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ABSTRACT

Background and Aim: Fermented black soldier fly larvae (BSFL) have emerged as a sustainable and economically viable
protein source in aquaculture. However, their potential as a replacement for marine fish in the diets of Asian swamp eels
(Monopterus albus, ASEs) remains underexplored. This study assessed the effects of partially substituting marine fish with
fermented BSFL on ASE growth performance, intestinal development, and hepatic health.

Materials and Methods: A total of 480 ASEs were randomly assigned to four dietary groups: control (40% marine fish),
BSFL34 (13.4% BSFL), BSFL61 (24.1% BSFL), and BSFL82 (32.8% BSFL), replacing marine fish on a dry matter basis. All diets
were isonitrogenous and isoenergetic. Fish were reared in net cages for over 90 days, and parameters including survival
rate, growth metrics, muscle and liver histology, intestinal morphology, gene expression (quantitative real-time polymerase
chain reaction), and inflammatory protein levels (Western blotting) were assessed.

Results: Survival rate was significantly higher in the BSFL61 group (p < 0.05). Growth performance was not impaired across
BSFL-fed groups, although BSFL61 showed reduced body weight compared to BSFL82 (p < 0.05). Muscle fiber size, satellite
cell number, and muscle triglyceride (TG) content remained unchanged. BSFL82 showed increased hepatic TG accumulation
(p <0.05) and reduced liver fibrosis, while BSFL61 exhibited a significantly lower hepatosomatic index and increased fibrosis.
Intestinal villus height was reduced in BSFL34 and BSFL61, while goblet cell density increased in all BSFL groups. Notch1
expression was upregulated in BSFL61 and BSFL82, whereas ctnnbl and wnt5a were downregulated. Inflammatory markers
nuclear factor-kappa B and interleukin-1 beta were elevated in BSFL-fed groups, indicating an activated mucosal immune
response.

Conclusion: Partial replacement of marine fish with fermented BSFL enhanced ASE survival, modulated intestinal immunity,
and improved mucosal barrier function, without compromising overall growth performance. However, excessive inclusion
may induce hepatic lipid accumulation and affect intestinal morphology. These findings support the use of fermented BSFL
as a sustainable aquafeed ingredient, though inclusion levels should be carefully optimized to balance health benefits and
growth efficiency.

Keywords: Asian swamp eel, black soldier fly larvae, fermented insect protein, hepatic lipid accumulation, intestinal
immunity, sustainable aquafeed.
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INTRODUCTION

The Black Soldier Fly Larvae (Hermetia illucens,
BSFL) are recognized as efficient bioconverters capable
of transforming organic waste into valuable resources
for animal feed. They exhibit rapid and effective
decomposition of various organic substrates, including
kitchen waste [1], human and animal feces [2-5],
and plant residues [6]. The nutritional composition
of BSFL is largely influenced by the type of substrate
and developmental stage [7, 8]. On average, BSFL
contain approximately 42% crude protein (CP) and
29% fat, depending on rearing conditions [9]. These
characteristics make BSFL a suitable feed component
for a wide variety of livestock, including poultry [10, 11],
swine [12], and fish species [13, 14].

The Asian swamp eel (Monopterus albus, ASE)
is a commonly consumed freshwater species in
China [15] and Southeast Asia [16—18], valued for its
nutritional profile and palatability [19]. As a carnivorous
species, ASE feeds on small fish [20], insects [21],
earthworms [22], snails [21], and other live prey. In
China, it is common practice for farmers to provide
ASE with pelleted compound feed supplemented
with minced fish. However, the escalating cost of
fish [23, 24] has prompted a search for more affordable
alternatives [25-27]. BSFL has emerged as a promising
aquaculture feed ingredient due to its high protein
content, cost-effectiveness, reproductive efficiency, and
ease of production management [8, 28]. Studies have
shown that BSFL-based diets support good digestibility
in Atlantic salmon [29] and promote satisfactory
growth in ASE and Siberian sturgeon [30,31]. Moreover,
replacing fish oil with BSFL oil in rainbow trout diets
has been shown to improve growth performance and
meat quality [32]. In addition, BSFL contains bioactive
compounds that enhance antioxidant activity and
immune responses in European seabass [28].

