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Abstract: This trial aimed to assess the growth performance of trout (Oncorhynchus mykiss) fed novel 
formulations, evaluate fish welfare status, and determine flesh quality as part of the evaluation of 
sustainable feeds. A control diet containing fish meal and soy products (CTRL) was compared to: a 
diet with processed animal proteins (PAP); a diet without PAP (NoPAP); a PAP diet lower in protein 
(PAP−); and a NoPAP diet higher in protein (NoPAP+). Groups of 50 fish, weighing 58.84 ± 1.39 g 
(IBW), were allocated to 20 tanks and fed with formulated diets ad libitum over 91 days. Better 
growth performance was observed after the experiment in fish fed the NoPAP+ diet when compared 
to other diets. Protein retention was higher in CTRL diets than in PAP and PAP− diets. Protein and 
phosphorous digestibility were lower in fish fed PAP− diet. Diets did not influence the texture 
analysis. However, sensory analysis revealed higher acceptance for fish fed the NoPAP diet when 
compared to the PAP diet. Lysozyme was higher in the NoPAP diet than in other treatments. In 
addition, long-term predictions using FEEDNETICSTM software suggest some of these alternative 
formulations may be economically sustainable. Overall, these results support the hypothesis that 
the new formulations are viable options for trout farming. 
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1. Introduction 
Over the past few decades, considerable effort has been made to find practical 

alternatives to reduce the aquafeed industry’s reliance on marine-derived ingredients, i.e., 
fish meal (FM) and fish oil (FO). Sustainability concerns, i.e., responsible consumption 
and production and life below water goals from the United Nations (UN) Sustainable 
Development Goals (SDGs), have been the main driving forces behind such efforts [1,2]. 
Additionally, due to the unlikely increase in global production of FM and FO beyond 
current levels, it is expected that in the near future the overall supply will become 
increasingly insufficient to meet the already reduced current inclusion levels in many 
species and sustain the still growing aquaculture production [3–5].  

So far, research undertaken since the 1960s and 1970s has led to the successful large-
scale replacement of FM and FO by alternative ingredients from terrestrial plant sources. 
Presently, it is a common practice in aquafeed production to use ingredients derived from 
various terrestrial plants (e.g., soybean, canola, lupin, peas, wheat, corn, and linseed) as 
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partial substitutes for FM and FO [6–8]. However, there are in some cases serious 
limitations in using these types of ingredients as total substitutes of FM and FO [3], as 
most plant ingredients have relatively limited nutritional value (e.g., imbalanced amino 
acid and fatty acid profiles) and/or biological components (e.g., anti-nutritional factors) 
that can negatively affect the performance, health, and well-being of some fish species [9]. 

Given the aforementioned achievements as well as the associated limitations, in 
recent years there has been a slight shift in aquafeed research, with the focus being 
progressively placed on expanding the range of alternative sources of ingredients.  

Protein sources, such as processed animal proteins from terrestrial animals (PAPs; 
e.g., poultry by-product meal, blood meal, and feather meal), insect meal (e.g., black 
soldier fly and yellow mealworm), single-cell protein (SCP; e.g., microalgae, yeasts, 
bacteria, and protists), and macroalgae (e.g., Ulva, Gracilaria, and Laminaria), have been 
increasingly studied as potential novel alternatives to FM and terrestrial plant proteins 
[10,11]. Some have been shown to be well utilized by fish when incorporated at moderate 
levels, as is the case with PAPs that are already being used on a commercial scale [12]. 
Others still require further research in order to be considered viable options to be used at 
larger scales, as is the case with insect meal, with outcomes varying substantially with the 
processing methods applied, inclusion levels considered, and insect/fish species evaluated 
[13]. Other alternative protein sources, such as fish protein hydrolysates (FPH), have also 
gained attention in recent years since they can be produced from waste discarded by fish 
processing units (e.g., heads, skin, muscle, viscera, and bones), thus contributing to 
increasing the circularity of resources [14]. A detailed overview of the research carried out 
to date on the impact of these new protein sources on fish performance and health, along 
with other considerations for large-scale use, can be found in various reviews available in 
the literature [10,13,15,16]. 

Finding new alternatives to replace FO has also been a growing concern in aquafeed 
research, as it is critical to the sustainable growth of aquaculture. Marine fish, for example, 
require considerable levels of long-chain polyunsaturated fatty acids (LC-PUFAs) [17]. 
However, available alternatives to FO from terrestrial plant sources, such as canola, 
linseed, or soybean oils, have low levels of LC-PUFAs, e.g., arachidonic acid (ARA), 
eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) [18–20]. This limits the 
incorporation of vegetable oils (VO) at high levels in aquafeeds for marine fish, as it can 
lead to reduced performance and adverse health issues in fish [21]. For this reason, current 
research has focused on developing aquafeeds that allow the use of relatively high levels 
of VO without impairing fish performance. Such research has been based on testing the 
incorporation of oils highly rich in LC-PUFAs, as is the case with oils extracted from some 
microalgae species [22–24]. However, due to the still relatively high cost of these types of 
ingredients, their incorporation is currently limited to small amounts on a commercial 
scale. Nevertheless, in the specific case of rainbow trout (Oncorhynchus mykiss), studies 
have demonstrated that it is possible to totally replace FO with VO without compromising 
growth performance or nutrient utilization efficiency [25,26]. However, the use of finfish 
diets rich in omega-3 fatty acids has been advised in these cases to ensure that this food 
product is still a viable source of omega-3 fatty acids in the human diet. This makes the 
search for alternative sources of LC-PUFAs a valid and relevant effort for the development 
of more sustainable feeding not only of marine species but of other fish species (i.e., 
diadromous and freshwater), including rainbow trout. 

Consumer acceptance and fillet quality are also important components when 
developing novel aquafeeds, since consumers are at the top of the supply chain. 
Consumers presently are more likely to care about the sustainability of the products they 
are buying. Although few studies have been published on the consumer acceptance of 
farmed fish fed aquafeeds with alternative ingredients, the existing ones indicate that 
consumers are generally willing to accept the inclusion of these types of ingredients in the 
fish diet (e.g., insect meal) [27,28]. Other studies revealed that the level of education 
influences the choice of sustainable seafood consumption in Germany [29], but the choice 
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of more sustainable aquaculture is also country-dependent and strongly impacted by 
misleading information from the media [30]. In terms of the impact of novel aquafeeds on 
the fillet quality of fish, previous research has found that, in most cases, FM and FO 
replacement do not lead to significant negative effects [31,32]. However, this type of 
sensory analysis is context-specific, and performing it in new contexts can provide a more 
holistic view of the overall impact of novel diets while also taking consumer perception 
into account [33]. 

Given the importance of finding practical solutions to reduce the inclusion of FM and 
FO in aquafeeds, the present study, carried out in the context of the EU-funded GAIN 
(Green Aquaculture Intensification in Europe) project (www.gain2020.com), focused on 
the evaluation of the impact of novel diets formulated with emerging ingredients on 
rainbow trout (Oncorhynchus mykiss) through the objectives of (1) an in vivo growth trial, 
carried out over 91 days under controlled conditions; (2) flesh quality and sensory analysis 
of fish after the in vivo trial; and (3) in silico extrapolation scenarios, performed 
considering commercial-like farming conditions. 

2. Materials and Methods 
2.1. Diets 

The diet formulation framework followed to produce the test aquafeeds aimed to 
prioritize the use of ingredients derived from by-products (e.g., PAPs and 
aquaculture/fisheries by-products), as well as the inclusion of a high diversity of other 
novel alternative sources (e.g., micro and macroalgae, microbial meal, and insect meal), 
with the goal of finding more sustainable ready-to-use formulations that can be readily 
adopted by the aquafeed industry. 

The alternative ingredients selected were defined based on circularity principles, 
contributing towards low waste in the agri-food value chain to optimize sustainability 
within the current/predictable regulatory framework. The diets were formulated 
according to the known nutritional requirements for rainbow trout (Oncorhynchus mykiss) 
[17] and manufactured by extrusion at SPAROS facilities. The trial comprised five 
experimental diets (Table 1). In particular, a control diet (CTRL), mimicking a good-
quality commercial diet, contained a low inclusion level of fish meal along with traditional 
soy products, which was compared against four alternative formulations: a diet rich in 
processed terrestrial animal proteins (PAP); another one without the inclusion of PAPs 
(NoPAP); a diet similar to PAP but with a lower protein content (PAP−); and a diet similar 
to NoPAP but with a higher protein content (NoPAP+). All diets included a mix of fish 
protein hydrolysates produced by the GAIN project consortium based on turbot, salmon, 
seabream, and seabass by-products. All diets were formulated to be isolipidic, and the 
first three aforementioned (i.e., CTRL, PAP, and NoPAP) were also isoenergetic and 
isoproteic. Dietary amino acid and fatty acid contents are available in Tables S1 and S2 in 
the Appendix. 

