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ABSTRACT

This study evaluated the potential of black soldier fly (BSF; Hermetia illucens) meal as a sustain-
able protein source in rainbow trout (Oncorhynchus mykiss; initial average weight of 117.19)
diets under commercial-like conditions (water temperature of 15°C). The research focused on
assessing the in vitro and in vivo digestibility of essential amino acids and overall growth per-
formance in response to incremental dietary inclusion levels of partially defatted BSF larvae
meal (2.5%, 5%, and 10%) as partial replacements for fishmeal. Experimental diets were formu-
lated to be isonitrogenous, isolipidic, and isoenergetic. In vitro assays showed that protein
hydrolysis was generally efficient but declined at higher BSF inclusion levels, likely due to the
increased chitin content hindering protease activity. In vivo trials demonstrated high apparent
digestibility coefficients (ADCs) for the BSF meal, with ADCs for protein and amino acids
decreasing at 5% and 10% inclusion levels. A strong positive correlation (r* = 0.987) was found
between in vitro hydrolysis and in vivo protein digestibility. Growth performance, including spe-
cific growth rate, protein efficiency ratio, and somatic indices, remained within optimal physio-
logical ranges across all treatments. However, a significant increase in feed conversion ratio was
observed at 10% inclusion, potentially linked to reduced methionine availability. The findings
validate the nutritional feasibility of using BSF meal up to 10% in rainbow trout diets, aligning
with previous experimental-scale trials. While promising, further research is recommended to
enhance nutrient bioavailability, particularly of essential amino acids, to support wider adoption
in aquaculture systems.
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HIGHLIGHTS

e BSF meal is a viable alternative protein source for rainbow trout diets under commercial
conditions.

e Inclusion levels up to 10% maintained growth performance and physiological indices.

e In vitro and in vivo digestibility declined at higher BSF inclusion, likely due to chitin.

Introduction under development (Cardinaletti et al. 2022), they are

Over the past four decades, the aquaculture industry not yet commercially used for carnivorous species.

has increasingly reduced fishmeal (FM) use by incorpo-
rating alternative animal (e.g. poultry by-products,
blood, feather meals (Metin et al. 2024; Marzouk et al.
2024) and plant proteins (primarily soybean meal -

Concerns over SBM—due to its effects on carnivorous
fish health (Seibel et al. 2022), food-feed competition
(van Riel et al. 2023), and environmental impact
(Pendrill et al. 2019)—have driven research into alter-

SBM, but also canola, rapeseed, and vegetable concen-
trates; Qian et al. 2024). FM levels in commercial trout
feeds today are typically <20% (Biasato et al. 2022;
Fanizza et al. 2023), and although FM-free diets are

native protein sources (Colombo et al. 2023).

Among these, the black soldier fly (BSF; Hermetia
illucens) has gained attention due to its high protein
content and sustainable rearing on organic waste
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residues (Rehman et al. 2023; Athanassiou et al. 2024).
Although the use of BSF meal as a feed ingredient for
rainbow trout diets has already been investigated
within controlled research facilities, no data are cur-
rently available on its utilisation under commercial-like
conditions. These conditions typically involve extruded
diets with reduced fishmeal inclusion, different stock-
ing densities, and management practices representa-
tive of aquaculture enterprises. It is widely
acknowledged that rearing conditions can significantly
affect fish growth and health performance (Kumar
et al. 2025). Factors such as feed formulation, rearing
management, bacterial community composition, and
intra-specific interactions may influence outcomes.
However, previous studies have not accounted for
these production-oriented realities, leaving a gap in
knowledge regarding the practical application of BSF
meal in commercial trout farming. Hence, to fully
prove the feasibility of utilising BSF meal in fish feed
formulations, it is advisable to evaluate its impact
under commercial farming conditions. Given the
applied nature of this study, evaluating the inclusion
level of insect meal—closely tied to its digestibility—is
essential. BSF meal has consistently shown high
digestibility (Dumas et al. 2018; Gasco et al. 2022),
even across different production batches (Bellezza
Oddon et al. 2024). Assessing protein and essential
amino acid (EAA) digestibility is key to optimising fish
growth, health, and feed efficiency. Highly digestible
ingredients enhance growth, reduce feed waste, and
minimise environmental impact (Prakash et al. 2023).
Literature shows that the apparent digestibility coeffi-
cients (ADCs) of BSF-based diets are comparable to
commercial feeds (Lee et al. 2020; Drosdowech et al.
2024), with diet digestibility closely reflecting that of
the insect meal. These findings are also supported by
fish growth data, suggesting BSF meal can be
included at levels >30% in rainbow trout diets, replac-
ing FM partially or entirely (Hoc et al. 2021; Biasato
et al. 2022). When evaluating BSF meal as an alterna-
tive protein source, its applicability should be assessed
through market opportunities and integration into
existing feed systems. Exploring market opportunities
requires comparing the rainbow trout and insect-
derived product markets. In 2020, European rainbow
trout production reached 106,147 tons, requiring a
similar amount of feed (EUMOFA 2023). In contrast,
global insect meal production was only 412 tons in
2023 (Vantage Market Research 2023), covering just
~0.4% of trout feed needs if used exclusively.
Nonetheless, the SUSINCHAIN Project (https://susin-
chain.eu/) tested BSF meal inclusion up to 10%,
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highlighting its long-term potential as a sustainable
feed ingredient.

Based on the above-reported background, the aim
of this research was to assess the digestibility of a BSF
meal with a special focus on essential amino acids,
and the impact of its low-medium inclusion in diets
administered to rainbow trout reared under commer-
cial farming-like conditions. For this purpose, both
in vitro and in vivo evaluations of the nutritional value
of diets containing BSF meal were carried out to
obtain a comprehensive validation of its applicability.
BSF meal inclusion may meet rainbow trout nutritional
needs, providing essential amino acids and supporting
growth at low-to-medium levels.

