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Abstract

Common carp (Cyprinus carpio) fry were fed diets containing defatted Hermetia illucens
(HI) larvae meal at three inclusion levels to investigate its effects on the nutriphysiological
status, focusing on protein and fat digestibility (in vitro and in vivo), growth performance
parameters, diet utilization, somatic indices, and GIT histomorphology. The HI meal was
included at 0%, 2%, 4%, and 6%. A total of 240 carp fry were randomly divided into
four groups, six replicates each (10 fish/tank), and the growth trials lasted 60 days. The
dietary inclusion of HI meal up to 6% in carp feed did not significantly affect growth
performance, feed utilization, or homeostasis. In vitro protein digestibility exceeded 97%
across all treatments with pepsin, indicating efficient hydrolysis. However, the highest
crude protein digestibility coefficients were recorded in all treatment groups, which differed
significantly from the control group (90.5%). Also, villus width and crypt depth did not
differ significantly; however, other parameters, such as villus height and area, showed
some significant variations across the treatment groups. No adverse effects were observed
on liver condition, structure, or function, reinforcing the safety of HI up to 6% in carp
diets. In conclusion, this study demonstrates that HI can be incorporated as a functional,
health-promoting ingredient in the diets of common carp fry.
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stocks [1,2]. This expansion has stimulated the exploration of alternative and more acces-
sible feed ingredients that meet the dual objectives of improving production efficiency
and promoting environmental sustainability [3]. The quest for substitutes to conventional
fishmeal and fish oil—often sourced from unsustainable origins, has intensified, with
researchers focusing on plant-based proteins, insect meals, and microalgae as promising
alternatives [4-10].

Among omnivorous fish, the common carp (Cyprinus carpio) is a widely used model
species in aquaculture research. Due to its omnivorous diet and high adaptability, this species
is particularly suited for examining the efficacy of novel feed ingredients and their impact
on growth performance, nutrient utilization, and environmental sustainability [11,12]. In
addition, common carp is economically and culturally significant, particularly in Poland,
where it is the primary aquaculture species and the European Union’s largest producer [1].
Therefore, the development of innovative strategies to improve production efficiency and
product quality, while ensuring sustainability, is of paramount importance.

Among the most promising alternative feed ingredients is the black soldier fly (Herme-
tia illucens). The larvae of this species offer high crude protein and fat content, combined
with a short life cycle and low environmental requirements, allowing for efficient mass
production [13]. The environmental sustainability of insect biomass production, with its
low water, space, and energy demands, further supports its potential in aquaculture [14,15].
In addition to its nutritional benefits, black soldier fly larvae are rich in bioactive com-
pounds such as chitin, lauric acid, and antimicrobial peptides (AMPs) [16-20]. Lauric acid
and AMPs possess antimicrobial properties, particularly against Gram-positive bacteria,
and are effective against fungi, bacteria, parasites, and viruses [21]. AMPs are also known
to enhance host-specific immune responses and angiogenesis, thus promoting wound
healing [22]. Importantly, the use of AMPs derived from insects may reduce the need for
antibiotics in aquaculture, which is crucial for preventing antibiotic resistance, a persistent
issue in large-scale operations [23].

While many studies have explored Hermetia illucens meal as a fishmeal substitute in
species such as tilapia (Oreochromis niloticus), catfish (Clarias gariepinus), Siberian sturgeon
(Acipenser baerii), sea bream (Sparus aurata), rainbow trout (Oncorhynchus mykiss), Atlantic
salmon (Salmo salar), and common carp (Cyprinus carpio), these investigations have generally
focused on moderate to high dietary inclusion levels, often exceeding 10% of the diet or
involving substantial replacement of conventional protein sources [24-31]. In common
carp, Dogan and Turan [32] reported improved weight gain, specific growth rate, protein
efficiency ratio, and feed conversion ratio when HI meal was included at levels exceeding
10% of the diet. Similarly, Jahan et al. [33] demonstrated that complete replacement of
fishmeal with HI meal supported growth and performance in common carp fry. Abayati
etal. [31] observed improved growth indicators at dietary inclusion levels above 10%, while
Zhou et al. [34] reported that HI meal could be incorporated at levels up to 14% without
adverse effects on growth performance. Likewise, Xu et al. [35] found that HI pulp could
be included at levels below 13% in juvenile mirror carp diets without negatively affecting
growth performance or intestinal health. Furthermore, Li et al. [36] demonstrated that
dietary defatted HI meal influenced growth performance, digestive and antioxidant enzyme
activities, and the histological structure of the intestine and hepatopancreas in juvenile Jian
carp. Collectively, these studies indicate that HI-derived ingredients can be successfully
incorporated into carp diets at moderate to high inclusion levels. Consistent with these
findings, recent meta-analyses have reported generally neutral to positive effects of insect-
derived ingredients on growth performance, feed utilization, and health-related parameters
in fish, although responses vary according to species, insect source, and dietary inclusion
level [10]. In contrast, relatively little attention has been paid to low dietary inclusion levels
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intended to exploit the functional properties of insect-derived bioactive compounds rather
than their contribution as a major protein source. In the present study, low inclusion refers
to dietary supplementation levels of 2-6% HI meal, which are considerably lower than
those typically evaluated in aquaculture feeding trials.

Common carp naturally consume a wide range of food sources, including insects,
especially in earthen pond farming systems common in Poland, which may benefit from
incorporating insect biomass into their diets. So far, most research on bioactive compounds
in common carp diets has focused on plant-derived additives, including Persian hogweed,
orange peels, apple peels, ginger extract, turmeric, jujube fruit extract, and white-mutton
mushroom powder [37—43]. These ingredients are rich in compounds such as polyphenols,
flavonoids, and terpenoids, which have been associated with improvements in immune
responses, antioxidant status, and, in some cases, growth performance [11,44,45]. In
contrast, insect-derived ingredients such as Hermetia illucens provide a different spectrum
of bioactive compounds, including chitin, antimicrobial peptides, and medium-chain fatty
acids, particularly lauric acid [46-49]. Although their mechanisms of action differ, both
plant- and insect-derived additives are considered functional feed ingredients because they
may influence physiological processes beyond basic nutritional requirements.