Our field observations in Hunan Province, China,
revealed that marine fish are frequently incorporated
into ASE diets. However, issues such as variable species
composition, inconsistent quality, logistical difficulties
related to cold-chain storage, and marine pollution
necessitate alternative feed solutions with more
consistent nutritional profiles. Accordingly, BSFL may
serve as a viable replacement for marine fish in ASE
diets. Traditional drying methods for BSFL involve high
temperatures, which can degrade nutrients [33, 34]
and bioactive properties [35]. Although fresh or frozen
BSFL retain these qualities more effectively, they
require cold-chain logistics, raising costs significantly.
Fermentation offers a more economical method
for preserving BSFL [36, 37], enabling storage and
transportation at ambient temperatures.

In addition to supplying protein and fat, BSFL
contains antimicrobial agents such as medium-chain
fatty acids (MCFAs) [38, 39] and antimicrobial peptides
(AMPs) [40—42]. Our recent findings demonstrated that
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methanol extracts from BSFL possess potent anti-Gram-
positive bacterial activity [43]. Fermentation protects
the nutritional and functional compounds in BSFL from
heat degradation [44], while also generating novel
bioactives such as lactic acid [45]. This process enhances
the content of unsaturated fatty acids and essential
amino acids [46], improves antimicrobial activity, and
extends shelf life [47].

While BSFL have been widely recognized as a
sustainable alternative protein source in aquafeeds,
existing research has primarily focused on their
application in conventional species such as tilapia,
salmon, and seabass. Although some studies have
explored the inclusion of BSFL in the diets of ASE and
other carnivorous fish, these investigations often rely
on dried or unfermented BSFL and fail to address the
challenges associated with nutrient preservation and
long-term storage. Furthermore, limited attention has
been given to the use of fermented BSFL, which may offer
additional nutritional and immunomodulatory benefits
while mitigating storage and transport issues. Despite
the increasing adoption of marine fish in commercial
ASE diets in regions such as Hunan Province, China, the
implications of substituting marine fish with fermented
BSFL on ASE growth, intestinal morphology, and hepatic
health remain poorly understood. There is a pressing
need for experimental data to inform the formulation of
nutritionally balanced and cost-effective diets that align
with sustainable aquaculture practices.

This study aims to evaluate the potential of
fermented BSFL as a partial replacement for marine fish
in the diet of ASE (M. albus). Specifically, the research
investigates the effects of different substitution levels
of fermented BSFL on growth performance, muscle
development, intestinal structure and immune
response, and hepatic lipid metabolism. By examining
both physiological and molecular responses, the
study seeks to determine optimal inclusion levels that
promote health and survival without compromising
growth efficiency. The findings are intended to inform
the development of sustainable, economical, and
nutritionally viable feed formulations for ASE and
potentially other aquaculture species.

MATERIALS AND METHODS

Ethical approval

This study has received research ethics approval
from the Institutional Animal Care and Use Committee
at China Agricultural University, with approval number
AW92704202-1-1.

Study period and location

This study was conducted from August 1 to
October 1, 2022, in Yuanjiang Cao Wei Agricultural
Machinery Professional Co-operative.

Fermentable bacteria
The lactic acid bacterium Lactobacillus agilis used
in this study was obtained from ATCC (JCM 1050, ATCC
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43616). Several experimental procedures, including
BSFL fermentation, diet preparation, animal feeding,
and sample collection, have been previously described
in detail in our earlier publication [48].

BSFL fermentation and experimental diet preparation

BSFL were reared on a substrate composed of
deodorized kitchen waste and wheat bran and harvested
at the fifth instar stage. The larvae were then minced
using a Feed Grinding Machine (HF-360, Haichuan
Machinery Factory, Wenzhou, China). Per kilogram of
BSFL, the minced material was mixed with 80 g of glucose,
80 mL of L. agilis (5 x 10° colony forming units/mL),
and 100 g of rice bran. The final moisture content
(MC) was adjusted to 72%. This mixture, referred to as
BSFL fermented homogenate (BSFFH), was sealed in
fermentation bags and incubated at room temperature
(approximately 25°C) for 72 h. The fermented product
developed a yogurt-like aroma and reached a pH
below 4.2, after which it was refrigerated at 4°C until
further use.