Material and methods
Black soldier fly meal and diets

The partially defatted BSF meal was produced by the
company Hermetia Baruth GmbH located in Germany,
and the insect meal derived from larvae grown on
vegetal by-products and dry rendered. Being confiden-
tial, no further information was provided about the
rearing substrate or processing methodologies. After
being chemically analysed (Table 1), and its nutrients
ADCs assessed (see section In vivo digestibility), the
BSF meal was used as feed ingredient in partial substi-
tution of FM, which was contained at 20.3% of inclu-
sion (as fed) in the control diet (BSF0). Specifically, the
inclusion levels tested were as follows: 2.5% BSF

Table 1. Ingredients (% as fed basis), proximate composition
(% DM, unless otherwise stated) and gross energy (MJ kg™
DM) of BSF meal and diets.

Dietary treatments

BSF meal BSFO BSF2.5 BSF5 BSF10
Ingredients, % as fed basis
Fish meal - 20.3 17.8 15.3 11.0
Hermetia illucens meal - 0 2.5 50 100
Soybean meal - 180 180 180 18.0
Wheat soft - 153 153 153 146
Soya protein concentrate - 7.5 7.5 7.5 7.5
Feather meal - 6.5 6.5 6.5 6.5
Poultry meal - 8.0 8.0 8.0 8.0
Blood meal - 6.0 6.0 6.0 6.0
Fish oil - 15.7 15.7 15.7 15.7
Monocalcium Phosphate - 1.0 1.0 1.0 1.0
Vit/Min premix - 1.7 1.7 1.7 1.7
Proximate composition, % DM

DM, g/100g 93.90 93.80 9591 94.14 93.92
Ash 11.16 889 898 876 867
CcpP 46.91 47.58 4950 4795 47.23
EE 8.27 1718 17.06 1735 16.74
Chitin 11.82 0.00 0.26 0.57 1.02
GE, MJ kg—1 DM 2133 21.82 2185 21.71 21.80

BSF: partially defatted black soldier fly; BSFO: diet including 0% BSF meal;
BSF2.5: diet including 2.5% BSF meal; BSF5: diet including 5% BSF meal;
BSF10: diet including 10% BSF meal; DM: dry matter; CP: crude protein;
EE: ether extract, GE: gross energy.
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Table 2. Amino acid profiles (% on DM) of BSF meal and
diets.

Table 3. Operational parameters used during the in vitro
assay.

Dietary treatments

General conditions

BSF meal BSFO BSF2.5 BSF5 BSF10
EAA, % on DM
Arginine 253 26.0 26.4 269 26.3
Histidine 15.1 10.5 10.8 1.3 10.6
Isoleucine 22.6 17.0 17.7 17.7 17.3
Leucine 38.0 33.0 340 34.0 33.0
Methionine 8.9 7.3 7.1 7.1 6.7
Lysine 293 31.0 31.0 29.4 29.3
Valine 33.0 21.2 221 22.2 22.0
Threonine 21.6 17.7 17.9 18.0 18.0
Phenylalanine 222 19.9 20.1 21.2 203
> EAA 216.0 183.6 187.1 187.8 183.5
Non-EAA, % on DM
Alanine 40.0 244 25.1 24.8 253
Proline 33.0 25.7 26.7 27.0 27.2
Glycine 293 25.6 26.0 26.7 25.9
Tyrosine 33.0 13.0 13.2 14.2 14.8
Aspartic acid 48.0 40.0 41.0 40.0 41.0
Glutamic acid 56.0 59.0 61.0 59.0 60.0
Serine 241 23.2 23.6 23.8 23.9
Hydroxy-Proline 0.6 34 3.7 34 3.0
Taurine 0.6 1.8 1.7 1.7 1.6
>~ non-EAA 264.6 216.1 222.0 220.6 222.7
>-AA 480.6 399.7 409.1 408.4 406.2

BSF: black soldier fly partially defatted meal; BSFO: diet including 0% BSF
meal; BSF2.5: diet including 2.5% BSF meal; BSF5: diet including 5% BSF
meal; BSF10: diet including 10% BSF meal, EAA: essential amino acid; AA:
amino acid.

inclusion in substitution of 12.3% FM (BSF2.5), 5% BSF
inclusion in substitution of 24.6% FM (BSF5), 10% BSF
inclusion in substitution of 45.8% FM (BSF10). The
diets were formulated to be isonitrogenous, isolipidic
and isoenergetic, and feed (pellet size 4.5mm) was
produced and extruded by Zoonomi S.A. (Corinthia,
Greece). The formulae, chemical composition, gross
energy (GE), and amino acid profiles of the BSF meal
and experimental diets are reported in Tables 1 and 2.

In vitro protein hydrolysis

The digestive enzyme extracts used in the assays were
obtained from 15 individuals of rainbow trout of different
sizes on a weight range from 40 to 350g sampled 4h
post-feeding. Once sacrificed, the digestive tract was
removed, stored at —20°C, and later, the stomach and
intestine were dissected. Active extracts were prepared
from either the stomach or intestinal portions (this latter
including pyloric caeca) by mechanical homogenisation
of tissues and gut contents in distilled water (1:3 w/v) fol-
lowed by centrifugation (10,000 x g, 30 min at 4°C). The
resulting supernatants were then filtered through a dialy-
sis system with a MWCO of 10kDa (Pellicon XL, Millipore,
St. Louis, MO, USA) and after freeze-dried (L-Lyomicron
85-P6, Dara-Lyo, Barcelona, Spain) until used in the
assays. The activities of acid and alkaline proteases in the
extracts were measured following the protocols of Anson

Enzyme (U g live weight)

Acid protease 22
Alkaline protease 335
Substrate (g 100g™ fish)

Daily feed 3.9
Number of meals day™ 3
Crude protein contents in feed (g 100g™) 47-49
Feed intake/meal (g 100g™ fish) 13
Fish size selection

Fish weight (g) 20
Total acid protease (U fish™) 440
Total alkaline protease (U fish™ 6,700
Enzyme:Substrate estimation

Feed ingested/meal (mg) 260
Protein ingested/meal (mg) 130
E:S ratio acid stage (U mg™' protein) 3.38
E:S alkaline stage (U mg™' protein) 51.5
General conditions for the assays

Total amount of feed in bioreactor (mg) 300
Total amount of protein in bioreactor (mg) 130
Total units acid protease 440
Total units alkaline protease 6,700
pH acid stage 3.5
Time acid stage (h) 1
pH alkaline stage 8.5
Time alkaline stage (h) 5
Temp (°CQ) 28

(1938) and Kunitz (Kunitz 1947), modified by Walter
(1984).