Most existing studies on the use of insects in aquaculture focus on their application to
maximize growth performance and improve the profitability and sustainability of produc-
tion by increasing the inclusion of insect-derived materials in various fish [30,33,36,50-55].
However, a few studies delve into the mechanisms by which insect inclusion impacts fish
physiology and nutriphysiological status, particularly in omnivorous species like common
carp. While insects such as Hermetia illucens larvae are well accepted by a range of fish
species, including Acipenser baerii [30] and Cyprinus carpio [56], the full implications of their
inclusion, particularly at low doses as bioactive compounds rather than as primary protein
sources, remain underexplored. Recent research has demonstrated that using black soldier
fly (HI) meal as an alternative to fishmeal in carp diets can positively influence growth
performance and fish health, reducing hepatopancreas lipid content and serum cholesterol
and enhancing antioxidant status [33,57].

The interest in low-dose Hermetia illucens supplementation is based not only on its
nutritional value but also on the presence of bioactive compounds, including chitin, antimi-
crobial peptides, and medium-chain fatty acids such as lauric acid, which may influence
gut health, nutrient utilization, and host physiological responses. Similar functional effects
have been reported in other animal production systems, including poultry, where low-dose
insect meal supplementation has been associated with improved gut microbial balance
and immune responses [58,59]. Furthermore, evaluating low dietary inclusion levels is
of particular practical relevance for common carp production. As common carp can effi-
ciently utilize a wide variety of conventional protein sources and is generally produced as
a cost-sensitive aquaculture species, the economic feasibility of incorporating HI meal at
high dietary levels may be limited. Therefore, investigating whether low levels of HI meal
can exert beneficial nutriphysiological effects may provide a more commercially realistic
strategy for its application in common carp feeds.

Hence, this present study aims to investigate the effects of defatted Hermetia illucens
(HI) larvae meal on the nutriphysiological status of common carp fry, focusing on protein
and fat digestibility (in vitro and in vivo), growth performance indicators, diet utilization,
environmental sustainability, somatic indices, and GIT histomorphology. The selected HI
meal inclusion levels (2%, 4%, and 6%) were chosen to represent practical supplementation
rates for commercial common carp feeds while maintaining diet balance and allowing eval-
uation of the potential functional effects of HI meal at economically feasible inclusion levels.
The hypothesis assumed that including defatted HI would positively influence the growth
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performance and diet utilization parameters. Additionally, it will not negatively alter the
somatic indices and GIT histomorphology while promoting environmental sustainability
on a large scale.

2. Materials and Methods
2.1. Ethics Statement

All animal handling procedures, experimental protocols, and methods were conducted
in accordance with Directive 2010/63/EU of the European Parliament and of the Council of
22 September 2010 on the protection of animals used for scientific purposes, the Polish Act
of 15 January 2015 on the protection of animals used for scientific purposes (Dz.U.2015 poz.
266), and the good practice recommendations of the National Ethics Committee for Animal
Experiments and the Local Ethics Committee for Animal Experiments at Poznart University
of Life Sciences (https://www.gov.pl/web/nauka/dobre-praktyki) (accessed on 9 July
2026). All personnel involved in animal care and experimental procedures received both
theoretical and practical training in animal welfare, handling, and experimental techniques
through the Polish Laboratory Animal Science Association (PolLASA). All procedures were
performed in compliance with these guidelines, and every effort was made to minimize
animal suffering throughout the study.

2.2. Diet Preparation and Feed Formulation

Defatted Hermetia illucens (HI) meal was obtained from a commercial supplier
(HiProMine S.A., Robakowo, Poland) and stored at 4 °C until diet preparation. Prior to diet
formulation, the chemical composition of the HI meal was analyzed. The protein content of
the HI meal was estimated based on its amino acid composition, and the protein conversion
factor (Kp) was calculated according to the equation proposed by Janssen et al. [60] and
Rawski et al. [30]:

_ total amino acid content 6.25
P =\ total protein content based on N x 6.25 analysis

_ [(4689g
5.44 = (538'1g> X 6.25

where

468.9 g is the sum of amino acids in 1000 g of HI dry matter;

538.1 g is the total protein content in 1000 g of HI calculated on an N x 6.25 basis;
6.25 is the traditionally used Kp;

5.44 is the Kp calculated for HL.

Diets were prepared by extrusion processing with a twin-screw warm extruder at
the Experimental Station of Feed Production Technology and Aquaculture in Muchocin
(Poznan University of Life Sciences). All ingredients were ground with Skiold A/S Type
SK2500 Disk Mill (Skiold A /S, Seeby, Denmark) and sieved for particle uniformity below
1 mm. The processing conditions were as follows: 90 °C cylinder temperature in the zone
of increasing pressure, 110 °C cylinder temperature in the zone of high pressure, 120 °C
head temperature, 52 rpm screw speed, and 3 mm nozzle diameter. In post-production,
fish oil was added by vacuum coating (Rollermac BA 15 FR at. Pomati Group S.R.L,
Codogno, Italy).

The analysis of the dry matter, crude protein, crude fat, crude fiber, calcium, and
phosphorus content as well as the amino acid profile was performed in the Laboratory
of the Department of Animal Nutrition of Poznan University of Life Sciences. The feed
samples were analyzed according to the AOAC methodology for dry matter (934.01),

https:/ /doi.org/10.3390/fishes11070413


https://www.gov.pl/web/nauka/dobre-praktyki
https://doi.org/10.3390/fishes11070413

Fishes 2026, 11,413

50f21

crude protein (976.05), ether extract (920.39), crude ash (920.153), and crude fiber (985.29).
Nitrogen-free extract content also was calculated [61].