All powder ingredients were admixed accordingly to the target formulation in a 
double-helix mixer (model 500 L, TGC Extrusion, Roullet-Saint-Estèphe, France) and 
ground (below 400 µm) in a micro-pulverizer hammer mill (model SH1, Hosokawa-
Alpine, Augsburg, Germany). Diets (pellet size changed according to species and fish size) 
were manufactured with a twin-screw extruder (model BC45, Clextral, France) with a 
screw diameter of 55.5 mm. Extrusion conditions: feeder rate (80–85 kg/h), screw speed 
(247–266 rpm), water addition in barrel 1 (345–360 mL/min), temperature barrel 1 (30–35 
°C), temperature barrel 3 (105–120 °C). Extruded pellets were dried in a vibrating fluid 
bed dryer (model DR100, TGC Extrusion, Firminy, France). After cooling, an oil blend was 
embedded by vacuum coating (model PG-10VCLAB, Dinnissen, Sevenum, The 
Netherlands). Coating conditions were: pressure (700 mbar); spraying time under vacuum 
(approximately 90 s); return to atmospheric pressure (120 s). Immediately after coating, 
diets were packed in sealed plastic buckets and shipped to the research site, where they 
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were stored at room temperature but in a cool and aerated emplacement. Representative 
samples of each diet were taken for composition analysis. 

Table 1. Formulation and proximate composition of the experimental diets for trout (O. mykiss). 

Ingredients (%) CTRL NoPAP NoPAP+ PAP PAP− 
Fish meal Super Prime 1 15.00  12.50   
Krill meal 2   5.00   
Fish protein hydrolysate 3 2.00     
FPH-TURBOT-HEAD 4  0.250 0.250 0.250 0.250 
FPH-TURBOT-TF 5  0.250 0.250 0.250 0.250 
FPH-SALMON-HEAD 6  0.250 0.250 0.250 0.250 
FPH-SALMON-TF 7  0.250 0.250 0.250 0.250 
FPH-BREAM/BASS 8  1.00 1.00 1.00 1.000 
Feathermeal hydrolysate 9    7.50 15.00 
Porcine blood meal 10    2.00 4.00 
Poultry meal 11    5.500 11.00 
Insect meal (Black soldier fly) 12  16.00 10.00 16.00 5.00 
Fermentation biomass (M. capsulatus) 13  16.00 10.00 16.00 5.00 
Soy protein concentrate 14 20.00 10.00 10.00   
Pea protein concentrate 15  2.55 10.00   
Wheat gluten 16 6.00 3.00 3.00   
Corn gluten meal 17 7.00 3.50    
Soybean meal 48 18 10.00     
Wheat meal 19 11.20     
Whole peas 20  12.03  20.84 31.77 
Pea starch (raw) 21 4.00 7.00 13.35 4.00  
Vit and Min Premix - WITH I and Se 22 1.00     
Vit and Min Premix - NO I and Se 23  1.00 1.00 1.00 1.00 
Macroalgae SHP 24  2.00 2.00 2.00 2.00 
Macroalgae SHP + Se 25  0.05 0.05 0.05 0.05 
Microalgae Se-rich 26  0.20 0.20 0.30 0.30 
Vitamin E50 27 0.03 0.03 0.03 0.03 0.03 
Betaine HCl 28 0.10 0.10 0.10 0.10 0.10 
Antioxidant 29 0.20 0.20 0.20 0.20 0.20 
Sodium propionate 30 0.10 0.10 0.10 0.10 0.10 
Monocalcium phosphate 31 1.04 2.26 0.70 1.80 1.70 
L-Lysine HCl 99% 32 0.50 0.60  0.45 0.65 
L-Tryptophan 33 0.04 0.01  0.04 0.17 
DL-Methionine 34     0.12 
L-Taurine 35 0.17 0.20 0.10 0.12 0.04 
Yttrium oxide 36 0.02 0.02 0.02 0.02 0.02 
Fish oil 37 5.30 2.65 2.65 2.65 2.65 
Salmon oil (by-products) 38  10.00 10.00 10.00 10.00 
Algae oil (Veramaris) 39  1.00 1.00 1.00 1.00 
Rapeseed oil 40 16.30 7.50 6.00 6.30 6.10 
Total 100 100 100 100 100 
Composition (feed basis)      
Crude protein, % feed 39.6 39.3 43.1 41.5 38.4 
Crude fat, % feed 21.5 22.1 22.2 23.6 22.1 
Fiber, % feed 1.6 1.6 1.3 1.4 2.5 
Ash, % feed 6.3 6.2 5.9 6.0 5.8 
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Gross Energy, MJ/kg feed 23.4 22.8 23.3 22.8 23.5 
1 Sopropêche, France, Spain; 2 Aker BioMarine, Norway; 3 Sopropêche, France; 9 Coppens, Nether-
lands; 10 SONAC BV, The Netherlands; 11 SAVINOR UTS, Portugal; 12 InnovaFeed, France; 13 Feed-
kind (Calysita); 14 ADM, The Netherlands; 15 Roquette Frères; 16 Roquette Frères; 17 Copan, Portugal; 
18 CARGILL, Spain; 19 Casa Lanchinha, Portugal; 20 O Cereal, Portugal; 21 COSUCRA, Belgium; 27 
DSM Nutritional Products, Switzerland; 28 ORFFA, The Netherlands; 29 Kemin Europe NV, Belgium; 
30 Disproquímica, Portugal; 31 Coppens, Netherlands; 32 Coppens, the Netherlands; 33 Ajinomoto EU-
ROLYSINE S.A.S., France; 34 EVONIK Nutrition and Care GmbH, Germany; 35 ORFFA, The Nether-
lands; 36 Sigma Aldrich, USA; 37 Sopropêche, France; 38 Sopropêche, France; 39 Veramaris, Nether-
lands; 40 Henry Lamotte Oils GmbH, Germany. The ingredients 4 to 8 and 24 to 26 were provided by 
the partners of the GAIN project consortium. 22 and 23 were manufactured at SPAROS. 

2.2. Growth Trial 
The growth trial was conducted at the experimental facilities of Fondazione Edmund 

Mach (FEM, San Michele all‘Adige, Italy). A rainbow trout (Oncorhynchus mykiss) batch 
(approx. 2000 individuals), which originated from a bigger resident FEM stock, was trans-
ferred to the experimental facilities and kept in sanitary quarantine for 6 days. At the start 
of the trial, fish were manually sorted by weight to constitute a homogenous subsample 
of 1000 individuals. 

Groups of 50 fish, with a mean initial body weight (IBW) of 58.84 ± 1.39 g, were ran-
domly allocated in 20 tanks (approx. 1000 L, 700 L of water). All tanks were located in-
doors, supplied with well water in an independent flow-through rearing scheme, and 
subjected to a natural photoperiod (46°11′30.3″ N, 11°08′05.3″ E). Water quality parame-
ters, such as temperature and dissolved oxygen, were monitored repeatedly during the 
trial. The mean water temperature was 13.3 ± 0.2 °C, and the dissolved oxygen was 8.0 ± 
0.8 mg/L. Each diet was tested in four replicates in a randomized design. Fish were fed by 
hand until apparent satiation, twice a day (09.00 am and 02.00 pm), six days per week (no 
feeding on Sundays), over 91 days. Administered feed per tank was registered on a daily 
basis. Anesthetized fish were individually weighed and measured at the start (day 0) and 
end (day 91) of the trial, whereas a bulk weight of all fish in each tank was carried out in 
the middle of the trial (day 49). At the start, 30 fish from the same source stock were sam-
pled and stored at −20 °C for subsequent whole-body composition analysis. At the end of 
the trial, five fish from each tank were euthanized, from which blood samples were col-
lected for lysozyme analysis, and six fish from each tank were sacrificed for whole-body 
composition analysis. In addition, twenty fish collected from the tanks fed with CTRL, 
PAP, and NoPAP diets were killed by a sharp blow to the head, bled, gutted, stored on 
ice, and sent to the lab for sensory analysis with a trained panel. The remaining individu-
als in each tank were assigned to flesh quality analysis (TPA and color). 