Assay conditions were established based on physio-
logically relevant enzyme:substrate ratios. These ratios
were derived considering the mean total protease pro-
duction (normalized to live weight) measured in the
sampled fish, and the average meal intake for fish of
comparable size, obtained from commercial feeding
tables for the species (BioMar Iberia, Spain). These cal-
culated values served as a reference and were scaled
to a 20g ‘model fish’ for the development of the
assays. All operational parameters are detailed in
Table 3.

In vitro assays were conducted using semi-
permeable membrane bioreactors, adapted from those
described by Morales and Moyano (2010). Each bio-
reactor consisted of two chambers separated by a
3.5kDa MWCO membrane (ZelluTrans, Carl Roth
GmbH, Karlsruhe, Germany). The acid digestion phase
was simulated by introducing fish enzyme extracts
and substrates into the upper chamber, with the pH
adjusted accordingly using 0.1M HCI. Following the
acid phase, alkaline hydrolysis was initiated by adjust-
ing the pH to the target value with 0.1 M borate buffer
and subsequently adding the intestinal enzyme
extract. Amino acids and small peptides released and
permeating across the membrane into the lower



Table 4. Formula (% as is), chemical composition (% DM,
unless otherwise stated) and gross energy (MJ kg~' DM) of
the reference diet.

Ingredients, % as fed basis Reference diet

Fish meal 50.0
Soybean meal 16.5
Wheat meal 12.0
Starch gealtinized 8.0
Wheat gluten meal 2.0
Fish oil 10.0
Premix vit/min 0.5
Celite® 1.0
Proximate composition, % DM

DM, % 88.90
Ash 11.72
CcP 53.68
EE 13.51
GE, MJ kg—1 DM 19.71

DM: dry matter, CP: crude protein; EE: ether extract, GE: gross energy.

chamber were collected at designated time intervals
(1, 2, 3, 5.5 and 6h) via a constant flow of the same
alkaline buffer. The release of these products from the
substrate was quantified using the orthophthaldehyde
method described by Church et al. (1983). The entire
experimental setup, comprising multiple bioreactor
units, was maintained within a temperature-controlled
chamber at 28 °C. Results are presented as cumulative
amino acid release over time, expressed as a percent-
age of the total protein present in the substrate sam-
ples. All assays were performed in triplicate.
Additionally, a blank, utilising heat-inactivated enzyme
extracts, was included for each meal to quantify basal
free amino acid release not attributable to enzymatic
hydrolysis.

In vivo digestibility

Digestibility trials were performed at the Experimental
Facility of the Department of Agricultural, Forest and
Food Sciences (DISAFA) of the University of Turin
(Italy) after being approved by the Ethical Committee
of the University of Turin (ltaly) (protocol n° 15741).
The experimental protocol was drawn up following
the European Directive on the protection of animals
used for scientific purposes (2010/63/EU).

Black Soldier Fly meal digestibility

The ADCs of the nutrients of the BSF meal were deter-
mined by adding the ingredient to a high-quality ref-
erence diet (Table 4) at a ratio of 30:70 following
Bureau et al. (1999). The ingredients were thoroughly
blended and processed into pellets using a meat
grinder (Rheninghaus labour 2000, Turin, Italy) with a
3.0mm mesh. The feed pellets were then dried at
50°C for 48h and stored in a dark, cold chamber at
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4°C until they were used. To evaluate the digestibility
of the BSF meal, a total of 132 fish (114.9+3.075g SD)
were randomly divided into six 250-L cylindroconical
tanks (22 fish per tank) within an open water system
with artesian well (74°C=+1). Following a 15-day accli-
matisation period, during which the fish were hand-
fed twice daily (at 8:00 AM and 3:00PM) and seven
days a week, faeces were collected prior to each feed-
ing session. The faecal matter was separated from the
water using a continuous automatic device for three
weeks period (Choubert’s system; Choubert et al.
1982), then pooled, frozen at —20°C, and freeze-dried
(LIO25FP freeze dryer, Cinquepascal S.r.l, Milan, Italy)
until analysis. The ADCs of the BSF meal were calcu-
lated using the equations provided by Bureau et al.
(1999).

Diets digestibility

To assess diets digestibility, a total of 264 fish
(111.9+£2.125g SD) were randomly distributed to
twelve 250-L cylindroconical tanks (22 fish per tank, 3
replicates per treatment) and faeces collection was
carried out following the experimental set-up previ-
ously described. To assess the ADCs of the diets, the
experimental feeds were ground using a meat grinder
(Rheninghaus labour 2000, Turin, Italy) with a 3.0 mm
mesh and supplemented with 1% acid insoluble ash
(Celite® Fluka, St. Gallen, Switzerland) as an inert
marker. The feeds were then pelleted, dried and
stored following the previously described method-
ology. The ADCs of the diets were calculated using
the equations provided by Bureau et al. (1999). The
digestible EAA content, expressed on a DM basis, was
determined as a descriptive parameter by considering
the EAA concentration (%) in the diet and their digest-
ibility. This was compared with the EAA requirements
of rainbow trout (NRC 2011).