2.3. Feed Physical Properties

All feed analyses were conducted at 21 °C under controlled air humidity (<60%)
(Toyotomi, YD-C312, Nagoya, Japan). The expansion ratio (ER) was determined as the
ratio of pellet diameter to the diameter of the extrusion die opening. Measurements were
performed on 20 pellets from each production batch using an electronic caliper (Yato, YT-
7201, Shanghai, China) with a precision of 0.01 mm. The expansion ratio was calculated
according to a method previously described in the literature [62] and applied in studies
evaluating extruded pellets containing Hermetia illucens meal as well as other animal-
derived feed ingredients [63,64]:

ER(%) — ( pellet diameter (mm) ) « 100

matrix diameter (mm)

Pellet bulk density (PD) was determined using a modified method described by
Irungu et al. (2018) [64]. Three randomly collected 100 mL feed samples were weighed
using a precision balance (RADWAG PS 06.R2), and bulk density was expressed as g/dm?
according to the following formula:

_ sample weight (g)

PD (g/(dm)3> 3

dm

2.4. In Vitro Digestibility Assays—Pepsin and Trypsin

In vitro protein digestibility was determined using a pepsin-based enzymatic digestion
following PN-ISO 6655:2000 (Polish Committee for Standardization, 2000). Feed samples
were ground and passed through a 1 mm sieve. Approximately 1-1.5 g of sample was
weighed into a 600 mL beaker. Then, 0.3 g of porcine pepsin (0.7 FIP-U/mg; Merck,
Darmstadt, Germany) was added, followed by 450 mL of deionized water. The pH was
adjusted by adding 3.40 mL of 35-38% HCI, and the mixture was stirred thoroughly. The
beakers were covered with watch glasses and incubated at 41 °C for 48 h. Samples were
gently mixed after 24 h to ensure uniform digestion. After incubation, the digested residues
were filtered, rinsed with deionized water, and dried at room temperature. Residues
were analyzed for nitrogen content using the Kjeldahl method. Total crude protein was
determined separately. Indigestible protein was defined as the residual fraction after
enzymatic hydrolysis, and digestible protein was calculated as the difference between total
and indigestible protein.

In vitro protein digestibility was also assessed using a single-enzyme trypsin assay
following Lazo et al. [65] with modifications. Feed samples were ground and sieved through
a 500 pm mesh. A sample equivalent to 312.5 mg of crude protein was weighed into a flask
and suspended in 50 mL of distilled water. Samples were equilibrated at room temperature
(22-25 °C) for 60 min. The pH was adjusted to 7.6 using a dilute buffer system to simulate
intestinal conditions. Subsequently, 5 mL of trypsin solution (1.5 mg/mL; porcine pancreas,
Type IX-S, Sigma-Aldrich, St. Louis, MO, USA; T0303) was added, maintaining a consistent
enzyme-to-substrate ratio across treatments. The reaction mixture was incubated at 37 °C
for 10 min. Enzymatic activity was terminated by filtration, and residues were washed
with deionized water. The residues were dried at room temperature and analyzed for
nitrogen content using the Kjeldahl method. Total crude protein was analyzed separately,
and indigestible protein was defined as the residual fraction after enzymatic hydrolysis.
Digestible protein was calculated as total protein minus indigestible protein.
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2.5. Animal Experiments
2.5.1. Animal Husbandry, Growth and In Vivo Digestibility Trials

All procedures aimed to show the nutriphysiological bioactivity of HI were performed
according to the experimental design described as control variant (CON)—diet without
the addition of defatted HI; experimental variant 1 (H2)—diet with the inclusion of 2%
defatted HI; experimental variant 2 (H4)—diet with the inclusion of 4% defatted HI; and
experimental variant 3 (H6)—diet with the inclusion of 6% defatted HI.

The place and conditions in which the growth trials were performed as well as the
course of both experiments were the same. Fish were kept in an experimental recirculation
aquaculture system in the Laboratory of Inland Fisheries and Aquaculture at Poznan
University of Life Sciences. There were 24 growth tanks, each with 60 dm? net capacity.
Stable environmental conditions (water temperature 23 °C, photoperiod 14 h of light and
10 h of darkness) were maintained. After a 14-day-long acclimatization period, a total of
240 common carp fry, with an average weight of 10 g, were randomly divided into four
groups, with six replicates each (10 fish per tank), and the growth trials lasted 60 days.
Diets were administered to the fish according to their body weight (3% of their body weight
per day) and willingness to eat. They were also weighed every 10 days to adjust the dose
of diet (days 1, 10, 20, 30, 40, 50, 60).

During the entire experimental period (for all three tests), the average daily water
temperature was 23.0 °C. The dissolved oxygen level remained above 80% saturation,
while the ammonia concentration was maintained below 0.01 mg/dm?. Water conductivity
ranged between 700 and 750 uS/cm throughout the experiment. The following growth
performance and dietary utilization parameters were calculated: final body weight (FBW),
body weight gain (BWG), specific growth rate (SGR), percent body weight gain (PWG),
feed intake (FI), feed conversion ratio (FCR), the protein efficiency ratio (PER), and survival
rate (SR).

The formulas used are given below.

FBW (g) = fish biomass in the tank (g)/number of fish in the tank

BWG (g) = final body weight (g) — initial body weight (g)

SGR (%/day) = (In final body weight — In initial body weight)/number of feeding days) x 100

PWG (%) = (final body weight (g) — initial body weight (g)/initial body weight (g)) x 100

FI (g) = applied feed (g) — uneaten feed (g)
FCR = feed intake (g) /body weight gain (g)

PER = (body weight gain (g)/(feed intake (g) x protein level in the diet (%))

SR (%) = (final number of live fish/initial number of live fish) x 100

The digestibility tests were performed using 240 fish randomly distributed to 16 cylin-
drical fiberglass tanks (60 dm? of fish living space and 18 dm? for feces sedimentation).
15 fish/tank and 4 tanks/treatment were used to determine the apparent digestibility coef-
ficients of dietary nutrients. Metabolic tanks were used as per the design of Allan et al. [66]
with modifications.