2.3. Apparent Digestibility Measurements 
Feces were sampled at day 91 to determine the apparent digestibility coefficients 

(ADC) of the diets by the indirect method [34]. All the different diets in which fish were 
fed throughout the experimental period contained yttrium oxide (Y2O3) at 0.02% as an 
inert marker. Feces were collected from all anesthetized fish by stripping [35], pooled per 
tank into a plastic container, and two subsamples (100 g each) were stored frozen at −20 
°C until lab analysis. 

2.4. Analytical Methods 
The analysis of diets, whole fish, and feces was made with analytical duplicates, fol-

lowing in most cases the methodology described by [36]. Dry matter after drying at 105 
°C for 24 h; total ash by combustion (550 °C during 6 h) in a muffle furnace; crude protein 
(N × 6.25) by a flash combustion technique followed by a gas chromatographic separation 
and thermal conductivity detection with a Leco N Analyzer (Model FP-528, Leco Corpo-
ration, USA); crude lipid by petroleum ether extraction (40–60 °C) using a Soxtec™ 2055 
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Fat Extraction System (Foss, Hillerød, Denmark), with prior acid hydrolysis with 8.3 M 
HCl; gross energy in an adiabatic bomb calorimeter (Werke C2000, IKA, Hohenems, Aus-
tria); total phosphorus according to ISO 27085:2009 by ICP-AES methodology) [37]; yt-
trium concentration in feed and feces was determined by atomic absorption spectrometry 
(SpectrAA 220 FS, Varian) [38]. For mineral analysis, dry samples were weighed (50–200 
mg) in quartz vessels. Samples were then digested in 6 mL of nitric acid (HNO3 tracer 
grade, 70%) in a Discovery SP-D microwave digestion unit according to the following 
program: 200 °C; 4 min ramp; 3 min hold. The samples were then cooled to room temper-
ature, and a final volume of 10 mL was achieved by adding ultrapure water. The samples 
were subsequently diluted 16x in ultrapure water, and standard curves were prepared in 
ultrapure water. Mineral quantification was performed by MP-AES (Agilent, model 4200). 
Blank samples containing only the decomposition acid were included to measure the ma-
trix effects of decomposition, which were subtracted from every element in each sample. 

2.5. Evaluation Criteria 
Growth performance and feed utilization were evaluated according to the following 

equations: 
Relative growth rate: 

RGR (%BW/day) = (eg-1) × 100 (1) 

where ‘e’ is Euler’s number and g = (ln (FBW) − ln (IBW))/days. 
Feed conversion ratio: 

FCR = crude feed intake/weight gain (2) 

Weight gain was corrected for mortality and sampled when necessary. 
Feed intake: 

FI (%BW/day) = (crude feed intake/(IBW + FBW)/2/days) × 100. (3) 

Protein efficiency ratio: 

PER = wet weight gain/crude protein intake. (4) 

The contractions IBW and FBW are assigned for initial mean body weight and final 
mean body weight, respectively, both expressed in grams (g). 

Retention was calculated accordingly using the following equation: where NFF is the 
nutrient content of the final fish and NIF is the nutrient content of the initial fish, both 
expressed as a percentage. 

Retention (%) = 100 × 
(FBW x NFF)  −  (IBW x NIF)

nutrient intake  
 

(5) 

Apparent digestibility coefficients (ADC) of dietary nutrients and energy in the ex-
perimental diets were calculated according to the NRC [17]: 

ADC (%) = 100 × ൬1 − % 𝑚𝑎𝑟𝑘𝑒𝑟 𝑑𝑖𝑒𝑡% 𝑚𝑎𝑟𝑘𝑒𝑟 𝑓𝑒𝑐𝑒𝑠  × % 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑓𝑒𝑐𝑒𝑠% 𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡 𝑑𝑖𝑒𝑡 ൰ (6) 

2.6. Lysozyme 
The lysozyme activity was slightly adjusted to the protocol of [39]. The phosphate 

buffer consisted of 0.05 M NaH2PO4 + 0.05 M Na2HPO4 and was modified with 85% 
H3PO4 to a pH of 6.2. An amount of 30 mg of Micrococcus luteus (0.6 mg/mL, SIGMA 
M3770) was mixed with 50 mL of buffer on a daily basis, while 20 mg of lysozyme from 
egg whites (Lot SLCC4285, 40,382 units/mg, Sigma L6876) was mixed with 20 mL of buffer 
weekly. The lysozyme-buffer solution was diluted to 1000 U/mL. For the measurement, 
96 flat-bottomed well plates (Brandplate 781660) were used and measured in a Berthold 
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Tristar LB941. After calibration of standard curves, 10 µL and 5 µL of plasma were pipet-
ted into the wells with 10 µL and 15 µL of buffer to get a total volume of 20 µL per well. 
Right before the measurement started, M. luteus was added at 130 µL to the standard 
curve and all sample preparations. The measurement took place at 450 nm every minute 
for 10 min. The plate was shaken for 5 s before the first measurement. For each measure-
ment, the standard curve, the samples, and the blanks were measured in triplicate. Be-
tween measurements, the solutions were stored at 4 °C and the samples at −20 °C. 

2.7. Fish and Fillet Quality Analysis 
2.7.1. Body Indexes 

The experimental pool consisted of 100 rainbow trout with an average weight of 306.1 
± 55.0 g, representing 5 fish from each tank (20 fish per treatment) collected at the end of 
the trial. After being killed, the fish were covered with ice and stored at 1 °C for 24 h. The 
day after, fish were eviscerated, and carcasses, whole viscera, liver, and mesenteric fat 
were weighted. Then, carcass yield (CY), hepatosomatic index (HSI), viscerosomatic index 
(VSI), and mesenteric fat index (MFI) were calculated as follows: 

CY (%) = 100 × [fish weight (g) − visceral weight (g)/fish weight (g)] (7) 

HSI (%) = 100 × [liver weight (g)/fish weight (g)] (8) 

VSI (%) = 100 × [visceral weight (g)/fish weight (g)] (9) 

MFI (%) = 100 × [mesenteric fat weight (g)/fish weight (g)] (10) 

Fish were filleted afterwards. 

2.7.2. Texture Profile Analysis (TPA) 
The right fillet from each sample (100 fish) was assigned to the Texture Profile Anal-

ysis (TPA). Textural features were measured at room temperature on a sample of muscle 
(a section of 4 × 4 cm) withdrawn from the epaxial region of the fillet. TPA was carried out 
using a Zwick Roell® 109 texturometer (Ulm, Germany) equipped with a 1 kN load cell 
and a cylindrical probe (10 mm). Two consecutive cycles (downstroke and upstroke), with 
a five-second break between them, were set, and the deformation was limited to 50% of 
the total thickness by a crosshead speed of 100 mm/min. The raw data were collected and 
analyzed by the Test-Xpert II software version 3.0 (Zwick GmbH and Co. KG, Ulm, Ger-
many). As suggested [40], the following parameters were determined: 
• hardness (N), defined as the maximum force required to compress the sample; 
• cohesiveness, defined as the area of work during the second compression divided by 

the area of work during the first compression (Area 2/Area 1); 
• gumminess, calculated as hardness × cohesiveness; 
• resilience (Nmm), calculated by dividing the upstroke energy of the first compression 

by the downstroke energy of the first compression (Area 4/Area 3); 
• adhesiveness (Nmm), defined as the negative force area under the baseline between 

compression cycles. 

2.7.3. Fillet Color 
A Konica-Minolta CR-400 colorimeter was utilized for color measurement carried out 

according to the CIE Lab system [41]. Flesh color was measured in triplicate on the cranial, 
dorsal, and caudal sections of the left fillet (Figure 1), recording L* (lightness), a* (redness 
index), and b* (yellowness index) parameters, then chroma and hue were calculated. 
Chroma is an expression of the intensity of the color, and hue is an angular measurement 
of tint. 
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Figure 1. Sampling points for color analysis on the fillet ((1) cranial, (2) dorsal, and (3) caudal). 

