNETICS™

The results from the in  vivo experiment were validated 
using the nutrient-based model FEEDNETICS™ (FEED-
NETICS Software, SPAROS, Olhão, 2022), as described in 
[47]. In the present study, the most effective feed for rain-
bow trout was determined. Data collected from the feeding 
trial, including fish growth performance, feed composi-
tion and feeding regimes, were organized and prepared for 
analysis within the FEEDNETICS™ application.

Validation of the FEEDNETICS™ model under farm 
conditions
To confirm the accuracy of the predicted fish growth per-
formance, the FEEDNETICS™ model was validated using 
data from our experiment. This validation approach was 
developed to confirm that the predictions of the model 
closely matched the observed data. In this way, confidence 
in the model’s ability to accurately estimate the impact of 
nutrition is strengthened and any unaccounted-for ele-
ments affecting fish performance can be uncovered.

The validation was conducted at the tank level, with 
input data coming from experimental measurements. 
The measured values included the daily number of fish, 
initial weight, water temperature, feed quantity and prox-
imate composition. The qualitative assessment compared 
the model’s predictions, particularly for fish growth and 
feed intake, with the observed experimental data. For the 
quantitative analysis, the mean absolute percentage error 
(MAPE) was calculated to evaluate the accuracy of the 
model’s predictions against the observed data on specific 
sample days. This comprehensive validation process con-
firms the reliability of the model in predicting fish per-
formance under a wide range of husbandry conditions 
through the following:

MAPE (%) =
100

n

∑n

i=1
(
Pi − Oi

Oi
)
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Where, n is the number of predicted-observed value 
pairs; Pi is the predicted value; Oi is the observed value.

Data input into FEEDNETICS™

The data recorded during the trout experiment was 
uploaded to the FEEDNETICS™ application model. An 
overview of the input data used to run this model can 
be found in Table 5. We used a baseline scenario with an 
average fish body weight of 28 g, 2,908 fish and a monthly 
mortality rate recorded throughout the experiment. 
The validation was conducted beyond the 90-day trial 
period. Specifically, predictions were run to compare the 
model’s predicted outcomes with the observed data from 
the experiment. This validation process was designed to 
access how accurately the FEEDNETICS™ model could 
predict the growth and development of rainbow trout 
based on different feed formulations over the trial period. 
The observed monthly average water temperature data 
was used as an input for the predictions.

The proximate composition of the feed, including 
crude protein, crude fat, ash, fiber, phosphorus and 
gross energy, was uploaded to FEEDNETICS™ applica-
tion model. The proximate composition of the feed was 
defined based on the analyzed values, while the amino 
acid profile of the experimental feed was defined based 
on the values from the feed ingredient composition. In 
addition, the fatty acid profiles, digestibility data and 
pricing were included in the model as standard variables 
for rainbow trout.

In addition to the proximal composition of the feed, it 
was also necessary to enter information on the daily feed-
ing protocol, such as the daily ration (in kg), the number 
of meals into which the daily ration was divided, the time 

of the first meal (in hours), the intervals between meals 
(in hours) and the uneaten feed (in %).

Once all the required data had been entered into the 
FEEDNETICS™ application model, predictions were 
generated and compared with those of our experimental 
study.

Sstatistical analysis
All statistical analyses were performed using PAST v3 
software [62], with significance set at p < 0.05. The nor-
mality of the data set was checked using the Shapiro-Wilk 
test. Inequalities between the mean values were analyzed 
using the Student’s t-test or the Mann-Whitney test if the 
data did not correspond to the assumption of a normal 
distribution. Given the limitation of using only two tanks 
per dietary treatment due to logistical constraints, statis-
tical analyses were conducted at the individual fish level 
to maximize the robustness of the results. By analysing 
a large number of fish, we aimed to ensure the reliability 
of the statistical evaluation despite the limited tank repli-
cates, focusing on detecting differences at the individual 
fish level to draw meaningful conclusions.

Results
Growth performance and feed utilization
The fish quickly acclimatized to the experimental feeds 
from the start of the trial. The detailed results of growth 
performance and feed utilization during the 90-day 
feeding trial are shown in Table  6. The mortality rate 
remained consistently low throughout the trial and was 
around 5% in both groups of fish. No significant differ-
ences in mortality rates were observed between the trout 
fed the different diets. High survival rates (> 97%) were 

Table 5  Feeding trial data for rainbow trout (O. mykiss) used in FEEDNETICS™ validation scenarios

Category Inputs

Stock (farming conditions) Species: Rainbow trout (Oncorynchus mykiss)
Initial weight (g): 28 g
Initial number of fish: 2,908
Tank/cage volume (m3): 2.5
Start date: 01/12/2022
Production period (months): 3
Number of dead fish: Recorded from the experiment

Feed proximate composition FM Proximate composition: analyzed values
Amino acid profile: estimated values
Fatty acid profile: default values
Digestibility: default values

PBM

Feeding records Daily ration (kg)
Number of meals: 1 meal/day
Time of the 1st meal: 9 AM
Feed waste: 0%

Temperature Monthly water temperature: 10–12 oC

Cost & revenues Price: default price 1.2 €/kg of feed
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observed for both feed treatments, with no significant 
differences between fish groups (p > 0.05). Final body 
weight (FBW) was 170.80 ± 7.61 g and 166.91 ± 6.62 g for 
fish fed FM and PBM diets, respectively, reflecting an 
individual weight gain of more than 140  g compared to 
initial body weight (IBW), with no significant differences.