Feed formulations, including compound feed,
marine fish, and BSFFH, were prepared according to
the Association of Official Analytical Chemists (AOAC)
International standards [49]. CP was analyzed using a
Kjeldahl Nitrogen Protein Analyzer (RapidNIlIl, Elementar,
Frankfurt, Germany). Crude fat (ether extract, EE)
was assessed using an Automatic Fat Analyzer (XT10i,
ANKOM, Wayne, USA). Crude ash (CA) was determined
by combusting samples in a muffle furnace (STM-
8-12, SAFTherm, Luoyang, China) at 550°C. Gross
energy (GE) was measured using an Oxygen Bomb
Calorimeter (C 6000 global, IKA, Cologne, Germany).
MC was determined by oven drying at 105°C using an
Electrothermal Thermostatic Drying Oven (DHG-9037A,
Jinghong, Shanghai, China).

In the dietary treatments, chilled marine fish
(mainly Trichiurus lepturus and Larimichthys polyactis)
were replaced with BSFFH on a dry matter basis, while
maintaining similar CP and GE levels across groups. The
control diet consisted of 60% compound feed and 40%
marine fish. In the BSFL34 group, 13.4% BSFFH replaced
part of the fish component, resulting in 60% compound
feed, 26.6% marine fish, and 13.4% BSFFH. The BSFL61
group included 60% compound feed, 15.9% marine fish,
and 24.1% BSFFH, while the BSFL82 group contained
60% compound feed, 7.2% marine fish, and 32.8%
BSFFH. The compound feed (Tech-Bank Feed Industry
Co., Ltd., Ningbo, China) comprised 60% fish meal, 22%
starch, 4% brewer’s yeast meal, 4% soybean meal, and
10% additional ingredients such as vital wheat gluten,
multivitamins, multiminerals, and food additives.

Marine fish were homogenized before mixing with
BSFFH and compound feed. All diets were weighed to
ensure consistent feeding quantities. BSFFH was stored
at 4°C, marine fish at -20°C, and compound feed at
ambient temperature. Diets were formulated and
administered after returning all ingredients to room
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temperature. Experimental conditions were consistent
across all groups except for diet composition.

Given the limited research on ASE nutritional
requirements, diets were designed based on local
aquaculture practices and literature sources [50-52].
The control group received 60% compound feed and
40% marine fish. CP levels were equalized across all
treatment groups. Diet compositions were based
on ingredient nutrient profiles (Table 1), and the
corresponding nutrient values are presented in Table 2.

Experimental animals and design

Before stocking, nets were disinfected using a
500:1 diluted iodine solution. A total of 480 ASEs, each
weighing approximately 50 g, were obtained from a
local hatchery. The eels were placed in net cages (2 m
x 2 m x 2 m) covered with Alternanthera philoxeroides
to provide a climbing substrate [49]. The nets were
installed in a 300 m? pond equipped with running water,
a filtration system, and aeration.

ASEs were randomly assigned to four groups:
Control, BSFL34, BSFL61, and BSFL82, with six replicates
per group and 20 fish per net. Following a two-week
acclimatization period on the control diet, feeding
was conducted once daily between 17:00 and 18:00
at 3%-4% of body weight. Feed consumption was
monitored to ensure that it was completed within
20 min, and feeding amounts were adjusted accordingly.

Fish were fasted for 24 h at the end of the
acclimation period. The feeding trial lasted 90 days. BSFL
inclusion did not affect pond water quality, as indicated
by stable parameters shown in Table 3 (pH 7.6-7.8,
ammonia-nitrogen <0.5 mg/L, nitrite <0.05 mg/L, and
dissolved oxygen >6.0 mg/L).