Growth trial

A large-scale trial was carried out on a commercial
farm (Azienda Agricola Canali Cavour, Mulino di
Mellea, Centallo, CN, Italy) using experimental tanks
that were subjected to the same environmental (water
temperature 15° + 1°C, recorded every two weeks)
and management conditions as those in the farm. The
experimental protocol was approved by the Ethical
Committee of the University of Turin, Italy (protocol
no. 15741). This protocol was drafted based on the
European Directive on the protection of animals used
for scientific purposes (2010/63/EU).
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At the beginning of the trial, a total of 1,560 rain-
bow trout were anaesthetised (MS-222, PHARMAQ
Ltd., Sandleheath, UK; 60 mg L™, weighed (average
weight 117.1+6.351g SD), and distributed among
twelve fibreglass tanks (1800 litres), with each tank
containing 130 fish. After 14days of acclimatation to
the structures, in which the animals were fed with a
commercial diet (Classic extra 3 P, Skretting, Italy), the
tanks were randomly assigned to one of the different
dietary treatments (3 tanks/treatment). Feed was
administered manually twice daily, seven days a week,
over a period of 114 days. The initial daily feeding rate
used was 1.4% of the tank biomass, and it was
reduced according to the growth of the fish until
1.1%. The feed intake was monitored during each
feeding session, with feed administration ceasing
when the fish stopped consuming the feed. The fish
were weighed in bulk every 14 days and the daily ratio
adjusted accordingly. Mortality was recorded daily.

At the end of the trial, all the fish were anaesthe-
tised using MS-222 (PHARMAQ Ltd., Sandleheath, UK;
60mg L") and individually weighed with a KERN PLE-
N v.2.2 scale (KERN and Sohn GmbH, Balingen-
Frommern, Germany; accuracy: 0.1g). The individual
weight gain (WG, g), specific growth rate (SGR, %/d),
mortality (%), feed conversion ratio (FCR), and protein
efficiency ratio (PER) were determined on a per-tank
basis. Growth performance parameters were calculated
according to Chemello et al. (2020).

To calculate the Fulton’s condition factor (K), the
carcase yield (CY, %), the hepatosomatic index (HSI,
%), and the viscerosomatic index (VSI, %), 20 fish per
replicate were sacrificed by over-anaesthesia (MS-222;
PHARMAQ Ltd., UK; 500 mg L™"), slaughtered, individu-
ally weighed (KERN PLE-N v.2.2; KERN and Sohn
GmbH, Balingen-Frommern, Germany; d: 0.1) and the
total length was measured (cm) using a metre. These
indexes were calculated according to Chemello et al.
(2020).

Chemical analyses

Chemical analyses were carried out on the BSF meal,
diets, freeze-dried faeces, and fresh fillets. The feed
pellets, the fillets, and the faeces were ground through
a cutting-mill (Retsch, GM 200, Haan, Germany); the fil-
lets and faeces were freeze-dried (LIO25FP freeze dryer
- Cinquepascal S.rl. — Milano) before the analyses.
Samples were analysed for DM (AOAC #934.01), crude
protein (CP, AOAC #984.1; 5.62 nitrogen to protein
conversion factor for BSF meal [Janssen et al. 2017])
and ash (AOAC #942.05) contents according to AOAC

International  (2000), while ether extract (EE,
AOAC #2003.05) was determined according to AOAC
International (2003). The GE content was determined
using an adiabatic calorimetric bomb (C7000; IKA,
Staufen, Germany). The chitin content was analysed in
the BSF meal and diets following the methodology
reported by Woods et al. (2020). To evaluate digestibil-
ity, acid-insoluble ash was analysed in the feed and
faeces following the protocol of Atkinson et al. (1984).
Analysis of total amino acids (not including cysteine
and tryptophan) of the feed and faeces was carried out
by ultra-performance liquid chromatography (UPLC,
Waters Acquity UPLC system, Milford, MA, USA) coupled
with a UV detector (Liland et al. 2017). Wet, powdered
samples containing 30-40mg of protein was hydro-
lysed in 6 M HCl at 110°C for 22 h. Prior to hydrolysis,
3.125mM Norvaline (Sigma-Aldrich, St. Louis, MO, USA)
was added as internal standard, and 0.1 M Dithiothreitol
(Sigma-Aldrich) as an antioxidant agent to protect
methionine from degradation during acid hydrolysis. As
a further protective step, sample tubes were topped up
with nitrogen gas. After hydrolysis, samples were
cooled to room temperature and centrifuged in a vac-
uum centrifuge (LabconcoTM 7810037, Acid-Resistant
CentriVap Vacuum Concentrator, Labconco Corp.,
Kansas City, MO) until they were completely dry.
Subsequently, the residue was diluted in MilliQ-Plus
water and filtered through a syringe-driven filter. Before
the instrumental analysis, a derivatisation agent
(AccQ.TagTM, Waters, Milford, MA, USA) was added to
each sample. Finally, amino acids were separated by
UPLC (column: Aquity UPLC BEH C18 1.7 uM, Waters,
flowrate 0.7mL min~') and results integrated by
Empower 3 (Waters, Milford, MA, USA). The amino acids
were quantified using standards from Thermo Fisher
Scientific (product number: 20088; Rockford, IL, USA).

Statistical analyses

The data were statistically analysed using IBM SPSS
Statistics software (version 20.0.0; IBM, Armonk, NY,
USA). In the in vivo test, the tank was considered as
the experimental unit for all the measured parameters.
Following preliminary assessments for normality and
homogeneity of variance using the Shapiro-Wilk and
Levene's tests, respectively, the data were analysed
using one-way ANOVA. the following model was
employed to conduct the analysis:

Yij: p+ Di+ €jj
where Y;; = observation; 1 = overall mean; D; = effect

of the diet (BSFO, BSF2.5, BSF5, BSF10); €; = residual
error.
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Figure 1. Cumulated release of amino acids (AA) hydrolysed from the different experimental diets under conditions simulating
in vitro the digestive tract of rainbow trout. Each point is the mean of triplicate measurements. The final values are presented in
the legend. Values not sharing a common letter are significantly different (p < 0.05).