SGR was numerically slightly higher in the FM group 
(2.03 ± 0.04% day−1) than in the PBM group (2.00 ± 0.08% 
day−1), but again no significant differences in WG and 
SGR were observed between the fish fed different diets. 
FCR was similar between the groups, with the FM-fed 
fish showing a slightly lower value (1.33 ± 0.05). There 
were no significant differences in the total length of the 
fish (22.91 ± 0.34  cm and 22.70 ± 0.29  cm respectively) 
and the standard length between the two experimental 
groups. The fish fed with the different diets were healthy 
and showed no visible lesions on their external and 
internal organs. Analysis of the Fulton’s condition factor 
(CF) revealed no significant differences (1.40 ± 0.02 vs. 
1.41 ± 0.02) between the FM and PBM fish groups.

Histomorphology of the anterior and posterior intestine
Gross visual examination of rainbow trout revealed no 
significant differences in the anterior intestine (AI) and 
posterior intestine (PI) between fish fed FM and PBM. 
However, histological analysis revealed clear differences 
in the structure of the intestinal tissue. Samples from 
PBM-fed fish showed well-organized and preserved tissue 
with intact mucosal folds, indicating no signs of damage 
or inflammation compared to FM-fed fish. The mucosal 
folds in the AI were more complex and numerous than in 
the PI, with simple folds interspersed with complex folds 
in the distal part. The intestinal tissue showed a typical 
histological organization, with a columnar epithelial layer 

supported by connective tissue and surrounded by the 
muscle layer. The epithelial cells were mainly enterocytes 
with acidic microvilli, basal basophilic nuclei, eosino-
philic cytoplasm and - depending on the diet - varying 
amounts and sizes of clear supranuclear vacuoles. The 
morphometric measurements of the fish intestines are 
shown in Table 7. The height of the intestinal villi in the 
anterior intestine (AI) was significantly greater (p < 0.05) 
in fish fed the PBM diet compared to those fed the FM 
diet, as shown in Table 7; Fig. 1. There was no significant 
difference (p > 0.05), the villi width, the lamina propria 
width (LPW) and the submucosa width (SW) in the AI 
between the two dietary groups. In the posterior part of 
the intestine, villus length, width and LPW did not differ 
significantly (p > 0.05) between the two diet groups. How-
ever, the thickness of the submucosa was significantly 
increased in the PBM diet group compared to the FM 
diet group (p < 0.05), indicating a possible inflammatory 
response (Fig. 1).

Histomorphology of the liver
In both dietary groups, the livers showed normal paren-
chymal architecture. The structure of the hepatic cord 
remained regular, with a clear demarcation by sinusoids 
and continuous bile ducts (Fig.  2). The hepatocytes had 
a polyhedral shape and showed varying degrees of vac-
uolization in their cytoplasm. They were organized in 
anastomosed plates subdivided by sinusoidal capillaries 
leading to central veins. There were no signs of inflam-
mation or lymphocyte infiltration in any of the diets 
tested. Interestingly, the diets had different effects on the 
hepatocytes.

Fish fed the FM diet showed moderate lipid accu-
mulation, which led to a displacement of the nuclei at 

Table 6  Indicators of growth performance and feed utilization 
of rainbow trout fed the experimental diets for 90 days. (n = 2 
tanks and 32 fish/tank)

Values are presented as mean ± SEM of two replicate groups

Abbreviations: IBW Initial body weight, FBW Final body weight, WG Weight gain, 
SGR Specific growth rate, FCR Feed conversion ratio, TL Final total length, SL Final 
standard length, CF Condition factor

Growth Parameters FM PBM p-Value

SR (%) 96.88 ± 1.28 97.68 ± 1.30 0.70

IBW (g) 27.5 ± 7.61 27.5 ± 6.24 0.61

FBW (g) 170.80 ± 7.61 166.91 ± 6.62 0.70

WG (g) 143.30 ± 7.61 139.41 ± 6.62 0.70

SGR (% day−1) 2.03 ± 0.04 2.00 ± 0.08 0.77

FCR 1.33 ± 0.05 1.37 ± 0.11 0.74

TL (cm) 22.91 ± 0.34 22.70 ± 0.29 0.65

SL (cm) 20.89 ± 0.33 20.66 ± 0.28 0.58

CF 1.40 ± 0.02 1.41 ± 0.02 0.78

Table 7  Intestinal morphological parameters of the anterior and 
posterior intestine of rainbow trout fed two experimental diets 
(n = 12)