The tanks were equipped at the conical bottom with a separation sieve and a two-
valve separation and drainage system. The digestibility test lasted 30 days, which included
15 days of adaptation and 15 days of sampling. Animals were fed the same diets used
in the growth performance trials with the addition of 0.3% titanium dioxide (TiO;) as a
digestibility marker. Using automatic belt feeders, the diet was provided at 1% fish weight
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per day for 6 h (from 9:00 to 15:00). After feeding, the residues of uneaten feed were
removed by siphoning with the bottom valves. The accumulated feces were obtained by
opening the bottom separation system and collecting feces for filtration on cellulose filters.
The material obtained was frozen at —20 °C for further analysis. The fecal collection
was conducted 3 times per day at 08:00, 18:00, and 23:00. The coefficients of nutrient
digestibility of crude protein and crude fat in common carp were calculated relative to the
proportion of TiO2 (dietary marker) to determine the nutrient content in diet or feces [67].
The following equation was used according to the modified formula described by [68].

Digestibility of nutrient = 1 — ((TiO; (g/kg) in the diet/TiO, (g/kg) in the feces) x (nutrient (g/kg) in the

feces/nutrient (g/kg) in the diet)).

2.5.2. Histomorphology Analysis

At the end of each experiment (day 60), two fish from each tank were euthanized by
immersion in an overdose of MS-222 (500 mg/L) and subsequently dissected. Immediately
after euthanasia, approximately 2 cm sections of the proximal intestine and samples of the
hepatopancreas were collected for histological analysis and fixed in Bouin’s solution. The
length of the gastrointestinal tract was also measured.

Individual intestinal segments were rinsed with 0.9% saline solution and fixed in
4% formalin buffered with CaCOj3. The samples were subsequently dehydrated, cleared,
infiltrated with paraffin using a tissue processor (Thermo Shandon, Runcorn, UK), and em-
bedded in paraffin blocks with a paraffin embedding system (Medite, Burgdorf, Germany).

Paraffin blocks were sectioned into 10 pum-thick slices using a rotary microtome
(Thermo Shandon, Runcorn, UK). The sections were mounted on microscope slides coated
with a mixture of chicken egg white and glycerin, then deparaffinized, rehydrated, and
stained using the Periodic acid-Schiff (PAS) technique with Schiff reagent for intestinal
morphometric analysis. Morphometric measurements, including villus height, villus width,
and muscular layer thickness, were performed using a Nikon Ci-L microscope equipped
with a Nikon DS-Fi3 camera (Nikon Corporation, Tokyo, Japan) and NIS-Elements software
(Nikon Instruments Inc., Melville, NY, USA, version 5.42.06).

The height of the villi was measured for 10 randomly selected villi samples on the
cross-section of a specimen. For each fish, measurements from 10 randomly selected villi
were averaged and used for subsequent statistical analysis. The length was measured from
the top of the villus to its base. The width of the villus was measured at the mid-point of
its length. The surface area of the villi was calculated based on the formula proposed by
Sakamoto et al. [69].

(2m) x (VW/2) x (VH),

where

VW = villus width;

VH = villus height.

Histological examination of the hepatopancreas samples was performed based on the
paraffin method and hematoxylin and eosin staining.

After preparing the slides, 10 images per sample of the liver were used for the analysis
of qualitative and quantitative data. Prior to histological evaluation, all samples were
assigned double-blind codes to conceal treatment identity. Histological assessment was
performed on coded slides, and neither the observer conducting the microscopic evaluation
nor the individual responsible for the statistical analyses was aware of the treatment
allocation until all assessments had been completed. This procedure was implemented
to minimize observer bias. A semiquantitative scoring system was used to evaluate the
severity of histopathological changes in the hepatopancreas of common carp in the case of
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the presence of vacuoles in hepatocytes and characteristic fat vacuolizations, the number of
congestions, necrosis, and fibrosis. The protocol provided by Peebua et al. [70], with some
modifications, was used.

Histopathological alterations were evaluated using a five-point scoring system (0—4),
where 0 indicated no histological changes; 1, slight alterations affecting < 25% of the
examined fields; 2, mild alterations affecting < 50% of the fields; 3, moderate alterations
affecting < 75% of the fields; and 4, severe alterations affecting > 75% of the examined fields.
All histological procedures were carried out at the Department of Animal Physiology and
Zoophysiotherapy, Bydgoszcz University of Science and Technology.

2.5.3. Blood Sampling and Biochemical Analyses

Blood was collected post- mortem from the pericardial sac and stored at 4 °C for 3 h.
The clotted samples were centrifuged for 15 min at 3000 x g at 4 °C to separate the serum.
Biochemical assays were conducted using a blood chemistry autoanalyzer (MINDRAY
BS-120) and reference reagents from Stamar® (Dabrowa Gérnicza, Poland). The following
biochemical parameters were assayed: urea, total protein (TP), albumin (ALB), globulin
(GLOB), triglycerides (TG), cholesterol (CHOL), high-density lipoprotein (HDL), low-
density lipoprotein (LDL), aspartate aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), calcium (Ca), phosphorus (P).

2.5.4. In Vitro Digestibility of Dietary Protein

In vitro protein digestibility was performed as a single enzyme test with the use
of trypsin (porcine pancreatic type IX trypsin, 13,000-20,000 BAEE/mg protein). After
grinding material was sifted through a sieve with a mesh of 500 um. The amount of
analyzed material corresponded to 312.5 mg of crude protein. Then 50 mL of distilled water
was added to the material, and the sample stood at room temperature for 60 min. Then
the samples were flooded with 5 mL of enzyme solution I (1.5 mg of enzyme/mL) and
incubated in a water bath (37 °C) for 10 min. There were three replications for each sample.

2.6. Statistical Analysis

Statistical analyses were performed using JMP Pro 18.0.2 (785088) software. Prior to
analysis, data were tested for normality using the Shapiro-Wilk test and for homogeneity
of variances using Levene’s test. As the assumptions of normality and homoscedasticity
were met, no data transformation was required. Significant differences among treatments
were evaluated using one-way analysis of variance (ANOVA). When significant treatment
effects were detected (p < 0.05), pairwise comparisons were performed using the two-sided
Tukey’s honestly significant difference (HSD) test with a family-wise significance level of
o= 0.05.