Post-hoc comparisons were conducted using the
Bonferroni test for in vitro data and the Tukey's test
for in vivo data. The Pearson correlation coefficient (r)
as well as the regression analysis for data obtained
with in vivo and in vitro digestibility assays were calcu-
lated using Microsoft Excel© (Microsoft 2022, USA).
The results are presented as means with pooled stand-
ard error of the mean (SEM). A significance level of
p <0.05 was applied for all statistical tests.

Results
In vitro protein hydrolysis

Results of the hydrolysis of the protein fraction of the
diets, expressed as the percentage of amino acids
released related to the amount of protein present in
the samples, are presented in Figure 1. The values
ranged from 61.6% in BSF10 to 67.4% in BSFO, with
significantly lower values (p < 0.046) measured in BSF5
and BSF10 when compared to those obtained with
the other two diets.

In vivo digestibility

Table 5 shows the ADCs for both the BSF meal and
the dietary treatments. The obtained results indicate
that the ADCs of the BSF meal are equal to 81.1% for
DM, 85.9% for CP, 100% for EE, and 84.5% for GE.

Table 5. ADCs (%) of nutrients and gross energy of the BSF
meal and diets (n=3).

Dietary treatments

BSF meal BSFO  BSF2.5 BSF5 BSF10 SEM  p-value
ADCpm 81.1 83.1°  77.1°  745° 727 1.228 <0.001
ADCcp 85.9 20.6° 87.9° 854 852° 0.687 <0.001

ADCge 1000 955 942° 97.1®  967° 0401  0.007
ADCee 845 8837 843%™ 814 80.1° 1.001 <0.001

BSF: black soldier fly; BSFO: diet including 0% BSF meal; BSF2.5: diet
including 2.5% BSF meal; BSF5: diet including 5% BSF meal; BSF10: diet
including 10% BSF meal; SEM: standard error of the mean; ADC: apparent
digestibility coefficient; DM: dry matter; CP: crude protein; EE: ether
extract; GE: gross energy.

Means with different superscript letters (a, b, ¢) within the same row dif-
fer significantly (p < 0.05).

Differences in digestibility were observed across the
experimental diets for all the analysed nutrients, includ-
ing GE (p < 0.001). The ADCs for DM and CP displayed
similar statistical patterns. Specifically, the BSFO exhib-
ited the highest digestibility (p<0.001), while the
BSF5 and BSF10 treatments had the lowest (p < 0.001),
although these values were statistically similar
(p > 0.05). The BSF2.5 treatment was statistically distinct
from the other diets and showed intermediate digest-
ibility values (p<0.001). The ADC for EE was signifi-
cantly higher in the BSF5 and BSF10 treatments
compared to BSF2.5 (p=0.007), while BSFO showed
similar values to the other treatments (p > 0.05). For GE,
the BSFO treatment demonstrated higher digestibility
than BSF10 (p < 0.001) but was equivalent to the digest-
ibility levels observed for BSF2.5 and BSF5 (p > 0.05).
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Figure 2. Regression analysis between values of protein hydrolysis (expressed as g of amino acids released per 100 g of protein)
measured in vitro and ADCcp (in g/100g) determined in vivo in the experimental diets.

Table 6. ADCs (%) of amino acids of the BSF meal and
diets (n=3).

BSF meal BSFO BSF2.5 BSF5 BSF10 SEM p-value
EAA, %
Arginine 985 941% 923° 926° 91.8° 0289 0.004
Histidine 951  875° 832° 8587 829° 0668 0010
Isoleucine 9.4 91.0° 88.8° 89.0° 876° 0403 0.002
Leucine 959  89.0° 857° 86.4° 843" 0562 0.001
Methionine 980  933° 90.8° 90.8° 90.0° 0401 <0.001
Lysine 969  91.9° 888° 89.0° 87.8° 0497  0.001
Valine 944 892° 863° 86.8° 850° 0.508 0.002
Threonine 955  89.6° 86.1° 863° 851° 0550 0.001
Phenylalanine 985 89.7° 86.6° 88.1%° 863° 0464 0.006
Non-EAA, %
Alanine 946 89.4° 858° 864° 850° 0542 0.001
Proline 926  927° 90.7° 905" 89.3° 0396 <0.001
Glycine 87.1  93.0° 90.7° 906° 89.0° 0.455 <0.001
Tyrosine 951 91.7° 88.8° 893" 889° 0394 0.004
Aspartic Acid 959  90.4° 873° 87.0° 864° 0501 <0.001
Glutamic Acid 960 934° 91.5° 913> 907° 0329 0.001
Serine 937  92.0° 89.8° 894° 883° 0427 <0.001
Hydroxyproline 855  95.6° 943% 936> 923" 0410 0.004
Taurine 822  929° 89.9°® 855° 847° 1.149  0.008

BSF: black soldier fly; BSFO: diet including 0% BSF meal; BSF2.5: diet
including 2.5% BSF meal; BSF5: diet including 5% BSF meal; BSF10: diet
including 10% BSF meal; EAA: essential amino acid; SEM: standard error
of the mean.

Means with different superscript letters (a, b, ¢) within the same row dif-
fer significantly (p < 0.05).

A significant and positive correlation (r=0.993) was
found between values of protein hydrolysis measured
in vitro and ADCcp measured in vivo. Based on this, a
regression analysis was carried out in order to predict
values of this latter parameter from values obtained
in vitro and the following equation was obtained:

ADCcp = 0.9011 gAA/100g CP + 29.597 (R* = 0.979,
F=147.4, p=0.007; Figure 2).