Values are presented as mean ± standard error

Diet

FM PBM p-value

Anterior Intestine

Villus height (µm) 285.7 ± 5.56 320.6 ± 9.77 <0.003

Villus width (µm) 84.45 ± 4.26 79.34 ± 4.03 0.39

Lamina propria width (µm) 46.12 ± 2.79 50.42 ± 2.91 0.29

Submucosa width (µm) 81.65 ± 2.43 84.98 ± 4.49 0.51

Posterior Intestine
Villus height (µm) 655.8 ± 30.99 605.7 ± 33.15 0.27

Villus width (µm) 120.8 ± 5.69 135.3 ± 6.66 0.10

Lamina propria width (µm) 49.52 ± 3.2 53.54 ± 3.72 0.42

Submucosa width (µm) 67.17 ± 3.56 88.16 ± 3.09 <0.0001
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the periphery of the hepatocytes (scoring class 2 and 
3; Fig. 3). In contrast, the inclusion of 20% PM in the 
PBM diet had a marked effect on the accumulation 
of lipid deposits within hepatocytes and resulted in 
less lipid accumulation in the liver (classifications 2; 
Fig. 3). This suggests that the PBM group had less lipid 
deposition and accumulation in their hepatocytes. 
Interestingly, fish fed the PBM diet showed slight vac-
uolization of cells in certain regions (Fig. 2). However, 
this minimal vacuolization had no significant effect on 
the overall cell structure or physiological morphology 
of the organs.

Volatile SCFAs in fecal samples
The content of SCFAs, including acetate, propionate, 
butyrate and isobutyrate, was measured by HPLC in 
the fecal samples of fish fed two different experimental 
diets. Table  8 shows the concentrations of these SCFAs 
in the samples. Interestingly, the group of fish fed the 20% 
PBM diet showed a remarkable increase in acetate (18.73 
mmol/L) and butyrate (0.91 mmol/L) compared to the 
fish fed the FM diet. In contrast, the levels of propionate 
and isobutyrate in the fecal samples showed no signifi-
cant differences between the two experimental groups, as 
shown in Table 8.

Fatty acid composition of fish fillets
The composition of the fatty acids in the muscle of the 
rainbow trout is shown in Table 9. The composition was 
significantly influenced by diet, with significant varia-
tions observed for individual FA groups, with the excep-
tion of the proportion of heptadecenoic acid (C17:1) and 
dihomo-γ-linolenic acid (C20:3n6).

The distribution of the fatty acid classes in the fillets is 
summarized in Table 10. The sum of saturated fatty acids 
(SFAs) was significantly lower in fish fed PBM than in fish 
fed FM, which had the highest content (21.82%). There 
was no significant difference in the sum of monounsatu-
rated fatty acids (MUFAs) between the PBM and FM 
groups. However, the sum of polyunsaturated fatty acids 
(PUFAs), EPA + DHA and PUFAs of the n3 and n6 series 
were significantly higher in the PBM group than in the 
FM group. The n3/n6 PUFA ratio did not differ signifi-
cantly between the two groups.

The nutritionally important indices, including the ath-
erogenic (AtheroI), thrombogenic (TI) and hypocho-
lesterolemic/hypercholesterolemic (h/H) ratios, as well 
as the peroxidation index (PI), are shown in Table  10. 
The best nutritional indices (AI, TI and h/H ratio) were 
observed in the PBM group, while the PI was significantly 
higher than in the FM group.

Fig. 1  Standard hematoxylin and eosin (H&E) staining of anterior and posterior intestinal sections of FM (panels A, B) and PBM (panels C, D). SM, 
submucosa; LP, lamina propria; FM, fishmeal; PBM, Poultry by-product meal. Scale bar: 1000 μm
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The results of the estimated indices of lipid metabolism 
are shown in Table 11. Considering FM and PBM, there 
were significant differences between the two dietary 
groups for thioesterase, ∆9 desaturase (C18), and ∆  9 
desaturase (C16 + C18), which were significantly higher 
in the PBM group than in the FM group, and for the esti-
mated activities of elongase and ∆9 desaturase (C16), 
which were significantly lower in the PBM group than in 

the FM group. On the other hand, the estimated activi-
ties of the enzymes ∆5 + ∆6 desaturase (n6) and ∆5 + ∆6 
desaturase n3 were similar in the FM and PBM groups.

C12:0 = lauric acid; C14:0 = myristic acid; C14:1 = myris-
toleic acid; C15:0 = pentadecanoic acid; C16:0 = palmitic 
acid; C16:1 = palmitoleic acid; C17:0 = heptadecanoic acid;  
C17:1 = heptadecenoic acid; C18:0 = stearic acid; C18:1n9 =  
oleic acid; C18:1n7 = cis-vaccenoic acid; C18:2n6 = linoleic 
acid; C18:3n6 = γ-linolenic acid; C18:3n3 = α-linolenic acid;  
C20:0 = arachidic acid; C20:1n9 = eicosaenoic acid; C20:2n6 =  
eicosadienoic acid; C20:3n6 = dihomo-γ-linolenic acid; 
C20:4n3 = eicosatetraenoic acid; C20:4n6 = arachidonic 
acid; C20:5n3 = eicosapentaenoic acid; C22:0 = behenic 
acid; C22:1n9 = erucic acid; C22:5n3 = docosapentaenoic 
acid; C22:6n3 = docosaenoic acid; C24:1n9 = nervonic acid.