CIE Lab and CIE LCh are similar color spaces; the difference between them is the 
different coordinate systems used to describe the space. The relationships between their 
respective coordinates are, therefore, as follows: 

L* (LAB) ≡ L* (LCH) (11) 

C* = √(a*2 + b*2) (12) 

h* = arctan(b*/a*) (13) 

After that, it is possible to calculate the perceptual difference between samples. Color 
spaces have been developed to mathematically describe the color that a person can feel 
with an unaided eye, as there was a need to distinguish colors and define them as similar, 
identical, or completely different. ∆E is a distance vector in the color space, and his value 
determines the difference between two measures. Color differences (ΔE) were calculated 
according to the following formula: 𝛥 𝐸 (𝛽 − 𝛼) = [ (𝐿 ∗𝛽 − 𝐿 ∗𝛼)2 + (𝑎 ∗𝛽 − 𝑎 ∗𝛼)2 + (𝑏 ∗𝛽 − 𝑏 ∗𝛼)2 ]0.5 (14) 

where α and β represent alternatively the mean color values of different treatments. ΔE 
lab is a single number that represents the ‘distance’ between two given colors, and this 
distance is proportional to the perceptual difference between them [42]. A standard ob-
server perceives the differences in color presented above as follows: 

• 0 < ∆E < 1—observer does not notice the difference 
• 1 < ∆E < 2—only experienced observer can notice the difference  
• 2 < ∆E < 3.5—unexperienced observer also notices the difference 
• 3.5 < ∆E < 5—clear difference in color is noticed 
• 5 < ∆E—observer notices two different colors 

2.7.4. Sensory Analysis 
Fifty fish collected from tanks fed the CTRL, PAP, and NoPAP diets were slaughtered 

and shipped packed in ice to a specialized laboratory for sensory analysis. 
All tests took place at sense test—society for the study of sensory analysis of food 

products (Porto, Portugal), in a specific tasting room for sensory testing of food products 
(ISO 8589 sensory analysis—general guidance for the design of test rooms), and were per-
formed by a panel of 100 individuals accustomed to the products being tested. Thus, the 
effects of physiological factors and physical conditions on human judgment were reduced. 
All features and products were analyzed using close to natural light (6500 K). Before each 
test session, a preliminary explanation was given to the tasters on the conditions and rules 
of the sensory test. Moreover, all rules were handed out with the proof sheets.  
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The trout fillets were baked in the oven for approximately 12 min at 170 °C, and a 
small portion was served to each taster. Each sample was served on a white dish. In the 
tasting booth, a knife, a fork, paper napkins, a glass of water, a spittoon, and crackers were 
available to the tasters. The tasters were told that the crackers should only be used be-
tween tasting sessions in order to easily remove the taste from the mouth. 

After tasting, each tester answered a questionnaire in which the parameters appear-
ance, odor, taste, and texture, as well as global acceptance of the flesh, were evaluated. 
The evaluation consisted of giving scores from 1 to 9, where 1 referred to “extremely dis-
liked” and 9 referred to “extremely liked”. Means and standard deviations from the scores 
given were calculated, and statistical analysis was performed as described in item 2.9. 

2.8. Extrapolation of Trial Results Using a Nutrient-Based Model 
The results obtained in the in vivo trial were extrapolated in silico using the 

FEEDNETICSTM nutrient-based model (software; FEEDNETICS, 2022, Olhão, SPAROS) 
[43]. The main objective of this application was to evaluate the long-term impact of the 
experimental diets on the zootechnical and economic performance of rainbow trout culti-
vated under commercial-like farming conditions. 

2.8.1. Model Validation for Trial Conditions 
Before running extrapolation scenarios, the model was validated for the conditions 

in which the trial was conducted in order to assess whether the fish performance predicted 
by the model is consistent with the observations made in the trial. This gives additional 
confidence in the robustness of the model in predicting the nutritional effects of the ex-
perimental diets under other farming conditions. In addition, it allows us to infer if there 
are any potential factors not considered by the model that could affect fish performance. 

The model validation was performed at the tank level, where the input data consid-
ered to run the model were based on measurements/analyses performed during the trial 
(i.e., daily number of fish, initial average fish weight, daily water temperature, daily 
amount of feed, and diet composition). The model results and robustness were evaluated 
qualitatively, through visual inspection of the model behavior over time in comparison 
with point observations made during the trial, and quantitatively, by estimating the mean 
absolute percentage error (MAPE) between the model predictions and point observations 
(i.e., performed in sampling days), as follows: 

𝑀𝐴𝑃𝐸 (%) =  100𝑛 ෍ ฬ𝑃௜ − 𝑂௜𝑂௜ ฬ௡
௜ୀଵ  (15) 

where 
n is the number of predicted-observed value pairs. 
Pi is the predicted value. 
Oi is the observed value. 

2.8.2. Fish Performance under Commercial-like Farming Conditions: Extrapolation  
Scenarios 

Extrapolation scenarios of rainbow trout fed the experimental diets were run with 
the model, considering hypothetical farming conditions close to what can be found in 
commercial settings. As a base scenario, we considered an initial average body weight of 
50 g, an initial number of fish of 20,000 individuals, and a monthly mortality rate of 1% 
over the entire simulation period. In each scenario, the feeding rates used by the model 
were based on a common feeding table adjusted for rainbow trout. Data on diet proximate 
composition and digestibility were defined based on the analyzed/measured values, 
while data on diet amino acid profile and price were defined based on values estimated 
from the dietary ingredient composition. For each diet (i.e., CTRL, PAP, NoPAP, NoPAP+, 
PAP−), two extrapolation scenarios were run: one considering a constant temperature of 
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12 °C and the other considering a constant temperature of 16 °C. In total, 10 extrapolation 
scenarios were run, and their results were evaluated considering a harvest fish weight of 
about 400 g. Table 2 presents a brief overview of the input data used to run this model 
application. 

Table 2. Input data used to run the extrapolation scenarios in silico with the FEEDNETICSTM soft-
ware. 

Category Inputs 

Farming 
conditions 

Initial body weight: 50 g 
Initial number of fish: 20,000 

Mortality rate: 1%/month 

Diet 
properties 

Price * (% of change in relation to 
CTRL) Proximate composition: analyzed 

values 
Digestibility: measured values 

Amino acid profile: estimated values 
Fatty acid profile: default values 

CTRL 0.0%  
NoPAP +22.92%  

NoPAP+ +48.53%  
PAP −11.78%  
PAP− −6.70%  

Feeding 
regime 

Number of meals: 2 meals/day 
Feeding type: feeding table 

Feed waste: 0% 
Temperature Daily water temperature: constant profiles of 12 °C and 16 °C 
* Diet price data was entered in the software as €/ton, but for convenience, these values are presented 
here as % of change in relation to CTRL. 

2.9. Statistical Analysis 
The data are presented as the mean of four replicates ± standard deviation. Prior to 

ANOVA or ANCOVA for body indexes NP K-W, values expressed as percentages were 
subjected to the arcsin square root transformation. Statistical significance was tested at the 
0.05 probability level. Statistical tests for growth performance, lysozyme, digestibility, and 
all analytical methods were performed using the R software (R version 4.1.0; R Core Team, 
2021), and flesh quality analysis was performed using STATISTICA (version 13, TIBCO 
Software Inc., California, USA). Regarding the sensory panel analysis, the Wilcoxon non-
parametric test was applied to compare the samples pair-wise. 

3. Results 
3.1. Growth Performance  

The results on the growth performance of fish fed the experimental diets are pre-
sented in Table 3. Final body weight (FBW) ranged between 291.9 ± 7.3 g and 335.6 ± 6.2 
g. This means an individual weight gain of over 200 g compared to their initial body 
weight (IBW). The NoPAP+ and PAP diets led to better growth in terms of weight gain 
and relative growth rate (RGR) compared to the CTRL diet, whereas no significant differ-
ences were registered between fish fed the CTRL, NoPAP, and PAP− diets. Fish fed the 
PAP- and NoPAP+ diets showed the worst and the best feed conversion ratio (FCR), re-
spectively, both significantly different (p < 0.05) from the other dietary treatments. The 
verified feed intake (VFI) was significantly higher in the low-protein diet and lower in the 
CTRL. Protein efficiency ratio (PER) was lower in diets with PAPs. No significant differ-
ences (p > 0.05) were found in the whole-body composition of fish in terms of moisture, 
ash, crude protein, crude fat, energy, or phosphorus (Table S3 in Appendix). 
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Table 3. Growth performance and feed utilization of rainbow trout fed the experimental diets for 
91 days. 