The amino acid ADCs values for the BSF meal and
the experimental diets are presented in Table 6. The
descriptive values reported for the BSF meal indicate
high digestibility, exceeding 90% for most amino acids.
However, exceptions were noted for glycine, hydroxy-
proline and taurine which exhibited digestibility rates
equal to 87.1, 85.5, and 82.2%, respectively. Regarding
diet digestibility, similar statistical differences were
observed among both essential and non-essential amino
acids. Specifically, all the amino acids - with the exception
of histidine, phenylalanine, hydroxyproline and taurine -
exhibited higher digestibility coefficients in BSFO com-
pared to the diets containing BSF meal (p<0.01).
Additionally, BSFO showed greater digestibility of histi-
dine and phenylalanine than BSF2.5 and BSF10 (p =0.010
and p=0.006, respectively), while BSF5 showed inter-
mediate values (p>0.05). Regarding proline ADCs,
BSF2.5 showed greater digestibility when compared to
BSF10 (p < 0.001), while BSF5 showed intermediate val-
ues(p > 0.05). Glycine digestibility was higher for BSF2.5
and BSF5 when compared to BSF10 (p < 0.001), with no
significant differences observed between BSF2.5 and
BSF5 (p > 0.05). Finally, the ADCs for hydroxyproline and
taurine were significantly lower in BSF5 and BSF10 com-
pared to BSFO (p=0.004 and p=0.008, respectively),
while BSF2.5 showed intermediate values (p > 0.05).

The descriptive data for the digestible EAA content
of the experimental diets, expressed in mg g~' DM, is



Table 7. Digestible essential amino acids content (mg g~
DM) of the diets, and rainbow trout requirements (mg
g~' DM).

Dietary treatments

BSFO BSF2.5 BSF5 BSF10 RTrg*
Histidine 10.80 10.82 11.29 10.38 8
Arginine 23.32 25.89 26.62 25.62 15
Threonine 17.06 16.37 16.59 16.25 1"
Lysine 30.66 29.25 27.94 27.30 24
Methionine 7.33 6.85 6.89 6.40 7
Valine 20.35 20.27 20.58 19.84 12
Isoleucine 16.64 16.70 16.84 16.08 1
Leucine 31.62 30.97 31.37 29.52 15
Phenylalanine 19.21 18.51 19.96 18.59 9

BSFO: diet including 0% BSF meal; BSF2.5: diet including 2.5% BSF meal;
BSF5: diet including 5% BSF meal; BSF10: diet including 10% BSF meal;
RTrq: rainbow trout requirements (NRC 2011).

Table 8. Growth performance parameters (n = 3).

Dietary treatments

BSFO BSF2.5 BSF5 BSF10  SEM  p-value
Survival rate, %  88.2 81.6 89.7 88.2 1.066 0.702
IBW, g 117.0 1176 1168 1171 0.119  0.149
FBW, g 389.2 3811 3895 3633 4814 0.176
iWG, g 2727 2636 2722 2462 4836 0.173
SGR, % d' 2.39 231 2.39 216 0042 0.167
FCR 134 1327 132° 143 0016 0.020
PER 157 1.54 1.58 148 0016 0.101

BSFO: diet including 0% BSF meal; BSF2.5: diet including 2.5% BSF meal;
BSF5: diet including 5% BSF meal; BSF10: diet including 10% BSF meal;
SEM: standard error of the mean; IBW: initial body weight; FBW: final
body weight; iWG: individual weight gain; SGR: specific growth rate; FCR:
feed conversion ratio; PER: protein efficiency ratio.

Means with different superscript letters (a, b, ¢) within the same row dif-
fer significantly (p < 0.05).

presented in Table 7, alongside the recommended
requirements for rainbow trout (NRC 2011). The major-
ity of the EAA requirements were met by the experi-
mental diets, with the exception of methionine, whose
digestibility decreased as the inclusion of BSF in the
diet increased.

Growth performance, condition factor and
somatic indexes

During the whole trial, the fish readily accepted the
experimental diets, consuming the feed without any
refusals. As reported in Table 8, no differences were
observed for the growth performance parameters
(p>0.05), with the exception of the FCR (p=0.020).
Specifically, the BSF10 fish exhibited a higher FCR
compared to the BSF2.5 and BSF5 treatments
(p =0.020), while the BSFO group showed intermediate
values (p > 0.05).

The outcomes of the condition factor and somatic
indexes are illustrated in Table 9. The statistical ana-
lysis revealed no significant differences among the
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Table 9. Condition factor and somatic indexes (n = 3).

Dietary treatments

BSFO BSF2.5 BSF5 BSF10 SEM p-value
K 133 137 136 135 0.011 0.260
VS| 12.8 13.6 13.5 13.4 0.240 0.731
HIS 1.44 1.45 1.46 1.49 0.024 0.557
Y, % 83.6 825 83.0 82.7 0.027 0.242

BSFO: diet including 0% BSF meal; BSF2.5: diet including 2.5% BSF meal;
BSF5: diet including 5% BSF meal; BSF10: diet including 10% BSF meal;
SEM: standard error of the mean; K: Fulton’s condition factor; VSI: viscero-
somatic index; HSI: hepatosomatic index; CY: carcase yield.

treatment groups for any of the measured parameters
(p > 0.05).

Discussion

An essential consideration when evaluating a novel
feed ingredient as a viable alternative to conventional
sources is its validation under commercial farming
conditions. The current large-scale trial consistently
supports earlier scientific findings when BSF-based
feeds are compared with standard control diets
(Renna et al. 2017; Hoc et al. 2021; Biasato et al. 2022).
While differences in trial scale and the number of ani-
mals involved may influence the results—by intensify-
ing competition for resources, increasing stress levels,
and thereby affecting growth and feed conversion effi-
ciency (Ellis et al. 2002; Ashley 2007)—these condi-
tions more closely resemble commercial production
scenarios. Despite these challenges, the overall out-
comes of the present study remain consistent with
previous research, highlighting the robustness of BSF
meal as a feed ingredient.