FEEDNETICS™ validation for trial results
The validation results showed that the FEEDNETICS™ 
effectively predicted the growth pattern of rainbow trout 

Fig. 2  Standard hematoxylin and eosin (H&E) staining of liver from FM (A) and PBM fish (B). Scale bar, 100 μm

Fig. 3  Semi-quantitative evaluation of liver fat accumulation in rainbow trout fed the experimental diets FM and PBM. The liver values are 
given in percentage and were measured in 6 fish/diet group

Table 8  Volatile SCFA content in fecal samples from two 
experimental groups

Values are expressed in millimoles per litre (mmol/L), mean ± SEM (n = 12)

FM PBM p-value

Acetate (C2:0) 17.56 ± 0.30 18.73 ± 0.20 <0.01

Propionate (C3:0) 3.62 ± 0.22 3.67 ± 0.06 ns

Butyrate (C4:0) 0.52 ± 0.01 0.91 ± 0.04 <0.0001

Isobutyrate (C4:0) 0.36 ± 0.01 0.41 ± 0.01 <0.01
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fed the experimental diet over a 90-day period with a 
MAPE of 8% (Fig.  4). The model deviation is likely due 
to incomplete input data, particularly the exclusion of 
digestibility data, as well as fatty acid composition, which 
are key factors influencing fish growth and nutrient utili-
zation, respectively.

The comparison between the predicted and observed 
growth of rainbow trout fed different experimental diets 
over the trial period is presented in Fig. 5. A comparison 
was made between the data from the two experimental 
feeds and four fish tanks (FM: tanks 8 A, 8 B and PBM: 
tanks 9 A, 9 B). The FEEDNETICS™ model, while over-
all accurate in predicting growth trends, exhibited a con-
sistent underestimation of fish body weights across all 
tanks. Specifically, the predicted weights for the FM and 
PBM groups were slightly higher than the actual weights 
recorded at the end of the trial period. The observed 
discrepancies may arise from several factors including 
incomplete input data used in the model.

Table 9  Fatty acid composition (g/100 g FAMEs) of the fillets of 
rainbow trout fed with the two experimental diets

Values are presented as mean ± standard error (n = 12). The concentration of 
fatty acids was expressed in g/100g, where 100g is the sum of the areas of all 
identified FAME

FM PBM p-value

C12:0 0.23 ± 0.01 0.20 ± 0.00 <0.01

C14:0 2.36 ± 0.05 0.78 ± 0.01 <0.0001

C14:1 0.02 ± 0.00 0.01 ± 0.00 <0.001

C15:0 0.17 ± 0.00 0.13 ± 0.00 <0.0001

C16:0 15.00 ± 0.12 13.25 ± 0.12 <0.0001

C16:1 3.02 ± 0.09 0.83 ± 0.02 <0.0001

C17:0 0.16 ± 0.00 0.11 ± 0.00 <0.0001

C17:1 0.07 ± 0.00 0.07 ± 0.00 ns

C18:0 3.59 ± 0.07 3.01 ± 0.05 <0.0001

C18:1n9 34.00 ± 0.16 37.09 ± 0.17 <0.0001

C18:1n7 3.00 ± 0.03 2.28 ± 0.02 <0.0001

C18:2n6 12.70 ± 0.12 14.51 ± 0.14 <0.0001

C18:3n6 0.15 ± 0.01 0.18 ± 0.01 <0.05

C18:3n3 2.97 ± 0.06 3.30 ± 0.05 <0.05

C20:0 0.20 ± 0.01 0.26 ± 0.01 <0.0001

C20:1n9 1.33 ± 0.03 1.24 ± 0.03 <0.05

C20:2n6 0.57 ± 0.02 0.65 ± 0.02 <0.01

C20:3n6 0.37 ± 0.0 0.33 ± 0.02 ns

C20:4n3 0.85 ± 0.04 1.05 ± 0.04 <0.001

C20:4n6 0.13 ± 0.01 0.16 ± 0.01 <0.01

C20:5n3 4.81 ± 0.11 2.88 ± 0.06 <0.0001

C22:0 0.11 ± 0.01 0.13 ± 0.01 <0.05

C22:1n9 0.28 ± 0.01 0.32 ± 0.01 <0.01

C22:5n3 1.29 ± 0.03 0.75 ± 0.02 <0.0001

C22:6n3 11.91 ± 0.14 15.34 ± 0.11 <0.0001

C24:1n9 0.70 ± 0.03 1.15 ± 0.04 <0.0001

Table 10  Fatty acid classes and nutritional indices of rainbow 
trout fillets fed with the two experimental diets

The values are given as mean ± standard error (n = 12)

∑SFA Sum of saturated fatty acids, ∑MUFA Sum of monounsaturated fatty acids, 
∑PUFA Sum of polyunsaturated fatty acids, ∑n3-PUFA Sum of polyunsaturated 
omega-3 fatty acids, ∑n6-PUFA Sum of omega-6 polyunsaturated fatty acids, 
DHA Docosahexaenoic acid, EPA Eicosapentaenoic acid, IA Atherogenic index, 
IT Thrombogenic index, h/H ratio (hypocholesterolemic/hypercholesterolemic 
ratio), PI Peroxidation index

FM PBM p-value

∑SFA 21.82 ± 0.12 17.86 ± 0.16 <0.0001

∑MUFA 42.43 ± 0.26 42.99 ± 0.19 ns

∑PUFA 35.75 ± 0.21 39.15 ± 0.13 <0.0001

∑n3-PUFA 21.83 ± 0.25 23.32 ± 0.15 <0.0001

∑n6-PUFA 15.22 ± 0.12 16.58 ± 0.12 <0.0001

∑n3/n6 1.44 ± 0.02 1.41 ± 0.02 ns

∑EPA + DHA 16.72 ± 0.22 18.21 ± 0.14 <0.0001

AtheroI 0.31 ± 0.00 0.20 ± 0.00 <0.0001

TI 0.22 ± 0.00 0.17 ± 0.00 <0.0001

h/H ratio 3.91 ± 0.02 5.28 ± 0.06 <0.0001

PI 107.10 ± 1.11 117.60 ± 0.68 <0.0001

Table 11  Estimated indices of lipid metabolism in rainbow trout 
fillets fed with the two experimental diets