3. Results
3.1. Fish Meal and Hermetia illucens (HI) Meal Composition, Experimental Feed Characteristics

The chemical compositions of HI and FM are presented in Table 1. HI exhibited lower
levels of protein (54.29%), fat (12.05%), and crude ash (11.31%) compared to FM (65.47%,
16.30%, and 15.79%, respectively). However, HI had notably higher crude fiber (10.05%)
and nitrogen-free extract (12.30%) than FM (0.90% and 1.54%, respectively). The amino acid
profiles of HI and FM demonstrated similarities in the concentrations of serine, histidine,
threonine, proline, isoleucine, lysine, and phenylalanine. However, HI was characterized
by higher levels of aspartic acid, alanine, tyrosine, valine, and leucine, alongside lower
levels of glutamic acid, glycine, and arginine relative to FM.
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Feed production for all treatments was successfully conducted using the extrusion
method. The composition, proximate analysis, and amino acid profiles of all experimental
diets are detailed in Tables 2 and 3. The dry matter (DM; 91.11-92.61%), crude protein
(35.45-36.82%), crude fat (6.65-7.13%), and crude ash (6.49-6.67%) contents were consistent
and comparable across the treatments.

Table 1. Nutritive value and amino acid profile of fish meal (FM) and Hermetia illucens (HI) meal used
in the experimental feeds.

Nutrients FM HI
Crude protein (%) 65.47 54.29
Crude fat (%) 16.30 12.05
Crude fiber (%) 0.90 10.05
Crude ash (%) 15.79 11.31
Nitrogen-free extract (%) 1.54 12.30
Amino acid g/100 g of crude protein

Aspartic acid 7.79 8.61
Glutamic acid 11.74 10.24
Serine 3.87 3.98
Glycine 11.38 5.03
Histidine 2.08 2.55
Arginine 6.05 4.31
Threonine 3.70 3.72
Alanine 6.67 7.28
Proline 5.93 5.27
Tyrosine 2.55 5.60
Valine 4.03 5.65
Isoleucine 3.30 3.95
Leucine 5.57 6.23
Phenylalanine 3.27 3.74
Lysine 5.71 5.04

Table 2. Feed compositions of experimental diets (%).

CON H2 H4 He

Fish meal 15.2 15.2 15.2 15.2
Erythrocyte meal 9.0 9.0 9.0 9.0
Poultry meal 35 2.3 1.2 0.0
Hermetia 0.0 2.0 4.0 6.0

Wheat gluten 10.0 10.0 10.0 10.0
Maltodextrin 20.0 20.0 20.0 20.0
Wheat meal 31.2 29.9 28.5 27.7
Carboxymethyl cellulose 1.8 1.8 1.8 1.8
Fish oil 47 4.7 4.7 4.7
Lecithin 1.0 1.0 1.0 1.0
Mineral premix 1.5 1.5 1.5 1.5
Vitamin premix 0.1 0.1 0.1 0.1
Choline chloride 0.2 0.2 0.2 0.2
Limestone 1.5 1.5 1.5 1.5

Calcium monophosphate 0.0 0.5 1 1

TiO, 0.3 0.3 0.3 0.3

Total 100.0 100.0 100.0 100.0

Stay C 1500 mg/kg 0.015 0.015 0.015 0.015

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; Hé: experimental feed

with 6% HI.
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Table 3. Proximate chemical analysis and amino acid profile of experimental diets.

CON H2 H4 He

Crude ash (%) 6.58 6.49 6.64 6.67
Crude protein (%) 36.23 35.45 35.45 36.82
Crude fiber (%) 1.13 1.05 1.18 1.10
Crude fat (%) 6.65 7.01 7.06 713
Nitrogen-free extract (%) 4941 50.00 49.67 48.28
TiO, (%) 0.29 0.29 0.29 0.29

Amino acid composition (g/100 g of crude protein)

Aspartic acid 8.05 7.92 8.28 7.46
Glutamic acid 19.70 19.66 20.36 18.66
Serine 4.51 4.51 4.61 4.38

Glycine 4.81 4.87 495 4.77
Histidine 3.34 3.19 3.27 3.14
Arginine 4.44 4.27 4.36 417
Threonine 3.51 3.49 3.54 3.38
Alanine 5.56 5.70 5.84 5.47

Proline 6.31 6.52 6.67 6.36
Tyrosine 2.54 271 2.76 2.85

Valine 5.39 5.50 5.52 542
Isoleucine 3.06 3.02 3.08 2.94
Leucine 8.68 8.62 8.82 8.31
Phenylalanine 5.26 523 5.28 5.15
Lysine 6.46 6.13 6.32 5.76

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; H6: experimental feed
with 6% HI [71].

The addition of HI meal significantly influenced the physical properties of the pellets
(Table 4). Pellet length increased in H2 (0.45 mm), H4 (0.49 mm), and H6 (0.49 mm)
compared to the CON (0.37 mm), with H4 and H6 having the longest pellets (0.49 mm).
Pellet diameter was highest in H4 (0.15 mm), while the other treatments remained similar
to the control. Pellet density decreased by HI addition, with H4 showing the lowest value
(283.35 g/dm?), indicating a significant reduction compared to CON (374.75 g/dm?). The
length-to-width ratio was highest in H6 (3.79) and H2 (3.56).

Table 4. Physical properties of experimental feeds containing HI meal.

CON H2 H4 He6 SEM p-Value
Pellet length (mm) 0.37°P 0452 0.492 0.492 0.0155 <0.001
Pellet diameter (mm) 0.13b 0.13b 0.152 0.13b 0.0039 0.0009
Density (g/dm?) 374752 33561P  283.35¢  334.75P 2.1008 <0.001
Length-to-width ratio ~ 2.95P 3.56 2 3.342b 3.792 0.1496 0.0014

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; H6: experimental feed
with 6% HI. Different letters (a,b,c) indicate significant differences between treatments (p < 0.05).

3.2. Growth Performance, Feed Utilization and Nutrient Digestibility

No fish mortality or symptoms of illness were observed throughout the trial across all
treatments, resulting in a 100% survival rate for the entire experimental period (Table 5).
BW, BWG, SGR, and PWG were comparable among the experimental groups. No statisti-
cally significant differences were identified in these parameters between the control and
experimental groups containing HI meal (p = 0.2147, 0.1771, 0.1288, 0.1280) respectively.
Furthermore, FI, PER and FCR did not differ significantly among the treatments (p = 0.2690,
0.0775, 0.2402) respectively.
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Table 5. Growth performance and feed utilization of common carp fed experimental diets containing
HI meal.