Sample collection and tissue processing

At the end of the trial, fish from each net were
counted to calculate survival rates. Body weight and
length were measured. Six fish per net were randomly
selected and euthanized through percussive stunning.
Liver, dorsal muscle, and hindgut samples were
collected. Each tissue was divided: One part was fixed
in 4% paraformaldehyde for 48 h, while the other was
snap-frozen in liquid nitrogen and stored at —-80°C.

Fixed tissues were washed, dehydrated, and
embedded in paraffin. Sections were cut at 5 um
thickness. Liver samples were stained with hematoxylin-
eosin (H&E) and picrosirius red; muscle samples with
H&E and immunofluorescence; and intestinal samples
with H&E and periodic acid-Schiff (PAS) stains.

Immunohistology staining

Paraffin sections were deparaffinized, rehydrated,
and subjected to antigen retrieval in sodium citrate buffer
(10 mM trisodium citrate, 0.05% Tween-20, pH 6.0) at
95°C-100°C for 20 min. Sections were then blocked with
10% goat serum and 0.5% Triton X-100 in Tris Buffered
Saline (TBS) for 1 h, followed by incubation with primary
antibody for 12 h and secondary antibody for 1 h.
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Table 1: Main nutrients of dietary ingredients (Dry matter base).

Ingredients CP/% Crude lipid CA/% GE/MJ/kg Calcium (%) Phosphorus (%) MC/%
(EE/%)

Compound feed 44.53 4.87 10.95 18.54 3.40 1.89 0

Marine fish 68.19 7.77 16.67 19.40 4.83 2.99 82.00

BSFFH 45.00 18.39 10.32 19.61 3.35 0.81 72.00

Compound feed was purchased from the Ningbo Tianbang Feed Technology Co. BSFFH=Black soldier fly larvae fermented homogenate, CP=Crude

protein, EE=Ether extract, CA=Crude ash, GE=Gross energy, MC=Moisture content

Table 2: Formula for experimental diets of different Beyotime, Shanghai, China). RNA was reverse-

groups (Wet base).

Ingredients 0% 34% 61% 82%
BSFFH/% 0 13.4 24.1 32.8
Marine fish percentage 40.0 26.6 15.9 7.2
Compound feed'/% 60.0 60.0 60.0 60.0
Nutrient content of feed
CP/% 31.6 31.7 31.7 31.7
EE (Crude lipid)/% 3.48 3.98 4.39 4.71
CA/% 7.77 7.76 7.74 7.73
Calcium/% 2.39 2.40 2.40 2.41
Phosphorus/% 1.40 1.31 1.27 1.25
GE/MJ/kg 12.52 12.79 12.95 13.18

CP=Crude protein, EE=Ether extract, CA=Crude ash, GE=Gross energy,
BSFFH=Black soldier fly larvae fermented homogenate. *Obtained from
Qinfeng Feed Industry Co., Ltd. (Jiangsu, China)

Table 3: Water quality parameters.

Beginning One month p-value
after feeding

pH 7.76 0.18 7.76 0.10 0.832
Ammonia and 0.130.03 0.16 0.01 0.163
nitrogen (mg/L)

Nitrite (mg/L) 0.016 0.012 0.014 0.004 0.801
Dissolved 7.831.79 8.971.79 0.481
oxygen (mg/L)

Temperature (°C) 31.67 0.65 32.200.92 0.457

Anti-PAX7 antibody was sourced from Developmental
Studies Hybridoma Bank (DSHB) (lowa City, USA),
and fluorescein isothiocyanate (FITC) goat anti-rabbit
immunoglobulin G (H+L) from ABclonal (Wuhan, China).
Both antibodies were diluted 1:200.

PAS staining

Sections were deparaffinized, hydrated, and
oxidized in 0.5% periodic acid for 10 min. After washing
with distilled water, they were stained with Schiff
reagent for 1 h, counterstained with hematoxylin,
dehydrated, and mounted.