Values are presented as mean ± standard error (n = 12)

FM PBM p-value

Thioesterase 6.38 ± 0.56 17.12 ± 0.91 <0.001

Elongase 0.24 ± 0.01 0.23 ± 0.01 <0.05

∆9 desaturase (C16) 16.78 ± 1.55 5.9 ± 0.53 <0.001

∆9 desaturase (C18) 91.15 ± 0.58 92.89 ± 0.45 <0.0001

∆9 desaturase (C16 + C18) 68.28 ± 0.96 71.20 ± 0.92 <0.0001

∆5 + ∆6 desaturase n6 5.24 ± 0.47 5.32 ± 0.62 0.742

∆5 + ∆6 desaturase n3 85.83 ± 1.19 85.17 ± 0.85 0.177

Fig. 4  Comparison between the predicted and observed values 
and the mean absolute percentage error (MAPE)
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The comparison of the results from the last sampling 
period and the predictions are summarized in Table 12. 
The results are presented at the end of the forecast 
period. According to the model, fish fed the FM diet 
showed better growth and feed utilization performance 
compared to fish fed the PBM diet. The predictions 
show that the average body weight of the FM-fed fish 
would reach 195.81  g, while the PBM-fed fish would 
weigh 184.45 g on average. In addition, the model pre-
dicts a lower FCR of 1.14 for the FM group, while the 
PBM group had a higher FCR of 1.23, indicating differ-
ences in feed efficiency between the two groups of fish.

However, when the economic performance, repre-
sented by the economic conversion rate (ECR) and the 
water nutrient waste indicators such as total nitrogen 

(N) and phosphorus (P) were analyzed, the result 
changed. From an economic point of view, the FM diet 
proved to be the more cost-effective option with lower 
feeding costs compared to PBM diets. According to the 
predictions of the FEEDNETICS™ model, FM was asso-
ciated with better performance metrics compared to 
PBM.

Specifically, FM was predicted to lead to a 0.09-unit 
improvement in FCR. In addition, FM was expected to 
lead to a reduction in total N and P wastes by approxi-
mately − 5.8 and − 0.43 units, respectively, compared to 
PBM. These results suggest that FM might offer advan-
tages over PBM in aquaculture in terms of feed efficiency 
and waste reduction.

Discussion
Research interest in non-ruminant PAPs has surged, par-
ticularly since their recent reintroduction into the EU 
aquafeed industry. Among these, PBM is widely recog-
nized for its nutritional value, comparable to that of FM. 
The use of PBM in aquaculture has shown varying degrees 
of success across different species [63]. Numerous stud-
ies have looked at the effects of PBM, but the results of 
these studies are inconclusive. The results of the present 
study show that the replacement of FM with PBM effec-
tively fulfils the growth requirements of rainbow trout. 
This result aligns with numerous studies indicating that 

Fig. 5  Results of model validation for experimental conditions. The graphs show the time series of the predicted and observed average body 
weight of fish growth over the experimental period, with the lines representing the fish growth predicted by the model and the red dots 
representing the average fish weight observed in the experiment

Table 12  Validation scenario of the performance of rainbow 
trout fed with experimental diets using FEEDNETICS™

Indicator FM PBM

Average body weight (g/fish) 195.81 184.45

Growth rate - cumulative (%BW/day) 2.18 2.12

FCR (g feed/g BW gain) 1.14 1.23

Economic conversion ratio (€ feed/kg biomass 
gain)

1.37 1.47

Total N waste (kg N/ton biomass gain) 52.18 57.98

Total P waste (kg P/ton biomass gain) 5.85 6.28
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replacing FM with PBM in a ratio of 25–50% is optimal 
for most carnivorous fish [32]. A meta-analysis summa-
rizing the effectiveness of PBM in aquaculture feed for-
mulations used data from 47 published articles covering 
33 different fish species [32]. The analysis revealed that 
many freshwater fish species can tolerate up to 100% FM 
replacement with PBM, while most fish species can accept 
up to 50% PBM in their diet without any issues [32].

As [64] indicates, the composition and digestibility of 
feather meal can vary significantly. These fluctuations 
can be attributed to differences in processing methods 
and the quality of raw materials. To achieve a more bal-
anced amino acid profile in the diet, FMH should be 
combined with other protein meals. This combination 
helps to ensure that the nutritional requirements of the 
fish are met more effectively, promoting optimal growth 
and health. At the end of the experiment, all fish weighed 
six times their initial weight, regardless of the feed they 
received, and survival rates were consistent across all 
groups. However, there were observable trends in growth 
metrics between PBM-fed and FM-fed fish. Specifically, 
the PBM-fed fish exhibited a slightly lower WG and SGR 
compared to the FM-fed fish. Additionally, there was a 
trend toward a higher FCR in the PBM-fed fish, indicat-
ing potentially less efficient feed utilization in this group. 
It is important to note that these differences, while indic-
ative of a trend, were not statistically significant accord-
ing to the analysis performed. This suggests that, while 
PBM-fed fish may have demonstrated a slight decrease 
in growth performance, the extent of this decrease was 
not enough to be considered statistically different from 
the FM-fed group. This observation aligns with previous 
research findings. For instance, in studies with sea bass, 
replacing 50% of FM with 20% or 25% PBM resulted in 
growth comparable to that of fish fed a high FM control 
diet [65]. Shapawi et al. [66] also reported no significant 
differences in growth for juvenile humpback grouper fed 
diets containing 50% or 75% PBM protein. However, they 
did observe reduced growth in juvenile fish fed a diet 
with 100% PBM protein.