CON H2 H4 He SEM p-Value
BW, 60 days (g) 89.86 86.55 90.12 86.59 1.5489 0.2147
BWG, days 1-60 (g) 68.69 65.32 68.96 65.34 1.4992 0.1771
SGR, days 1-60 (% day 1) 241 2.34 241 2.34 0.0279 0.1288
PWG, days 1-60 (%) 324.33 307.68 326.11 307.50 6.9881 0.1280
FI, days 1-60 (g fish—1) 66.47 65.33 67.08 65.34 0.7328 0.2690
PER 3.74 3.54 3.64 3.68 0.0515 0.0775
FCR, days 1-60 1.08 1.11 1.08 1.11 0.0156 0.2402
Survival rate (%) 100 100 100 100 - -

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; H6: experimental feed
with 6% HI. BW—body weight; BWG—body weight gain; SGR—specific growth rate; PWG—percentage weight
gain; Fl—feed intake, PER—protein efficiency ratio, FCR—feed conversion ratio.

The in vitro protein digestibility using pepsin and trypsin revealed that crude protein
digestibility was over 97% across all treatments with pepsin, indicating efficient hydrolysis.
However, trypsin digestibility varied, with CON showing the highest value (25.92%)
compared to H2 (20.79%), H4 (20.42%), and H6 (22.35%).

The in vivo digestibility analysis of fat and protein revealed statistically significant
differences in crude protein digestibility (p < 0.001) and crude fat digestibility (p = 0.0025)
across the treatment groups (Table 6). The highest crude protein digestibility coefficients
were recorded in all treatment groups containing HI meal (92.6, 92.5, and 92.5%) respectively,
which differed significantly from the control group (90.5%). In contrast, for crude fat
digestibility, the highest value was observed in the H2 treatment group (96.4%), followed
by (96.0%), H6 (95.9%), and the control group (95.6%).

Table 6. In vivo apparent nutrient digestibility coefficients (%) in common carp fed experimental
diets containing HI meal.

CON H2 H4 He SEM p-Value
Crude protein digestibility (%) 90.5P 92.62 9254 9254 0.1200 <0.001
Crude fat digestibility (%) 95.6P 9642 9602  959P  0.0900 0.0025

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; Hé: experimental feed
with 6% HI. Different letters (a,b) indicate significant differences between treatments (p < 0.05).

3.3. Gastrointestinal Histomorphology and Histology of the Liver

Significant increases (p = 0.0013) in villus height were observed for the H2, H4, and Hé6
treatments compared to the control (CON) group (493.65 pm), with the highest values in H4
(543.14 pm) and H2 (541.13 pum). Villus width did not show significant differences across
groups (p = 0.1078), with values ranging from 130.43 um in H2 to 142.40 um in H4. Crypt
depth also did not differ significantly (p = 0.1742), with values ranging from 52.13 um in H6
to 55.98 um in H2. The villus area was significantly increased (p = 0.0163) in the H4 group
(245,671 um?) compared to the control (216,107 um?), with H2 (222,512 um?) showing an
intermediate value. The WHWW ratio was highest (p = 0.0248) in the H2 group (4.41)
compared to CON (3.85). Muscular layer thickness was significantly different (p = 0.0034),
with the lowest value in H6 (49.06 um) and the highest in CON (55.43 pym). The WHMT
ratio was highest (p = 0.0220) in H6 (10.92) compared to CON (9.27). All the results are
presented in Table 7 and visualized in Figure 1.
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Table 7. Intestinal histomorphology assessment in common carp fed experimental diets containing

HI meal.
CON H2 H4 He SEM p-Value
Villus height (um) 493.65 © 541.13 b 543.142  501.44 bc 11.244 0.0013
Villus width (um) 139.69 130.43 142.40 138.16 3.5985 0.1078
Crypt depth (um) 55.77 55.98 53.82 52.13 1.4063 0.1742

Villus area (um2)  216,107P 2225123 2456712 215824 75826 0.0163
Muscular layer 55432 53.87 ab 57242 49.06" 1.6237 0.0034

thickness (um)
WHWW ratio 3.85P 4412 41620 3.942ab 0.1411 0.0248
WHMT ratio 9.27b 10.21 @ 9.89 ab 10.922 0.3803 0.0220

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; H6: experimental feed
with 6% HI. WHWW—villus height to villus width ratio; WHMT—villus height to muscular layer thickness ratio.

Figure 1. Histomorphology of the small intestine; PAS stain; magnification x40; (A,B)—group 1;
(C,D)—group 2; a = villi height; b = villi width; ¢ = crypt depth; d = muscular thickness.

Histological analysis (Table 8, Figure 2) showed no signs of liver congestion, necrosis,
hepatocyte vacuolization, or fibrosis in any of the experimental groups. Fat vacuolization
did not differ significantly (p = 0.9107), with the highest value observed in H2 (1.08) and
the lowest in CON (0.67). Parenchymal eclipse also showed no significant differences
(p = 0.9729), with values ranging from 1.50 in H4 to 1.83 in H2.
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Table 8. Histological assessment of liver tissues in common carp fed experimental diets containing
HI meal.

CON H2 H4 He6 SEM p-Value
Congestion nd nd nd nd - -
Necrosis nd nd nd nd - -
Hepa’socy.te nd nd nd nd - -

vacuolization

Fibrosis nd nd nd nd - -

Fat vacuolization 0.67 1.08 1.00 0.83 0.4379 0.9107

Parenchymal eclipse 1.75 1.83 1.50 1.67 0.5178 0.9729

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; Hé: experimental feed
with 6% HI. Assessment with the use of a 5-point (0—4) scale, where 0 represents no changes, 1 represents slight
histopathology present in less than 25% of fields, 2 represents mild histopathology present in less than 50% of
fields, 3 represents moderate histopathology present in less than 75% of fields, and 4 shows severe histopathology
observed in more than 75% of fields. ND—not detected.