In vitro protein hydrolysis

In the present study, in vitro assays evidenced that
the protein fraction of all diets was readily hydro-
lysed by rainbow trout digestive enzymes to a simi-
lar extent. Nevertheless, the level of inclusion of BSF
meal affected the amount of potentially bioavailable
amino acids, this resulting in slightly but significantly
lower values measured in the diets including either
5% or 10% of such meal when compared to the
diets including 0 or 2.5% (less than 62g amino
acids/100g CP vs more than 65g amino acids/100g
CP; Figure 1). Under the conditions of the in vitro
assay, the presence of higher amounts of chitin, a
structural polysaccharide forming the exoskeleton of
insects, which is often cross-linked with proteins
forming a protein-chitin matrix (Pascon et al. 2024),
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may limit the accessibility of digestive proteases to
their substrates, this resulting in a reduction in the
total release of amino acids available for intestinal
absorption within a given time.

In vivo digestibility

Digestibility values in fish are often influenced by the
faeces collection methods used, potentially leading to
either over- or underestimation of nutrient digestibil-
ity. This methodological variability can significantly
impact the ADCs reported in available published stud-
ies (Windell et al. 1978). In the case of the BSF meal
tested in this trial, the ADC values align more closely
with those reported by Bellezza Oddon et al. (2024),
who tested multiple BSF meal batches, produced by
the same company, and using the same experimental
protocol. This consistency likely reflects the use of
similar faeces collection methods, which can reduce
experimental variation. However, even when compar-
able methods are employed, digestibility can still vary
depending on the specific characteristics of the BSF
meal itself. Gasco et al. (2022) reported a DM digest-
ibility of 68.9% for a defatted BSF meal, in contrast to
the 81.1% observed in the current study, despite using
the Choubert system for faecal collection. This sug-
gests that differences in insect batch composition,
production techniques, or processing conditions could
have a significant influence on digestibility outcomes.
Although the nutrient digestibility observed in this
study is partially consistent with findings in the exist-
ing literature, the overall diet digestibility contrasts
with much of the current research. In many studies,
BSF-based diets have demonstrated digestibility com-
parable to that of control diets across various parame-
ters (Renna et al. 2017; Caimi et al. 2021; Biasato et al.
2022). Specifically, the present study revealed signifi-
cant differences in ADCs for DM and CP between the
BSF-based diets and the control one. Across all the
levels of BSF inclusion tested, insect-based diets were
generally less digestible, a result that is at odds with
previous studies that reported minimal or no differen-
ces in the digestibility of these parameters. Notably,
the findings of this study contrast with those of
Melenchén et al. (2021), who tested identical levels of
BSF meal inclusion and, using the Guelph method for
faeces collection, did not observe any significant dif-
ferences in CP digestibility. This discrepancy may be
attributed to a range of factors, such as the nutritional
composition of the BSF meal used, differences in proc-
essing methods, variations in life stages of the fish
used in the trials or faeces collection methods.

Conversely, the meta-analysis by Weththasinghe et al.
(2022) indicates that including BSF meal in salmonid
diets tends to reduce dietary protein digestibility. The
ADC of CP observed in this trial closely mirrors the
digestibility of the amino acid profile, which exhibited
significant differences across both essential and non-
essential amino acids. Specifically, a trend of
decreasing digestibility coefficients was observed with
increasing levels of BSF meal inclusion in the diet. This
suggests that as the proportion of BSF meal rises, the
ability of fish to efficiently digest and absorb both
essential and non-essential amino acids decreases,
ultimately affecting overall protein utilisation. This
hypothesis is supported by the digestible methionine
and lysine content of the experimental diets, which
decreased as the inclusion level of BSF meal increased.
Specifically, the lower digestible methionine levels in
BSF5 and BSF10 diets were below the established
requirements for rainbow trout, potentially contribu-
ting to the observed reduced digestibility. Methionine,
being a limiting amino acid, plays a crucial role in pro-
tein synthesis and overall growth in fish, and insuffi-
cient levels may impair nutrient absorption and
utilisation, leading to reduced feed efficiency (Aragao
et al. 2025).

Although a strong correlation between ingredients
and diet digestibility was observed in rainbow trout
(Glencross 2011), interactions among nutrients may
have compromised methionine digestibility, which
could have adversely affected animal performance.

As indicated previously for the in vitro assays, the
reduced digestibility of CP and amino acids observed
in vivo could be directly related to the presence of chi-
tin and chitin-protein complexes in the BSF meal.
These can hinder the enzymatic breakdown of pro-
teins within the digestive tract, limiting the absorption
of amino acids (Pascon et al. 2024). Although rainbow
trout have some capacity to degrade chitin through
endogenous chitinases, such as exochitinase, the
digestibility of chitin declines as its levels in the diet
increase, despite the upregulation of exochitinase
activity along the intestinal tract (Eggink et al. 2022).
This suggests that while the fish can adjust enzymatic
responses to increased chitin intake, their ability to
effectively degrade and absorb chitin becomes pro-
gressively limited as dietary chitin content rises, poten-
tially leading to reduced nutrient availability and
overall feed efficiency.

Even though the lower digestibility of DM and CP,
the digestibility of EE remained unaffected by BSF
meal inclusion when compared to the control diet.
This observation aligns with findings from other



studies, where fat digestibility in BSF-based diets has
consistently shown high coefficients across different
experiments (Renna et al. 2017; Caimi et al. 2021;
Biasato et al. 2022). The high fat digestibility may be
linked to the lipid composition of BSF meal, which
tends to be rich in medium-chain saturated fatty acids
that are efficiently utilised by many fish species. This
suggests that the lipid component of BSF meal is less
prone to variations in digestibility than other macro-
nutrients like protein. The reduced ADC of GE
observed in the BSF10 diet when compared to the
control one, may be a consequence of the lower
digestibility of the other nutrients, particularly DM and
CP. Energy digestibility is closely linked to the digest-
ibility of macronutrients, and reductions in protein
and DM digestibility can directly impact the overall
energy availability of the diet (Cho and Kaushik 1990).

Despite the observed differences in digestibility
between the BSF-based diets and the control diet, the
overall digestibility of nutrients in the former was gen-
erally high (more than 80%).