Our previous research on rainbow trout showed that 
trout fed diets high in PBM (55–70%) exhibited growth 
rates comparable to those of fish fed a control diet rich 
in FM at 37.3% without PBM [28]. Similar findings have 
been reported for marine fish species such as sea bream 
(Sparus aurata) and red sea bream (P. major), where 
complete replacement of FM with PBM did not nega-
tively affect growth parameters or overall productivity, 
highlighting the adaptability of these fish to alternative 
protein sources [23, 67].

Knowledge of the effects of PBM on fish morphol-
ogy and potential health consequences remains limited. 
The health of the digestive system, including the liver, is 

crucial for feed digestion and nutrient absorption, sig-
nificantly affecting nutrient utilization [68]. No signifi-
cant changes were observed in the gut and liver of the 
experimental groups, suggesting that PBM is a safe alter-
native feed ingredient in aquaculture. These findings are 
consistent with those of [65], who reported no signifi-
cant histopathological changes in the liver or intestine of 
European seabass fed diets containing up to 25% PBM.

In our current study, histological analysis of the liver 
revealed no significant differences in lipid accumulation 
between the two feeding groups. To our knowledge, there 
is limited information on the histological analysis of the 
livers of rainbow trout fed PBM. In [69], the replacement 
of FM with PBM in the diet of Nile tilapia (Oreochromis 
niloticus) resulted in no detectable effects on the histo-
logical examination of liver tissue up to 100% replace-
ment. Similar to our results, the livers showed normally 
shaped hepatocytes. Conversely [70], reported significant 
lipid accumulation in the liver and histological changes 
indicative of early steatosis in seabass fed an FM-free 
diet in which 40% plant protein was replaced with insects 
or PBM. The combination of insect meal and PBM par-
tially mitigated these effects. In a study by [42], enlarged 
hepatocytes and liver steatosis were observed in Japanese 
seabass fed a mixture of 40% PBM, 35% meat and bone 
meal, 20% spray-dried blood meal, and 5% hydrolyzed 
feather meal, with hepatocyte vacuoles resembling lipid 
accumulation.

Furthermore, the inclusion of PBM in the diet had no 
negative effects on the morphometric indices of the fore-
gut or hindgut, with the exception of villus height in the 
AI and submucosa width in the PI. PBM has an effect 
on the anatomical features or dimensions of the diges-
tive tract structures, demonstrating compatibility with 
the digestive physiology of the organism. However, there 
were statistically significant effects on villus height in the 
AI of PBM-fed fish, which had greater villus height com-
pared to FM-fed fish. In addition, the width of the sub-
mucosa in the PI of PBM-fed fish was significantly thicker 
and larger than that of FM-fed fish due to the infiltration 
of inflammatory cells in the submucosal layer. Despite 
these changes, the overall histological and morphomet-
ric characteristics of the intestinal mucosa were similar 
between the experimental groups, indicating that PBM 
was well tolerated by the trout. In line with these results, 
our recent study [65] showed that replacing part of the 
FM with insect meal and PBM had no negative effects 
on the proximal or distal gut of European seabass. This 
substitution significantly improved all morphometric 
parameters of the intestine and reduced both the degree 
of vacuolization and the extent of cellular infiltration.

In this study, higher levels of SCFAs, particularly 
butyrate and acetic acid, were found in the feces of trout 
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fed PBM. This finding is consistent with previous studies 
in which sea bass fed exuviae or PBM meal also showed 
increased concentrations of acetate and butyrate in their 
feces compared to trout fed FM [63]. Similarly, trout 
fed pupal exuviae meal had the highest concentrations 
of SCFAs, especially butyrate, in their feces [71]. These 
SCFAs are the main products of bacterial fermentation 
of chitin produced by chitinolytic bacteria such as Pae-
nibacillus, which were also found in greater abundance 
in gilthead seabream, in the insect meal-fed group [72]. 
SCFAs, including butyrate, play a crucial role in fish gut 
health, barrier function and mucosal immunity. These 
compounds have an anti-inflammatory effect, which is 
supported by studies showing that they can promote 
intestinal health in fish [73–76]. Butyric acid, an impor-
tant cross-talk molecule, is known to have several benefi-
cial effects on fish gut health and immunity [77, 78].