Picrosirius red staining

Sections were deparaffinized, rehydrated, and
stained in Picrosirius red for 1 h, followed by two
washes with 0.5% acetic acid. The samples were then
dehydrated and mounted in resin.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was extracted from dorsal muscle
and posterior intestine using Beyozol reagent (R0O011,
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transcribed into complementary DNA (cDNA) using
the BeyoRT™II First Strand cDNA Synthesis Kit (RNase
H minus, D7168S, Beyotime). gRT-PCR was performed
using ChamQ SYBR gPCR Master Mix (Without ROX,
Q321-02, Vazyme, Nanjing, China) on a CFX RT-PCR
system (MyiQ2, Bio-Rad). Expression was normalized
to 18S ribosomal RNA. Primer sequences are listed in
Supplementary Table 1.

Muscle development genes (pax7, myf5, myod,
myog, and mrf4) and intestinal/goblet cell differentiation
markers (Igr5, notchl, notch2, ctnnbl, and wnt5a) were
assessed.

Western blotting

Total proteins were extracted using
radioimmunoprecipitation assay buffer (10 mM Tris,
150 mM sodium chloride (NaCl), 10 mM potassium
chloride, 1 mM ethylenediaminetetraacetic acid,
pH 7.4) containing protease inhibitors (0.5 mM
phenylmethylsulfonyl fluoride, 100 mM sodium fluoride,
and 1 mM sodium orthovanadate). Proteins (1 ug/ul)
were mixed with Sodium Dodecyl Sulfate (SDS) sample
buffer, boiled at 95°C for 5 min, and resolved by SDS-
polyacrylamide gel electrophoresis (10% or 12%) at
65 V for 40 min and 115 V for 60 min. Proteins were
transferred to polyvinylidene fluoride membranes at
100 V for 90 min in transfer buffer (25 mM Tris-HCI, 192
mM glycine, 20% methanol, pH 7.6).

Membranes were blocked in 5% skim milk
(Tris-Buffered Saline with Tween-20, TBST) for 1 h,
incubated with primary antibody (1:1000) in 5% bovine
serum albumin-TBST overnight at 4°C, followed by
secondary antibody incubation (1:1000) for 1 h at room
temperature. Bands were visualized using Enhanced
Chemiluminescence (ECL) (POO18FS, Beyotime), imaged
with a Tanon 5200 system (Shanghai, China), and
analyzed using Image) (NIH, USA). Antibodies against
nuclear factor-kappa B (NfkB) (AF5243), phospho-NfkB
(AF5875), and interleukin-1 beta (IL-18) (AF7209) were
purchased from Beyotime Biotech (Shanghai, China);
[-Actin (bs-0061R) was sourced from Bioss Inc. (Beijing,
China).

Triglyceride (TG) analysis

Approximately 50 mg of liver or muscle was
homogenized in a 2:1 chloroform: methanol mixture,
centrifuged at 5000x g (4°C, 10 min), and washed with
0.9% NaCl. After separation at 400x g, the chloroform
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Supplementary Table 1: Primers used for gqRT-PCR (qPCR) in trial.

Used for Gene names Gene bank accession no. Primer sequence (5'-3')
qPCR pax7* XM_020622681.1 F: CATTGATGGCCTAGCGGTTG

R: GGGAAAATGTGTGCTGTCGG
myf5? XM_020613678.1 F: GCAATTCAGAGGCAGCAGTGAG

R: ACTGGAGGCAATGTCCTGGCT
myod? XM_020593504.1 F: CTCCGAAACTCCAAACGGTGG

R: GGTGTGGCAGGATGTTCAGGT
myog* XM_020592886.1 F: TCGGAGAGCGGCAACATTGAG

R: TCGCTTGACGACGACACTCTG
mrf4° XM_020613683.1 F: ACCCAAGGTGGAGATTTTACGCAG

R: GAGGACTCACTGGTTTCTTCTCTC
Igrs® XM_020613539.1 F: CTGGTGCTGCGCTCTGTTGAT

R: TGACTCGGGGCAGGTCTTCTT
notch1’ XM_020621119.1 F: CAGCGTCCTCCACACCAATGT

R: CCAGGTACACCACAGACCCTT
ctnnb1® XM_020596887.1 F: GGCTACAGACAGGAAGACCCA

R: AACCAGGCCAGTTGGTTGGAG
ctnnb2° NM_001001889.1 F: CCAAGGCAGCAGGAGCACTTC

R: AAATGGCGGCGGACACATCAC
wnt5a*® XM_020620705.1 F: CTCACACTGGTCACGCTCCTTATG

)