Growth Parameters CTRL NoPAP NoPAP+ PAP PAP− p 
IBW (g) 58.2 ± 1.81 58.1 ± 1.43 58.6 ± 1.38 59.4 ± 1.40 59.9 ± 0.69 0.342 
FBW (g) 292 ± 7.25 c 297 ± 11.3 bc 336 ± 6.17 a 309 ± 5.30 b 297 ± 4.45 bc <0.001 

Weight gain (g) 234 ± 5.97 c 239 ± 10.0 bc 277 ± 4.79 a 250 ± 4.70 b 237 ± 3.95 bc <0.001 
RGR (%BW/day) 1.79 ± 0.02 c 1.8 ± 0.02 bc 1.94 ± 0.01 a 1.83 ± 0.02 b 1.78 ± 0.01 c <0.001 

FCR 0.82 ± 0.01 b 0.84 ± 0.02 b 0.76 ± 0.01 c 0.83 ± 0.01 b 0.87 ± 0.01 a <0.001 
VFI (%/day) 1.46 ± 0.03 c 1.51 ± 0.02 ab 1.48 ± 0.01 bc 1.52 ± 0.01 ab 1.55 ± 0.01 a <0.001 

PER 3.09 ± 0.04 a 3.04 ± 0.06 ab 3.04 ± 0.03 ab 2.90 ± 0.05 bc 2.99 ± 0.01 bc <0.001 
Survival (%) 100 ± 0.00 98.5 ± 1.91 98.0 ± 1.63 99.5 ± 1.00 99.0 ± 2.00 0.306 

Values are presented as mean ± SD. Different letters indicate significant differences (one-way 
ANOVA, p < 0.05; Tukey post hoc test, n = 4). 

3.2. Nutrient Retention  
The results of crude protein, crude fat, and energy retention in fish fed the experi-

mental diets are shown in Table 4. Fish fed new-formulated diets did not present signifi-
cant differences in crude fat and energy retention (p > 0.05). However, fish fed the PAP 
and PAP− diets presented significantly lower (p < 0.05) crude protein retention when com-
pared to fish fed the CTRL diet. 

Table 4. Nutrient and energy retention of rainbow trout fed the experimental diets for 91 days. 

Retention  
(% of Intake) CTRL NoPAP NoPAP+ PAP PAP− p 

Crude Protein 48.1 ± 2.6 a 43.7 ± 0.7 ab 46.5 ± 1.3 ab 42.8 ± 1.2 b 43.1 ± 3.1 b 0.020 
Crude Fat 75.6 ± 6.7 65.6 ± 6.2 71.1 ± 5.8 69.8 ± 1.4 68.6 ± 3.1 0.271 

Energy 47.2 ± 2.7 44.1 ± 2.3 47.8 ± 2.2 47.5 ± 1.0 42.9 ± 1.2 0.065 
Values are presented as mean ± SD. Different letters indicate significant differences (one-way 
ANOVA, p < 0.05; Tukey post hoc test, n = 4). 

3.3. Apparent Digestibility Coefficients 
The apparent digestibility coefficients (ADCs) of the experimental diets are presented 

in Table 5. Fish fed the PAP− diet presented significantly lower digestibility for crude pro-
tein and total phosphorus (Total P) when compared to fish fed the other diets. On the 
other hand, fish fed the NoPAP+ and PAP diets had significantly higher crude fat digest-
ibility when compared to fish fed the CTRL diet, while significantly higher energy digest-
ibility was observed in fish fed PAP when compared to fish fed the CTRL and PAP− diets. 

Table 5. Apparent digestibility coefficients (ADCs) of rainbow trout fed the experimental diets for 
91 days. 

Digestibility (%) CTRL NoPAP NoPAP+ PAP PAP− p 
Crude protein 89.2 ± 0.1 a 88.9 ± 0.5 a 89.8 ± 0.3 a 90.3 ± 0.7 a 86.2 ± 1.3 b <0.001 

Crude fat 97.8 ± 0.5 b 98.8 ± 0.1 a 98.2 ± 0.3 ab 98.7 ± 0.2 a 98.2 ± 0.5 ab 0.01 
Energy 82.3 ± 1.6 b  84.4 ± 1.1 ab 83.3 ± 1.2 ab  86.1 ± 1.2 a  81.4 ± 1.6 b 0.002 
Total P 42.1 ± 4.7 a 48.1 ± 2.8 a 51.5 ± 2.6 a 63.7 ± 3.5 a 47.1 ± 4.5 b <0.001 

Values are presented as mean ± SD. Different letters indicate significant differences (one-way 
ANOVA, p < 0.05; Tukey post hoc test, n = 4). 

  



J. Mar. Sci. Eng. 2023, 11, 1135 12 of 24 
 

 

3.4. Lysozyme 
Lysozyme analysis presented different results among dietary treatments (Figure 2). 

Fish fed the NoPAP diet presented a significantly higher (p < 0.05) concentration (U/mL) 
of plasma lysozyme when compared to fish fed the CTRL, NoPAP+, and PAP diets. 

 
Figure 2. Lysozyme concentration (U/mL) in trout plasma after experimental period. Different 
letters indicate significant differences (one-way ANOVA, p < 0.05; Tukey post hoc test, n = 4). 

3.5. Viscerosomatic Measurements 
The mean weight of the liver, mesenteric fat, and gastrointestinal tract of rainbow 

trout fed the experimental diets is represented in Figure S1 (Appendix). These values, 
when added together, represent roughly the whole visceral weight of a fish. Using final 
body weight (FBW) as a predictor, an ANCOVA on organ and tissue weight was per-
formed. The mean liver weight was significantly higher (p < 0.05) in fish fed the PAP diet 
(3.43 ± 0.64 g) in relation to fish fed the NoPAP, NoPAP+, and CTRL diets, being that the 
last one registered the lower mean liver weight (2.99 ± 0.71 g). A similar trend is evident 
in the mean gastrointestinal tract weight, where the fish fed the PAP diet had the highest 
value (25.7 ± 4.95 g) and were significantly different from fish fed the NoPAP and NoPAP+ 
diets, which registered 22.04 ± 6.18 g and 22.65 ± 3.50 g, respectively. No significant dif-
ferences were observed in the quantity of mesenteric fat between dietary treatments. 

The main morphological indexes are shown in Table 6. Morphological differences are 
mainly detected where carcass yield (CY) differs between diets. Fish fed the CTRL and 
NoPAP+ diets presented significantly higher (p < 0.05) carcass yields compared to fish fed 
the other diets. Moreover, it should be pointed out that significant differences (p < 0.05) 
are notable between CTRL/NoPAP+ and PAP−/PAP groups by mean ANOVA analysis 
followed by LSD Fisher post hoc comparisons. The viscerosomatic index (VSI) is inversely 
related to CY. This explains a significantly higher (p < 0.05) VSI for fish fed the PAP and 
PAP− diets compared to fish fed the CTRL and NoPAP+ diets. The same goes for hepato-
somatic index (HSI), where fish fed the CTRL and NoPAP+ diets showed significantly 
lower values (p < 0.05) compared to fish fed the PAP and PAP− diets. 
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Table 6. Morphological indexes of carcass yield (CY), hepatosomatic index (HSI), mesenteric fat 
index (MFI), and viscerosomatic index (VSI) of rainbow trout fed the experimental diets for 91 days. 

Indexes CTRL NoPAP NoPAP+ PAP PAP− p 
CY (%) 90.5 ± 1.3 a 90.3 ± 1.2 ab 90.5 ± 1.1 a 89.5 ± 0.1 b 89.7 ± 1.1 b 0.0209 
HSI (%) 0.91 ± 0.1 b 0.99 ± 0.1 ab 0.94 ± 0.09 b 1.04 ± 0.10 a 1.04 ± 0.12 a <0.001 
MFI (%) 1.5 ± 0.5 1.5 ± 0.4 1.7 ± 0.66 1.6 ± 0.56 1.7 ± 0.47 0.72 
VSI (%) 9.5 ± 1.3 b 9.7 ± 1.2 ab 9.53 ± 1.1 b 10.4 ± 0.9 a 10.32 ± 1.1 a 0.0209 

Values are presented as mean ± SD. Different letters indicate significant differences (ANCOVA, p < 
0.05; Fisher LSD post hoc tests, n = 20). 

3.6. Fillet Quality 
3.6.1. Fillet Texture 

Textural features were measured 24 h after post-mortem on 100 fillets by texture pro-
file analysis (TPA) using a Zwick Roell® 109 texturometer (Ulm, Germany). Outliers were 
removed from the dataset by Grubb’s Test, and then a K-W ANOVA was performed. The 
data are presented in Table 7. The majority of variables (hardness, cohesiveness, resilience, 
and gumminess) did not show significant differences (p > 0.05) between the experimental 
diets, whereas statistical differences were observed in adhesiveness. Control and NoPAP+ 
diets obtained the highest value with 0.44 Nmm, in contrast with PAP−, which obtained 
the lowest value with 0.33 Nmm. Applying a multiple comparison test (mean of ranks), 
control differs from PAP and PAP- diets, but NoPAP+ differs only from PAP− due to the 
higher SD. 