The substitution of FO with VeraMaris® algae oil 
resulted in a significant alteration in the fatty acid com-
position of the fish fillets. Specifically, we observed a 
decrease in the levels of certain PUFAs traditionally 
found in marine-derived fish oils, while other beneficial 
fatty acids were enhanced. This change in fatty acid pro-
file has implications for both fish health and the nutri-
tional value of the fish for human consumption. For 
instance, while the reduction in some omega-3 fatty acids 
might affect fish growth and immune function, the inclu-
sion of algae oil introduces a more sustainable source of 
these essential nutrients. This result aligns with previous 
findings that highlight the impact of dietary lipid sources 
on the fatty acid profile in fish fillets.

Our analysis of the fatty acids in the PBM diet revealed 
differences in the levels of PUFAs compared to the FM 
diet. The PBM diet had a lower content of n-3 PUFAs, 
particularly eicosapentaenoic acid (EPA, C20:5n3), while 
the docosahexaenoic acid (DHA, C22:6n3) levels were 
not significantly different between the two diets. Addi-
tionally, the PBM diet contained higher levels of n-6 
PUFAs, including linoleic acid (C18:2n6). These dietary 
changes were mirrored in the fatty acid profile of the fish 
fillets, demonstrating a notable influence of the diet on 
the muscle fatty acid composition after 90 days of feed-
ing Conversely, saturated fatty acids such as myristic acid 
(C14:0), palmitic acid (C16:0), monounsaturated fatty 
acids such as C16:1, cis-vaccenic acid (C18:1n7), eicosa-
pentaenoic acid (EPA C20:5n3), and docosapentaenoic 
acid (DPA C22:5n3) decreased significantly due to the 
increased PBM and reduced FM and FO content in the 
diet.

In general, the ratio of n-3/n-6 PUFA in the diet 
increases the more FM is replaced by PBM, as PBM 
tends to be deficient in n-3 PUFA [79, 80]. Indeed, trout 
fed a diet in which only 20% FM was replaced with PBM 

showed increased n-3 and n-6 PUFA levels in their mus-
cles, which is consistent with results in Nile tilapia [69] 
and juvenile barramundi [80] fed a diet based on 100% 
PBM protein. The substitution resulted in a reduction 
in EPA and DHA, typically abundant in marine-derived 
FO. However, VeraMaris® algae oil provided an alterna-
tive source of omega-3s, which can help partially offset 
the reduction in EPA and DHA. Despite this shift, it is 
important to note that algae oil contributes to a more 
sustainable source of essential fatty acids, which is ben-
eficial for the long-term viability of aquaculture practices.

Studies in humans have linked increased plasma cho-
lesterol levels and an increased risk of cardiovascular dis-
ease with the intake of myristic acid (C14:0) intake [81]. 
Therefore, reducing myristic acid in the diet could ben-
efit human health. In our study, the PBM-based diet con-
tained lower amounts of myristic acid than the FM-based 
control diet. For the fish, a diet low in marine-derived 
EPA and DHA could affect growth performance, immune 
function, and overall physiological health. Omega-3 fatty 
acids are crucial for maintaining cell membrane fluid-
ity, modulating inflammatory responses, and supporting 
proper growth.

For human consumers, the altered fatty acid profile 
presents a different nutritional composition. While the 
reduction in EPA and DHA might be considered a draw-
back from a nutritional standpoint, VeraMaris® algae oil 
does provide a more balanced omega-3 to omega-6 ratio. 
This balance is important for cardiovascular health and 
has been linked to various health benefits, including a 
reduced risk of chronic diseases.

The content of omega-3 fatty acids in trout muscle 
exceeded 0.6  g/100  g, which is considered the standard 
value for this species [82]. The fillets of fish fed PBM con-
tained more total omega-3 (such as EPA and DHA) than 
those of the FM group. This is likely due to the inclusion 
of algae oil in the PBM diet, which is also rich in omega-
3. Although there was an increase in total omega-3 fatty 
acids, this did not result in a significant difference in the 
Σn3/Σn6 FA ratio index, in contrast to the results of [80]. 
In contrast, in another study, replacing FM with Herme-
tia illucens larval meal resulted in a consistent increase 
in omega-6 and a decrease in omega-3 fatty acids in fish 
muscle [83], as well as a decrease in the Σn3/Σn6 FA ratio 
and PUFA/SFA ratio [84]. The substitution of FO with 
VeraMaris® algae oil also has significant implications 
from a sustainability perspective.

Fish is considered a valuable food for the prevention of 
coronary heart disease in humans, as it has a high con-
tent of PUFAs. Lower AtheroI and TI values indicate 
a lower risk of heart disease. Conversely, a higher h/H 
ratio is considered beneficial [80]. In our study, PBM diet 
had lower AI and TI values and a higher h/H ratio than 
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FM diet, probably due to a higher PUFA content, as also 
observed by [83, 85, 86] in similar studies. This suggests 
that consumption of fish fed a balanced PBM diet could 
improve the nutritional value of rainbow trout fillet and 
provide similar health benefits compared to fish fed FM-
based diets.