Growth performance, condition factor and
somatic indexes

The composition of BSF meal in terms of nutrients
and GE exhibits significant variability (Bellezza Oddon
et al. 2024). Such variability necessitates referencing
multiple scientific publications to identify similar nutri-
ent profiles across studies. For example, when compar-
ing the BSF meal analysed in the current study (DM,
93.9%; CP, 46.9%; EE, 8.3%; chitin, 11.8%; ash, 11.2%
on DM) with values reported in the literature, a gen-
eral consistency in nutrient content can be observed.
Specifically, Kishawy et al. (2022) and Caimi et al.
(2021) reported DM contents of 94.5% and 94.0%,
respectively. Dumas et al. (2018) documented a CP
content of 47.1%, while Gai et al. (2023) reported EE
levels of 8.5%. Similarly, Caimi et al. (2021) recorded
an ash content of 10.2%. However, the chitin content
in the present study was notably higher than those
observed in previous works: Caimi et al. (2021)
reported 6%, Dumas et al. (2018) 2.7%, and Gai et al.
(2023) 5.3%. The variation in chitin content across
studies may be attributed to several factors. First, dif-
ferences in the harvesting stage of the insects have
been proposed as a contributor to chitin variability,
though this hypothesis has been partially refuted. For
instance, Soetemans et al. (2020) observed only min-
imal differences in chitin content between larvae and
pre-pupae (9.5% and 9.1% on a DM basis, respect-
ively), and Wang et al. (2020) found no significant
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changes in the physicochemical structure among
stages. Additionally, while processing methods have
been suggested as a potential cause, evidence indi-
cates that these do not significantly impact the final
chitin content (Ravi et al. 2020). An alternative hypoth-
esis is that insect meals that are particularly rich in
chitin may have elevated chitin levels due to inad-
equate separation of larvae, frass, and exoskeletons
(the latter comprising approximately 30% chitin on a
DM basis; Soetemans et al. 2020) during processing.
Specifically, insufficient removal of exoskeletons during
sieving operations could result in their retention in
the final insect meal, thereby increasing the overall
chitin content. The growth performance of fish was
not negatively impacted by the chitin content of the
BSF-based diet, showing no significant difference com-
pared to the control group. This outcome is in line
with other available studies in literature, in which
inclusion levels up to 15% of BSF meal were tested
(Renna et al. 2017; Hoc et al. 2021; Melenchén et al.
2021; Biasato et al. 2022; Drosdowech et al. 2024). On
the other side, authors did not observe any differences
among the insect-based diets themselves (Renna et al.
2017; Hoc et al. 2021; Biasato et al. 2022), a finding
that diverges from the current study. The higher FCR
observed in the fish fed the BSF10 diet, compared to
those fed the BSF2.5 and BSF5 diets, suggests that fac-
tors other than chitin may contribute to this outcome.
Chitin can be excluded as the primary explanation, as
the study by Renna et al. (2017) indicates that the chi-
tin content in a diet containing 40% BSF meal is
approximately 2.09%, which is about 105% higher
than the maximum chitin content observed in the cur-
rent study. As outlined earlier, the effective digestibil-
ity of EAAs may represent a key influencing factor. In
particular, the increasing inclusion of BSF meal could
compromise methionine availability, thereby nega-
tively impacting FCR. This effect is likely associated
with the reduced overall nutrient digestibility
observed at 5% and 10% BSF inclusion levels.

Based on this outcome, it would be beneficial to
conduct a comprehensive evaluation of new ingre-
dients before initiating performance trials, which
should include not only assessments of ingredient
digestibility but also overall diet digestibility. This
approach would help refine the formula prior to small
or large-scale trials aimed at evaluating growth per-
formance or animal health. Although this strategy may
extend evaluation time and increase testing costs, it is
likely to provide more relevant and reliable results,
which is critical in the current phase of assessing the
market feasibility of insect-based diets.
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Regarding the condition factor and somatic indices,
which are key parameters for assessing the general
health and physiological state of fish (Deki¢ et al.
2016), all the analysed coefficients fell within the
expected physiological range for rainbow trout, cor-
roborating findings from previous studies that the
inclusion of BSF meal does not adversely affect fish
physiology (Hoc et al. 2021; Biasato et al. 2022). The K
factor, which serves as an indicator of the overall
health status of fish, suggests that values below 1
reflect poor health, while values above 1 indicate a
optimal physiological state (Renna et al. 2017). The
recorded K values in this study exceeded 1.33, con-
firming that the fish were in optimal physiological
condition. In rainbow trout and other bony fish, the
HSI typically ranges between 1% and 2% (Deki¢ et al.
2016), and the values observed in this study (ranging
from 1.44% to 1.49%) were within this expected range.
Furthermore, VSI and CY are closely related, as a
higher viscera weight generally results in reduced car-
case yield. This correlation is confirmed by comparing
the VSI and CY values observed in this study (ranging
from 12.8 to 13.6 for VSI, and from 82.5 to 83.6% for
CY) with the findings of Biasato et al. (2022), where
lower VSI (from 7.8 to 8.5) and higher CY (from 88.7 to
90.0%) were reported.

Conclusions

This study reinforces the potential of BSF meal as a
sustainable alternative protein source in rainbow trout
diets. Despite current limitations in global production
that hinder large-scale application, dietary inclusion
levels of up to 10% are nutritionally viable. Both
in vitro and in vivo analyses demonstrated generally
satisfactory digestibility profiles; however, higher inclu-
sion levels were associated with reduced protein and
amino acid availability, likely attributable to the chitin
content in BSF meal.

Growth performance and physiological indicators
remained within optimal thresholds across tested
diets, thereby confirming the safety and functional
efficacy of BSF meal for aquafeeds. Notably, these
findings align with those previously observed in
experimental-scale trials, further supporting the rele-
vance and feasibility of BSF inclusion under commer-
cial farming conditions. Further studies are needed to
evaluate different inclusion levels of the black soldier
fly and yellow mealworm meal mix, as well as its use
in other species, together with an economic assess-
ment of feasibility.
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