Figure 2. Microscopic images of the liver of common carp; HE; 400 x; (A)—parenchymal eclipse
(group 1); (B)—parenchymal eclipse (group 2); (C)—fat vacuolization (group 1, arrows); (D)—fat

vacuolization (group 2, arrows).

3.4. Blood Parameters

HI caused no statistically significant differences among the treatments in all stud-
ied serum biochemical parameters measured (p > 0.05) (Table 9). The average values
varied: from 19.39 to 21.09 mg/dL in urea, 3.13 to 3.27 g/dL in total protein (TP), 1.26
to 1.33 g/dL in albumin (ALB) concentrations, 1.82 to 1.99 g/dL in globulin (GLOB),
559.67 to 627.08 mg/dL in triglyceride (TG) levels, 168.08 to 175.75 mg/dL in cholesterol
(CHOL), 24.88 to 27.13 mg/dL in high-density lipoprotein (HDL), 15.25 to 16.75 mg/dL
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in low-density lipoprotein (LDL) concentrations, 104.26 to 112.13 U/L in aspartate amino-
transferase (AST), 9.58 to 11.04 U/L in alanine aminotransferase (ALT), and 37.92 to
50.50 U/L in alkaline phosphatase (ALP) activity. Calcium (Ca) levels were between
12.07 and 12.62 mg/dL, and phosphorus (P) ranged from 10.45 to 10.90 mg/dL.

Table 9. Hematological assessment in common carp fed experimental diets containing HI meal.

CON H2 H4 He SEM p-Value
Urea (mg/dL) 21.09 20.33 19.39 20.21 1.1476 0.7767
TP (g/dL) 3.15 3.14 3.27 3.13 0.1143 0.8070
ALB (g/dL) 1.33 1.26 1.28 1.32 0.0519 0.7591
GLOB (g/dL) 1.82 1.89 1.99 1.82 0.0777 0.3810
TG (mg/dL) 627.08 586.67 610.92 559.67 40.758 0.6701
CHOL (mg/dL) 168.08 170.33 175.75 169.33 7.2014 0.8820
HDL (mg/dL) 24.88 26.03 27.13 25.95 1.4135 0.7376
LDL (mg/dL) 15.25 15.42 16.75 16.33 1.3201 0.8262
AST (U/L) 111.98 107.87 104.26 112.13 9.2803 0.9199
ALT (U/L) 11.04 10.21 9.58 9.70 0.4786 0.1377
ALP (U/L) 50.50 48.75 37.92 45.67 7.3586 0.6364
Ca (mg/dL) 12.07 12.31 12.62 12.60 0.2226 0.2632
P (mg/dL) 10.90 10.72 10.45 10.74 0.6065 0.9635

CON: control feed; H2: experimental feed with 2% HI; H4: experimental feed with 4% HI; H6: experimental
feed with 6% HI. TP—total protein; ALB—albumin; GLOB—globulin; TG—triglycerides; CHOL—cholesterol;
HDL—high-density lipoprotein; LDL—low-density lipoprotein; AST—aspartate aminotransferase; ALT—alanine
aminotransferase; ALP—alkaline phosphatase; Ca—calcium; P—phosphorus.

4. Discussion

Including insect-derived ingredients in aquaculture diets has gained significant atten-
tion due to their potential to enhance feed quality, support fish health, and contribute to
sustainable aquaculture practices in Atlantic salmon (Salmo salar), sea trout (Salmo trutta
m. trutta), African catfish (Clarias gariepinus), striped catfish (Pangasianodon hypophthalmus),
zebrafish (Danio rerio), Siberian sturgeon (Acipenser baerii), seabass (Lateolabrax japonicus),
rainbow trout (Oncorhynchus mykiss), gilthead sea bream (Sparus aurata) farming for either
production and/or conservation purposes [23,30,50,51,54,72-80]. Despite this growing
interest, there is limited research on the application of Hermetia illucens (HI) meal as a
functional ingredient in common carp nutrition, particularly regarding its effects on pellet
quality, nutrient utilization, and fish growth performance.

In our study, the inclusion of HI meal significantly influenced the physical characteris-
tics of the pellets, notably increasing pellet length and length-to-width ratio while reducing
pellet density. These changes suggest that HI meal alters the binding and expansion behav-
ior during extrusion, likely due to its higher fat content and distinct structural properties,
as supported by Rawski et al. [30] and Jia et al. [81]. Although pellet diameter showed a
significant increase only in the treatment with 4% of HI meal, the overall reduction in den-
sity with higher HI inclusion is consistent with previous observations where insect meals
promoted greater pore formation, leading to lower bulk density and potential changes in
sinking behavior. From a feed technology standpoint, these findings underscore an often-
overlooked aspect of insect meal inclusion—its impact on physical pellet quality—which
has implications for feed handling, water stability, and system cleanliness, particularly
in recirculating aquaculture [82]. Importantly, despite these physical modifications, no
negative effects on feed intake or fish growth performance were observed, indicating that
the pellets maintained functional integrity within the feeding window.

There were no significant differences in growth performance, feed utilization, or
survival rate between the control and HI meal-containing groups (p > 0.05). Although
positive effects on growth performance were expected, no significant improvements were
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observed at the tested levels of HI meal inclusion. All groups exhibited similar body weight
gain, specific growth rate, and feed intake, suggesting that HI meal can be incorporated
into the diet without negatively affecting these parameters. The feed was well accepted by
the fish, consistent with observations from feeding trials conducted by Rawski et al. [30].
However, this contrasts with the findings of Caimi et al. [77], where lower feed acceptance
was reported. The feed conversion ratio and protein efficiency ratio values remained
consistent across all treatments, indicating similar feed utilization efficiency. The 100%
survival rate further emphasizes the safety of HI meal inclusion in the diets of carp fry.
These results demonstrate that the inclusion of up to 6% HI meal does not compromise the
overall health or performance of the fish.