: CAGAGGCTGGGCACCAATGATG

Paired box 7, 2Myogenic factor 5, 3Myogenic differentiation factor, “Myogenin, *Myogenic factor, SLeucine rich repeat containing G protein coupled
receptor 5, ’Notch receptor 1, ®Catenin beta 1, °Catenin beta 2, *®Wingless-type MMTV integration site family member 5a. qRT-PCR=Quantitative

real-time polymerase chain reaction
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Figure 1: Replacing marine fish with BSFL fermented
homogenate affects the growth performance of Asian
swamp eels. (a) Survival rate, n = 9; (b) body weight gain,
n =9; (c) body length, n =9; and (d) TG content of muscle,
n = 6. Data presented are mean * standard error of the
mean and means with the same letter are not significantly
different. Significant differences were accepted at p < 0.05.
BSFL=Black soldier fly larvae.

phase was collected, freeze-dried, resuspended in
2-propanol, and analyzed for TG content using a
commercial assay kit (A110-1-1, Nanjing Jiancheng
Bioengineering China) the

Institute, following

manufacturer’s instructions.
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Statistical analysis

Data were normally distributed and analyzed
using Student’s t-test or one-way analysis of variance as
appropriate, with Tukey’s honestly significant difference
post hoc test used to identify significant group
differences. A significance threshold of p < 0.05 was
applied. Results are presented as mean + standard error
of the mean. Graphs were generated using GraphPad
Prism (v 8.0.0, GraphPad Software, San Diego, USA).

RESULTS

Growth and muscle development

ASEs in the BSFL61 group exhibited a significantly
higher survival rate compared to the control group
(Figure 1a, p < 0.05). The inclusion of BSFL in the diet
did not significantly affect body weight gain overall
(Figure 1b); however, ASEs in the BSFL61 group gained
significantly less weight than those in the BSFL82 group
(p < 0.05). No significant differences were observed in
body length (Figure 1c) or muscle TG content (Figure 1d)
among the groups (p > 0.05). In addition, muscle
fiber size did not differ significantly between groups
(Figure 2a-c, p > 0.05), nor were there any notable
differences in satellite cell counts (Figure 2d, p > 0.05).
Further analysis of myogenic gene expression in muscle
tissue revealed that ASEs in the BSFL82 group exhibited
lower levels of myod expression compared to the
control group (Figure 2e, p > 0.05).

Hepatic health

ASEs in the BSFL61 group showed a trend toward
lower liver weight (Figure 3a, p = 0.06) and had a
significantly reduced hepatosomatic index compared to
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the control group (Figure 3b, p <0.05). Notably, the BSFL82
group demonstrated a higher degree of fat accumulation
in the liver relative to the control (Figure 3c and d, p <
0.05), whereas muscle TG content remained unaffected
(Figure 1d, p > 0.05). This hepatic lipid accumulation is
likely attributable to the higher crude fat (EE) content in
the fermented BSFFH (Table 1), which resulted in increased
EE content in the BSFL82 diet (Table 2). As the liver serves
as the central organ for lipid metabolism [53], this led to
increased hepatic fat storage without altering fat content
in muscle tissue. Picrosirius red staining, which identifies
collagen fibers indicative of tissue fibrosis [54], revealed
that the BSFL82 group exhibited less hepatic fibrosis than
the control group (Figure 3e).