Animals can convert EFAs to LC-PUFAs depending 
on the activity level of elongases and desaturases, espe-
cially Δ5 and Δ6; moreover, the activity level of these 
enzymes depends on the LC-PUFA richness of the ani-
mal’s dietary substrate. In fact, the conversion of alpha-
linolenic acid (18:3n-3) to eicosapentaenoic acid (EPA 
20:5n-3) and then to docosahexaenoic acid (DHA 22:6n-
3) occurs in many species of freshwater fish and is sig-
nificantly reduced in marine fish due to the abundance of 
EPA and DHA in the marine environment. In contrast, 
the dietary substrate of freshwater fish is rich in EFA (lin-
oleic acid and alpha-linolenic acid) and, to a lesser extent, 
EPA, but not DHA. Consequently, despite their common 
origin, freshwater fish differ significantly from marine 
fish in terms of essential fatty acid requirements. This 
reflects the different distribution of fatty acids in the two 
environments and the consequent different evolutionary 
pressures, such as the different need to possess enzymes 
that can complete the conversion of EFAs to LC-PUFAs 
[87].

It seems noteworthy to comment on the Δ5-Δ6-
desaturase activity performed on the n3 and n6 series. 
The differences in the fatty acid profile between the fil-
lets of the FM and PBM groups suggest that the enzymes 
involved in the desaturation of long-chain and very 
long-chain fatty acids were modulated by the inclusion 
of algae in the diet [88]. The acidic composition of fillets 
differed significantly between groups; fish fed algae oil 
(PBM group) had the highest levels of n3 and n6 PUFA 
and EPA + DHA, even though Δ5-Δ6 desaturase activity, 
both n3 and n6 series, was similar. Recent studies have 
investigated the possibility that algae ingested in the diet 
increase the levels of n3-PUFA in fish muscle [89–91], 
due to their fatty acid composition [92]. The results of the 
lipid profile confirmed this hypothesis and encouraged 
the researchers to conduct further studies on the effects 
of algae on lipid deposition in rainbow trout.

The FEEDNETICS™ application model used to analyze 
the fish growth data in our experiment provided valuable 
insights for validation. Impressively, the FEEDNETICS™ 
model accurately predicted body weight for this experi-
mental dataset and had a MAPE of around 8%. This 
emphasizes the reliability of the model in evaluating feed-
ing strategies for trout on commercial farms. However, 
closer inspection revealed some intriguing discrepancies 
between the simulation results generated by FEEDNET-
ICS™ and the actual observations recorded during the 

experiment. Interestingly, although the FEEDNETICS™ 
simulation results showed a slightly higher average body 
weight for the FM group than for the PBM group. Indeed, 
the FEEDNETICS™ simulation results showed that the 
average body weight of the FM group was 195.81 g, which 
was slightly higher than that of the PBM group (with an 
average body weight of 184.45 g). However, in the experi-
mental trial, the final body weight was higher in the FM 
group (170.80 g) than in the PBM group (166.91 g). These 
differences suggest that although the model provided a 
good prediction overall, certain factors – such as incom-
plete input data – may have influenced its accuracy.

Similarly, the FEEDNETICS™ simulation yielded an 
FCR of 1.14 in the FM group and 1.23 in the PBM group, 
indicating differences in feed efficiency between the two 
trout groups. In contrast, the experimental trial yielded 
an FCR of 1.33 in the FM group and 1.37 in the PBM 
group, in which the FM was replaced by a combination of 
PM, FMH and omega-3 oil based on natural VeraMaris® 
algae oil. Thus, these FCR values obtained from the 
actual trial did not match the FCR results predicted by 
the FEEDNETICS™ simulation. It was expected that FM 
diet would improve FCR by 0.09 units and reduce total 
N and P in wastewater by approximately − 5.8 and − 0.43 
units, respectively, compared to PBM. This suggests that 
FM could provide better feed efficiency and waste reduc-
tion in aquaculture.

No significant differences were found between the 
experimental test and the FEEDNETICS™ simulation in 
terms of growth. FEEDNETICS™ predicted that fish fed 
the FM diet would grow slightly better than those fed 
the PBM- fed fish, but the difference was not significant. 
The differences between the FEEDNETICS™ simulation 
data and the actual experimental data can be explained 
by some factors and limitations. One important factor 
is that the FEEDNETICS™ model did not have data on 
digestibility, which provides information on how effi-
ciently the fish utilize the nutrients from their feed. This 
data was not available and was therefore not included in 
the model. In this scenario, the validation process relied 
on the default data provided by the model, which is likely 
to reflect generalized assumptions about the growth and 
nutrient utilization of rainbow trout. The performance of 
the model can be improved by incorporating more accu-
rate and comprehensive input data specific to rainbow 
trout strains and populations.

Conclusions
Our study demonstrated that replacing up to 20% of 
FM in the diet of rainbow trout with a combination of 
PBM and FMH, along with fully substituting FO with 
VeraMaris® natural algae oil, does not compromise 
growth performance, feed conversion, gut morphology 
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or liver health. Although there was a reduction in PUFAs 
in the fillets, the nutritional quality indices of fish muscle 
improved in PBM-fed fish. This included lower AtheroI 
and TI indices, as well as a higher h/H ratio, which sug-
gests potential health benefits for human consumers, 
such as a reduced risk of cardiovascular diseases. These 
findings indicate that PBM and natural algal oil are prom-
ising and viable alternatives to FM and FO in trout nutri-
tion, enhancing the sustainability and potential health 
benefits of trout production. Furthermore, the use of 
FEEDNETICS™ supports environmentally friendly and 
economically viable practices in fish farming by identi-
fying sustainable feed ingredients like PBM and natural 
algal oil. It also aids in developing feeding strategies that 
optimize growth performance while minimizing environ-
mental impact.
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