We obtained a high-quality HI meal, confirming its suitability as an ingredient in fish
feed. However, while it is possible to incorporate HI meal into carp diets, its role should not
be perceived as a direct protein replacement. Given that common carp is an omnivorous
species, HI meal is better positioned as a functional feed material rather than an alternative
protein source that has been portrayed by many previous feeding trials involving common
carp [34,36,83]. The commonly used N x 6.25 protein conversion method for estimating
protein content in insect meals has been noted to potentially overestimate values due to
the presence of chitin, as reported by Finke et al. [84] and Gasco et al. [3]. In the present
study, the calculated Kp value was used to improve the estimation of protein content
in Hermetia illucens meal. Nevertheless, chitin-bound nitrogen may still influence crude
protein determination and, consequently, protein-related indices such as apparent protein
digestibility and protein efficiency ratio. However, because the same analytical approach
was applied consistently across all dietary treatments, the comparative interpretation of
the results remains valid. Moreover, these analytical considerations do not diminish the
practical applicability of H. illucens meal as a sustainable ingredient in aquafeeds.

Beyond its nutritional contribution, HI meal positively influenced in vivo nutrient
digestibility. This effect may be attributed to morphological improvements in the intestinal
lining, such as increased villus height and absorptive area, which enhance nutrient up-
take. In particular, the villus area in the treatment with 4% of HI meal (245,671 um?) was
significantly higher than the control (216,107 um?), coinciding with the highest recorded
crude protein digestibility (92.5%) in the treatment with 4% of HI meal, implying that
morphological adaptations may directly support improved digestion and assimilation of
dietary protein. The villus elongation relative to width and muscular thickness (WHWW
and WHMT) were also significantly higher in HI-fed fish, suggesting enhanced intestinal
adaptation for nutrient absorption. The in vivo protein and fat digestibility coefficients
were significantly higher in the HI-fed groups despite lower in vitro digestibility with
trypsin, suggesting that the enhanced gut morphology may have compensated for enzy-
matic limitations. This may have facilitated better substrate-enzyme interactions or possibly
stimulated the secretion of endogenous digestive enzymes. In vitro digestibility assays
indicate protein susceptibility to enzymatic hydrolysis but do not fully replicate in vivo
digestive complexity. The higher pepsin relative to trypsin digestibility likely reflects
enzyme-specific activity in gastric versus intestinal phases, whereas in vivo digestibility
integrates hydrolysis, absorption, gastrointestinal transit, and dietary interactions. As diges-
tive enzyme activities were not assessed, the mechanisms remain speculative. Digestibility
responses were not linear with increasing HI inclusion, likely due to the low inclusion
levels tested, where HI meal functioned primarily as a source of bioactive compounds
rather than a major nutrient source. Overall, the effects likely reflect complex physiological
interactions rather than a direct dose-dependent response. Furthermore, no adverse effects
were observed on liver condition, structure, or function, which reinforces the safety of HI
meals up to 6% in common carp diets. The absence of pathological alterations in hepatic
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tissues indicates that HI meal did not impose detectable physiological stress on the liver
and supports its safe incorporation into common carp diets at the tested inclusion levels.
Although HI contains chitin, which is largely indigestible, its low inclusion in the diet
may act as an immunostimulant. Chitin has been shown to enhance gut barrier function
through modulation of gut-associated lymphoid tissue (GALT), supporting local immune
responses without causing adverse morphological changes [85,86]. This is consistent with
our findings, where no inflammation, crypt atrophy, or liver histopathology was observed
in any treatment. Additionally, the inclusion of HI meal up to 6% in common carp diets did
not significantly affect serum urea, total protein, albumin, globulin, lipid fractions, or min-
eral concentrations, suggesting that the experimental diets maintained normal metabolic
and physiological status. The unchanged activities of AST, ALT, and ALP further indicate
that HI meal did not induce detectable hepatic stress or tissue damage, supporting its
apparent safety as a protein ingredient in carp nutrition. These findings are consistent
with previous reports showing that insect-based feed ingredients can be incorporated into
carp diets without adverse effects on blood biochemical indices when inclusion levels are
appropriate [31,34,87]. Our result, therefore, confirmed that HI may be used in the common
carp diet without any physiological adverse effects.

The bioactive compounds in HI meal, including antimicrobial peptides (AMPs) and
medium-chain fatty acids such as lauric acid, together with its chitin prebiotic properties,
likely contributed to maintaining intestinal and hepatic homeostasis [88]. These compo-
nents exhibit antimicrobial and antioxidant properties, contributing to gut health and
potentially reducing the need for conventional antibiotics in aquaculture [3,46,89] as it
is known to modulate oxidative stress in cellular and animal models [90]. However, no
analyses of gut microbiota composition, digestive enzyme activity, immune parameters,
or antioxidant biomarkers were conducted in the present study. Therefore, any functional
interpretations related to these pathways remain hypothetical and should be confirmed in
further studies for full mode of action description. Accordingly, the observed improvements
in growth, morphology, and digestibility should be interpreted strictly as physiological
responses, while the underlying mechanisms require further verification using microbiome,
immunological, and molecular approaches. Additionally, the present findings should be
interpreted within the scope of the experimental design. The study evaluated only low
dietary inclusion levels of HI meal (2-6%) over a 60-day feeding period in common carp
fry; therefore, the results should not be extrapolated to higher inclusion levels, longer-term
feeding, or other fish species or developmental stages.

The role of insects in aquafeeds extends beyond mere feed replacement; they represent
an innovative, functional, and health-promoting group of feed materials. By integrating
insect meals into aquaculture nutrition, we move toward environmentally friendly practices
that support fish welfare while enhancing production sustainability. As the industry
continues to explore alternative protein sources, HI meal stands as a promising candidate
for the future of aquafeed innovation.

5. Conclusions

The dietary inclusion of defatted HI meal up to 6% did not adversely affect growth
performance, survival, feed utilization, or pellet quality in common carp. No negative
effects were observed on liver structure or condition, while in vivo nutrient digestibility
was modulated. Overall, HI meal showed potential as a functional ingredient that may
support intestinal health in common carp fry. Under the conditions of this study, dietary
inclusion of 2-6% HI meal can be considered suitable for use in common carp diets without
compromising growth performance or basic physiological status.
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