Table 7. Texture profile analysis of fillet of rainbow trout fed the experimental diets for 91 days. 

Texture Parameters CTRL NoPAP NoPAP+ PAP PAP- p 
Hardness (N) 6.46 ± 1.79 6.93 ± 2.13 6.32 ± 1.47 6.56 ± 2.05 5.89 ± 1.88 0.604 
Cohesiveness 0.22 ± 0.04 0.24 ± 0.04 0.23 ± 0.03 0.22 ± 0.04 0.21 ± 0.03 0.345 

Resilience 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.05 ± 0.02 0.04 ± 0.02 0.493 
Adhesiveness (Nmm) 0.44 ± 0.10 a 0.39 ± 0.08 abc 0.44 ± 0.13 ab 0.36 ± 0.09 bc 0.33 ± 0.06 c <0.001 

Gumminess (N) 1.45 ± 0.51 1.66 ± 0.53 1.43 ± 0.41 1.50 ± 0.60 1.26 ± 0.46 0.233 
Values are presented as mean ± SD. Different letters indicate significant differences (K-W ANOVA, 
p < 0.05; multiple comparisons of mean ranks—p value 2-tailed, n = 19–20). 

3.6.2. Fillet Color 
Color parameters (CIELab values) are significantly different (p < 0.05) among dietary 

treatments (Table 8). The lightness (L*) of the flesh of fish fed the CTRL and NoPAP+ diets 
is similar and significantly lower (p < 0.05) than those of the other three diets (NoPAP, 
PAP, and PAP−). However, it is possible to discriminate the flesh color related to the 
NoPAP+ from the CTRL diet by the indexes of red (a*) and yellow (b*), both higher in the 
former than in the latter. Moreover, the red index is rather high for fish fed the PAP− diet 
too, and it is significantly different (p < 0.05) from the CTRL and NoPAP dietary treat-
ments. In terms of the CIE L*C*h color system, the NoPAP+ and PAP− dietary treatments 
registered the highest chroma value (or color saturation), but their hue differs clearly be-
tween them due to the b* index. This shows us that the flesh color of fish fed the NoPAP+ 
diet segregates from the other diets since it is in a different quarter of the color space (+b* 
quarter vs. –b* quarter). 
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Table 8. Color analysis of fillet of rainbow trout fed the experimental diets for 91 days. 

Colour Parameters CTRL NoPAP NoPAP+ PAP PAP− p 
L* 43.19 ± 1.93 c 43.90 ± 2.19 b 42.65 ± 1.49 c 44.12 ± 1.73 ab 44.55 ± 1.49 a p < 0.001 
a* 2.18 ± 1.19 d 2.48 ± 1.22 cd 3.87 ± 1.97 a 2.68 ± 1.36 bc 3.02 ± 1.43 b p < 0.001 
b* −0.19 ± 1.70 bc −0.01 ± 1.87 b 0.92 ± 2.38 a −0.27 ± 1.49 bc −0.68 ± 1.41 c p < 0.001 

Chroma 2.79 ± 1.14 b 3.04 ± 1.35 b 4.41 ± 2.44 a 3.09 ± 1.33 b 3.48 ± 1.23 a p < 0.001 
Hue (rad) −0.26 ± 0.67 b −0.21 ± 0.61 b 0.01 ± 0.48 a −0.22 ± 0.52 b −0.35 ± 0.47 b p < 0.001 

Values are presented as mean ± sd. Different letters indicate significant differences (one-way 
ANOVA, p < 0.05; Fisher LSD post hoc tests, n = 20). 

As shown in Table 9, an unexperienced observer may notice a difference in the flesh 
color of rainbow trout fed the NoPAP+ diet in relation to the other experimental diets. 
However, this analysis indicates that it would be more difficult to perceive the difference 
induced by the CTRL diet compared to the PAP and PAP− diets, as well as the difference 
induced by the NoPAP diet compared to the PAP− diet. Only the instrumental measure-
ment can discriminate between the other matches. 

Table 9. Total color differences (ΔE Lab) in CIELab color space presented as pairwise comparisons. 
∆E < 1 - observer does not notice the difference (white background colour), 1 < ∆E < 2 - only expe-
rienced observer can notice the difference (green background colour), 2 < ∆E < 3.5 - unexperienced 
observer also notices the difference (yellow background colour). 

∆E Lab CTRL NoPAP+ NoPAP PAP PAP− 
CTRL      

NoPAP+ 2.09     

NoPAP 0.79 2.09    

PAP 1.06 2.23 0.39   

PAP− 1.68 2.63 1.08 0.69  

To understand how the colors are different, we can say that a pale gray, pink, or 
brown color is one feature of the flesh of farmed rainbow trout fed without carotenoids. 
The instrumental data and the main color indexes suggest that CTRL, PAP, and NoPAP 
diets range close to this target, whereas a mild pink/orange pigmentation of fillets was 
observed in the flesh of rainbow trout fed the NoPAP+ diet compared to the other dietary 
treatments. In contrast with the NoPAP+ treatment, the lack of yellow (b*) in the flesh of 
fish fed the PAP− diet results in a shift of hue from orange to purple/blue in the eyes of an 
observer. To conclude, rainbow trout fed the CTRL, PAP, and NoPAP diets showed a flesh 
color that could be considered by consumers to be more natural in appearance. A visual 
comparison can be made between the pictures below (Figure 3). 
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Figure 3. Each picture shows a subsample of fillets analyzed by colorimeter and CIE Lab method. 

3.7. Sensory Analysis 
Sensory analysis of baked rainbow trout revealed few differences, resulting in high 

general acceptance by consumers (Table 10). Consumers considered that fish fed the 
NoPAP diet had better texture than fish fed the PAP diet, which consequently is reflected 
in the higher global acceptance of fish fed the NoPAP diet. 

Table 10. Sensory analysis of fillet of rainbow trout fed the experimental diets for 91 days. 

Sensory Analysis CTRL PAP NoPAP p 
Appearance 7.8 ± 1.3  8.0 ± 1.0 8.0 ± 1.0 0.106 

Odor 7.9 ± 1.1 7.9 ± 1.0 8.0 ± 0.9 0.932 
Texture 7.9 ± 1.2 ab 7.9 ± 1.1 b 8.1 ± 0.9 a 0.009 

Taste 7.0  ± 1.2 7.9 ± 1.1 8.1 ± 0.9 0.898 
Global acceptance 7.9 ± 1.0 ab 7.9 ± 0.9 b 8.1 ± 0.7 a 0.043 

Values are presented as mean ± SD. Different letters indicate significant differences (one-way 
ANOVA, p < 0.05; Tukey post hoc test, n = 100). 

3.8. Extrapolation of Trial Results Using a Nutrient-Based Model 
3.8.1. Model Validation for Trial Conditions 

The validation results (Figure S2 in Appendix) indicate that the model is able to pre-
dict the growth pattern of rainbow trout fed the experimental diets over the 91-day trial 
period, presenting an overall MAPE of 11.2%. Nevertheless, it should be pointed out that 
for all tanks, the model tends to consistently underestimate fish growth by a similar mag-
nitude. As the model calibration used in this application is generic for rainbow trout, these 
deviations can be associated with strain/population effects. In this case, the fish used in 
the in vivo trial may be slightly more efficient at retaining nutrients due to genetic 
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differences than the generic model calibration for rainbow trout considers. Given this, and 
since the deviation between the predicted and observed values presents a similar magni-
tude between diets and tanks, we decided to run the extrapolation scenarios for all diets 
without any special concerns. 

3.8.2. Fish Performance under Commercial-like Farming Conditions: Exploitation  
Scenarios 

Table 11 shows the results of the extrapolation scenarios, generated in silico with the 
FEEDNETICSTM model, of rainbow trout cultivated under commercial-like farming con-
ditions at two constant temperatures, i.e., 12 °C and 16 °C. The results are presented for 
the time point at which fish reach an average harvest weight of about 400 g. 

For both temperature scenarios, the model suggests better performance in terms of 
growth and feed conversion when fish are fed the PAP and NoPAP+ diets. Surprisingly, 
the NoPAP diet presented the highest FCR, even outperforming the CTRL diet at 12 °C. 
When looking at economic performance (economic conversion ratio—ECR) and nutrient 
waste indicators (total N and P waste), the figures change dramatically. In economic 
terms, both the CTRL and PAP diets are the most cost-efficient, with impressively lower 
feeding costs of up to 36% compared to the other diets. Regarding nutrient waste, for both 
temperature scenarios, the PAP− diet results in the lowest total N waste, while the 
NoPAP+ diet results in the lowest total P waste. Overall, the greatest negative impacts in 
terms of N and P waste are induced by the CTRL and NoPAP diets. 

Table 11. Results of the extrapolation scenarios run in silico with the FEEDNETICSTM software, 
representing fish fed the experimental diets under commercial-like farming conditions at two con-
stant temperatures (12 °C and 16 °C). All results are relative to the time point at which fish reach an 
average harvest weight of about 400 g. 

  12 °C 16 °C 

Indicator Unit CTRL NoPAP 
NoPAP

+ PAP PAP− CTRL NoPAP 
NoPAP

+ PAP PAP− 

Time to reach 400 
g days 

176 
(0.0%) 

179 
(+1.7%) 

160 
(−9.1%) 

158 
(−10.2%) 

166 
(−5.7%) 

139 
(0.0%) 

140 
(+0.7%) 

127 
(−8.6%) 

129 
(−7.2%) 

134 
(−3.6%) 

Growth rate %/day 
1.19 

(0.0%) 
1.17 

(−1.6%) 
1.31 

(+9.9%) 
1.33 

(+11.7%) 
1.27 

(+6.3%) 
1.52 

(0.0%) 
1.50 

(−1.0%) 
1.66 

(+9.6%) 
1.63 

(+7.5%) 
1.57 

(+3.5%) 

Feed conversion 
ratio (FCR) 

g feed/g 
weight 

gain 

1.19 
(0.0%) 

1.21 
(+1.4%) 

1.08 
(−9.3%) 

1.04 
(−12.2%) 

1.10 
(−7.3%) 

1.00 
(0.0%) 

1.00 
(+0.5%) 

0.90 
(−9.4%) 

0.90 
(−9.4%) 

0.94 
(−5.3%) 

Economic 
conversion ratio 

(ECR) 
-  

- 
(0.0%) 

- 
(+25.0%) 

- 
(+34.8%) 

- 
(−2.3%) 

- 
(−13.8%) 

- 
(0.0%) 

- 
(+22.9%) 

- 
(+33.7%) 

- 
(+0.6%) 

- 
(−12.3%) 

Total N waste 
kg N/ton 
biomass 

gain 

52.14 
(0.0%) 

52.60 
(+0.9%) 

51.14 
(−1.9%) 

46.09 
(−11.6%) 

44.51 
(−4.6%) 

39.82 
(0.0%) 

39.68 
(−0.3%) 

38.95 
(−2.2%) 

36.67 
(−7.9%) 

34.67 
(−12.9%) 

Total P waste 
kg P/ton 
biomass 

gain 

8.96 
(0.0%) 

8.25 
(−7.9%) 

6.53 
(−27.1%) 

7.28 
(−18.8%) 

7.75 
(−3.4%) 

7.63 
(0.0%) 

6.58 
(−13.8%) 

4.99 
(−34.6%) 

6.41 
(−6.0%) 

6.75 
(−11.5%) 

Inside parenthesis is the percentage change in relation to CTRL in each respective unit. 

4. Discussion 
This study is part of the GAIN project, in which a high diversity of novel alternative 

sources to FM, FO, and traditional vegetable ingredients were tested in trout feeds. It 
shows new insights for the inclusion of a combination of circular economy-driven 
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ingredients for trout farming. Within the GAIN project, these novel formulation concepts 
were further tested in gilthead seabream [44], turbot [45], European seabass [46], and At-
lantic salmon (in prep.). The results presented thus far support the hypothesis that using 
a combination of sustainable ingredients is a viable formulation concept, as for some of 
the tested formulations, no negative effects on fish performance or consumer acceptance 
were observed. Due to the complexity of the diet formulations tested in this study, it is 
difficult to make direct comparisons with other published studies, as most of them fo-
cused on evaluating one single ingredient at a time. Therefore, we will largely focus this 
discussion on other GAIN outputs.  

4.1. Growth and Feed Performance 
In the present study, rainbow trout kept the same growth pattern on the CTRL diet 

when fed diets containing low amounts of processed land animal proteins (PAP-) or with-
out land animal proteins (NoPAP). These results corroborate findings reported by [11] 
and [47], where rainbow trout fed moderate amounts of poultry meal and insect meal 
showed good acceptance by fish. Additionally, trout presented better performance once 
fed improved versions of these diets, namely when fed NoPAP+ and PAP diets. The val-
ues of FCR, weight gain, and final body weight were generally better in fish fed the 
NoPAP+ diet when compared to the other diets. Thus, the quality and quantity of the 
novel ingredients used to replace FM and FO may have contributed to the increase in 
weight gain and relative growth rate (RGR) in trout fed with these two diets. 

Furthermore, turbot-fed diets with the same concept of circular economy-driven in-
gredients showed no difference in FCR [43]. However, seabass fed NoPAP diets showed 
lower final body weight and similar weight gain when fed NoPAP+ compared to control 
[44]. On the other hand, sea bream tends to behave like turbot and do not present huge 
differences in growth performance parameters when fed sustainable ingredients [42]. This 
is also in line with the good results obtained previously with PAP-rich and alternative 
plant formulations for gilthead seabream [41], but a diet similar to the NoPAP diet led to 
poorer performance. Thus, different fish species may have different performance when 
fed complex alternative formulations such as those tested in the GAIN project. 

In the present study, crude protein retention was lower in trout fed the PAP and 
PAP– diets when compared to the CTRL diet. Although diets that include proteins from 
land animals tend to be well accepted by fish [48], some studies have reported that the 
replacement of 20% of FM by poultry protein concentrate led to lower protein retention 
in a barramundi experiment [49]. Back to the present work, we can link protein retention 
with two other parameters. One is the protein efficiency ratio (PER), which was lower in 
the PAP-fed group, and the second is the digestibility of protein, which was lower in PAP− 
fed group. There are many factors that can influence the digestibility and nutritional value 
of land animal proteins, such as the processing methods used to treat PAPs in general, 
which can affect their nutritional quality, consequently leading to lower digestibility [49]. 
Another possible explanation may be related to the fact that these two diets, PAP and 
PAP−, have been formulated with higher contents of whole peas (20.8% and 31.8%, re-
spectively). In contrast to pea protein concentrates, which can easily replace FM in salmon 
and seabream diets [29,50,51], whole peas are not subjected to pre-treatment before being 
used in fish feeds. Whole plant ingredients have a high fiber content, which is considered 
to be an antinutritional factor [52]. This same author reports that raw/whole pea protein 
is less digestible by rainbow trout when compared to a reference diet containing soy bean 
meal. Therefore, the combination of PAPs and high-quality whole peas could be the rea-
son behind the lower performance of fish fed the PAP and PAP− diets in the present study. 
Still, we cannot conclude that the diets rich in processed land animal proteins have a neg-
ative effect on trout, as the growth performance was good and there was a complex mix-
ture of ingredients in the diets tested. However, it may be speculated that if a higher qual-
ity of processed land animal proteins and/or a lower whole pea inclusion were used, an 
even higher performance may have been registered. 
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4.2. Welfare Indicators 
It is important to mention that a lower digestibility of protein can lead to a lower 

digestibility of energy. This fact can be clearly seen in Table 4 with fish fed the PAP− diet. 
Thus, there is a clear unbalanced digestibility that might be leading to differences in some 
welfare indicators, such as the hepatosomatic index (HSI) and the viscerosomatic index 
(VSI). In the case of this study, higher values for HSI and VSI were found in fish fed both 
PAP and PAP- diets when compared to the CTRL and NoPAP+ diets. On the contrary, 
fish fed these same diets showed lower carcass yield (CY) when compared to the CTRL 
and NoPAP+ diets. In the case of seabass fed diets with the same concepts, the VSI was 
lower when compared to the control, although the HSI was not statistically different [44]. 
In addition, turbot fed with a mix of ingredients also presented a lower value when fed a 
PAP diet when compared to control fish [43]. The values that were found in this study for 
these indexes are in congruence with other findings from the literature [53]. Even as a 
welfare indicator, the discrepancy observed between treatments should not be taken as a 
bad or good result but only as differences reflecting disparate diet formulations, which 
may also represent adaptation to them. 

It is commonly accepted that HSI provides an indication of the status of energy re-
serves and of the general metabolic activity of fish, and HSI values not exceeding 2% are 
generally associated with good hepatic functionality [43,44,53]. In the present study, all 
the HSI indexes ranged from 0.90 to 1.03%, well below this limit. Nonetheless, it must be 
noted that HSI values were significantly lower in all dietary groups containing a high 
concentration of vegetal ingredients (CTRL, NoPAP, and NoPAP+). A decrease in HSI 
might be attributed to reduced liver fat content. Randazzo et al. [47] reported a higher 
presence and distribution of lipids, fatty acids, and glycogen in the liver of rainbow trout 
fed graded levels of insect or poultry meal compared to fish fed a vegetable-rich diet. 

Lysozyme is an important bactericidal enzyme of the humoral immune system, and 
it is considered a biomarker of the humoral response in fish [54]. In this study, it was 
possible to observe that the amount of lysozyme was markedly higher in trout fed the 
NoPAP diet than in trout fed the CTRL, NoPAP+, and PAP diets. The increase in serum 
lysozyme has been linked with the inclusion of some dietary ingredients in trout feeds, 
such as probiotics [55,56], fermented lupin [57], and seaweeds [58]. It is difficult to explain 
the increase in lysozyme due to the complexity of the formulations and the high number 
of ingredients used. Still, the presence of seaweed and microbial biomass may have con-
tributed to this. However, no difference was found in the other diets tested where sea-
weeds and microbial biomass were added at the same level. Moreover, lysozyme levels 
tended to maintain similar values in seabass [44] fed diets in the same formulation context. 
In any case, other humoral parameters would be needed to confirm the putative effect of 
the NoPAP diet on trout innate immunity. Still, a diet with the NoPAP concept fed to 
gilthead seabream was shown to affect the expression of at least four genes (in the intes-
tine or head kidney) involved in immune responses [42]. 

4.3. Fillet Analysis 
Flesh color is one of the major quality attributes of farmed trout, which is generally 

marketed as pigmented (red) or non-pigmented (white) flesh. Salmonids depend on 
dietary supplements of pigments to achieve muscle color; in fact, they cannot synthesize 
carotenoids de novo [59]. Trout produced with diets containing no added pigments 
present a lower C* value and an increased L* than pigmented fish, and flesh color is 
expected to be white, grey, off-white, or pale pink, like the fillets of fish fed with CTRL, 
NoPAP, PAP, and PAP− diets. Conversely, increased dietary carotenoid levels implicate 
the increment of average values of a* and b* and a decrement of L* in the muscle, as 
measured in the fish samples from the NoPAP+ group and stated by numerous authors 
[60–63]. Carotenoids (β-carotene, astaxanthin) and yellow xanthophylls (lutein and 
zeaxanthin) are molecules widespread both in terrestrial vegetables and seaweeds [64], so 
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the variation of color measured in NoPAP+ may be attributed to high proportions of the 
vegetable ingredients, particularly pea protein and starch. Color differences between fish 
fed NoPAP+ and other diets are confirmed by ΔE; spatial distances underline that 
consumers could perceive a difference in color (2 < ΔE < 3.5) [42]. 

The TPA analysis did not show significant differences between the diets and 
excluded the adhesiveness parameter, but in the samples “pressure sensitive” like fish 
meat, harder products also create more pressure between the product and the base and 
thus may also create an improved bond (apparent adhesion) [65]. Anyway, NoPAP fillets 
achieved higher values for nearly all the measured variables (except adhesiveness). It is 
interesting to note that the consumer panel discriminates against No PAP compared to 
other samples, and this sample had the best score for textural features after cooking. The 
effect of cooking on salmonid flesh is not clear; some authors reported a decline in 
hardness [66,67] and others an increase [68,69]. Nevertheless, the reason why consumers 
perceived differences in textural features in line with the laboratory analysis is not clear 
and should be investigated [70,71]. 

4.4. Sensory Analysis 
Despite the good performance of fish after being fed with these alternative 

ingredients, there are still concerns for the final consumer regarding their use in 
aquafeeds. These concerns range from the taste, appearance, and texture of the fish to 
zoonotic and risk assessment worries [72]. In the present study, we aimed to evaluate 
consumer acceptance of the fillet after feeding the fish for 91 days with the tested diets. 
Results showed that overall, people accepted the fillet of fish fed the NoPAP diet better 
than the group fed the PAP diet. Interestingly, these fish were the ones that presented, in 
general, better growth performance when compared to fish fed the PAP diets. Moreover, 
it is difficult to point out one single explanation for this, but it is important to highlight 
that PAP diets contained high quantities of land animal processed protein, such as feather 
meal and blood meal, that could have affected the texture attributes assessed here. On the 
other hand, differences in taste, appearance, and odor were not observed by the 
consumers participating in this analysis. In accordance with this, sensory analyses made 
in the laboratory were assessed by Petereit et al. [44] in seabass fed the same circularity 
concept diets. No differences were observed in consistency, frozen fat separation, protein 
separation, juice separation, or taste. 

4.5. Long-Term Prediction FEEDNETICSTM 
The extrapolation scenarios run in FEEDNETICSTM show that the experimental diets 

have, in zootechnical terms, the potential to substitute current typical commercial diets 
(such as the CTRL diet). However, the high prices of some ingredients make some of them 
still an unviable option in economic terms. For example, the NoPAP and NoPAP+ diets 
lead to up to 38% higher feeding costs, which may compromise their use on a commercial 
scale. However, due to the lower cost of ingredients, the PAP and PAP− diets can lead to 
reduced feeding costs by up to 13.8% compared to the CTRL diet. Therefore, one of the 
most critical aspects of enabling the widespread adoption of alternative diet formulations, 
such as those presented in this paper, definitely involves reducing the costs of some novel 
ingredients. This challenge is fundamental and a high priority for the industry, as, when 
overcome, it will allow faster progress towards a more sustainable intensification of 
aquaculture. In addition, it may also be pointed out that the present analysis was 
performed taking current ingredient prices into consideration. Future price changes can 
rapidly make the figures presented here obsolete. Thus, this type of economic analysis is 
something that should be done regularly, taking into account the specificities of each 
farm/system. 

These results put the use of novel diets under commercial farming conditions into 
perspective. In the first place, it is important to highlight that the relative performance of 
diets may change considerably with the farming conditions considered. This means that 
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the diet that induces the best performance at a given temperature profile and/or when 
considering a given mortality rate may not be the same when these conditions change. In 
second place, it should be noted that while one diet can outperform on some important 
indicators (e.g., growth rate and feed conversion), it can also underperform on other, no 
less important ones (e.g., economic conversion and nutrient waste). The overall 
performance of diets is, in most cases, context-dependent, and the selection of one over 
the other may also differ from system to system (e.g., flow-through or RAS), as the 
specificities and limitations between them are distinct. Nevertheless, from the overall 
analysis of these results, it can be said that currently the PAP and PAP− diets seem to be 
viable alternatives to the CTRL diet (mimicking a typical commercial diet), as they present 
similar or even better performance in several aspects (i.e., zootechnical, economic, and 
environmental). 

5. Conclusions 
The findings of this research provide insights for the use of emerging ingredients in 

trout farming, covering important aspects in terms of zootechnical performance, welfare, 
and consumer acceptance. In general, it can be stated that trout accepted well the new 
formulations containing a wide range of emerging ingredients. Minor differences were 
detected in growth performance and feed conversion, but even the lowest values are still 
within a good performance range. 

A limitation of this study is related to the fact that the formulation concepts were 
based on the use of a combination of different emerging ingredients rather than a classical 
FM replacement study with a single ingredient. Thus, the results of some indicators are 
hard to relate to single ingredients and consequently difficult to compare with other stud-
ies already published. 

Since feeds interfere directly with the fish flesh's color, texture, and odor, sensory 
analysis is crucial to detecting consumer acceptance since they are strong drivers for con-
sumer decisions. In the present study, consumers preferred the odor of fish fed the NoPAP 
diet. However, general acceptance did not show statistical differences. These findings sug-
gest that the diets did not interfere with consumer acceptance. 

Some emerging ingredients still have high prices or low availability in the market, 
making them unfeasible options for use on an industrial scale. The long-term prediction 
using the FEEDNETICSTM tool showed that the economic conversion ratio as well as for-
mulation costs were favorable in diet PAP−, in comparison to the CTRL diet. However, as 
mentioned above, future changes in ingredient prices may rapidly change the outcomes 
of the economic analysis presented here. Performing analysis of this kind on a regular 
basis is advisable. This is something that can be done easily with prediction tools based 
on mathematical models like FEEDNETICSTM. 

Clearly, feed formulations such as NoPAP and PAP, devoid of fish meal and contain-
ing a basket of alternative protein sources, are valuable options to support accelerated 
growth, good health, and a low feed conversion ratio in rainbow trout. 
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