Intestinal development

Compared to the control group, the intestinal
villus height was significantly reduced in both the
BSFL34 and BSFL61 groups (Figure 4a and b), and crypt
depth was significantly decreased in BSFL34 (Figure 4a
and c) (P < 0.05). Although the villus height-to-crypt
depth ratio in BSFL61 was also lower, the difference
was not statistically significant (Figure 4d, p > 0.05).
Moreover, BSFL inclusion led to upregulation of notchl
expression in both BSFL61 and BSFL82, while ctnnb1 was
downregulated in BSFL82 and wnt5a was downregulated
in all treatment groups (Figure 4e, p < 0.05). PAS staining
further revealed increased goblet cells in the intestines

of ASEs fed fermented BSFL (Figure 4f). In addition, the
expression of inflammatory markers, including NfkB in
BSFL61 and phosphorylated NfkB and IL-1( in BSFL34,
was elevated (Figure 4g, p < 0.05).

DISCUSSION

As a protein-rich feed resource, BSFL serve as an
effective substitute for fish meal [55-58]. However,
careful consideration must be given to the potential
nutritional implications associated with its high fat
and chitin content. Numerous studies have reported
no adverse effects on the growth of fish species such
as Nile tilapia and Japanese seabass [59-61], and even
enhancements in growth performance in species such
as ASE and Siberian sturgeon have been documented
with BSFL inclusion [30, 31]. In the present study, partial
replacement of marine fish with fermented BSFL in
ASE diets did not significantly affect body weight gain
compared to the control group; however, ASEs in the
BSFL61 group showed lower weight gain than those
in the BSFL82 group. Recent findings suggest that
BSFL contains approximately 9% chitin [62], a well-
recognized antinutritional factor. Dietary chitin levels
exceeding 1% have been shown to negatively impact fish
growth and nutrient utilization [63, 64]. In this context,
replacing 34% or 61% of marine fish with fermented
BSFL resulted in a reduction in intestinal villus height,
and the increased number of goblet cells in BSFL61
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Figure 2: Replacing marine fish with BSFL fermented homogenate on the muscle development of Asian swamp eels.
(a) Representative images of H&E-stained muscle (scale bar = 200 um); (b) the average diameter of muscle fibers, n = 6;
(c) distribution of the size of diameter of the muscle fibers, n = 6; (d) immunofluorescence-stained of satellite cells (Pax7+)
in the muscle tissue, and the ratio of satellite cells to nucleus; and (e) the expression of myogenic genes in the muscle,
n = 6. Data presented are mean + standard error of the mean and means with the same letter are not significantly different.
Significant differences were accepted at p < 0.05. BSFL=Black soldier fly larvae, H&E=Hematoxylin-eosin.

1007



doi: 10.14202/vetworld.2025.1002-1013

H&E-stained liver
4- —~ 4
< a
_— b
D 3- $ 3 ab
£ £ ab
=) L
o 2- = o4
2 £ b
. o
[ (7]
2 14 L 14
©
o
‘ %
0- T T 0- T T
0 34% 61% 82% 0 34% 61% 82%
2] (b
Picrosirius-stained liver
...... N 349 A R :y
S 30+ Th,
g a ; A v‘:
= 20— ;."'f
2 ab e
- -
o HADR
E1w04 b b S
£
=
o | I ol
0 j i 16
2 o . . ESe
0 34% 61% 82% LA
m _ ]

Figure 3: Replacing marine with BSFL fermented homogenate on the hepatic health of Asian swamp eels. (a) Liver weight,
n =9; (b) hepatosomatic index (%), n = 9; (c) representative images of H&E-stained liver (scale bar = 200 um); (d) triglyceride
content in the liver, n = 6; and (e) representative images of Picrosirius-stained liver (scale bar = 200 um). Data presented are
mean * standard error of the mean and means with the same letter are not significantly different. Significant differences
were accepted at p < 0.05. BSFL=Black soldier fly larvae, H&E=Hematoxylin-eosin.

suggests enhanced mucin secretion [65]. These findings
imply that fermented BSFL may have impaired nutrient
digestion and absorption in ASE, although growth
performance was not markedly compromised. The
survival rate of ASEs remained within the normal range
(80%—90%) throughout the 90-day trial [30, 50, 52, 66].

Goblet cells play key roles in mucin secretion,
formation of a protective mucus barrier [67], and
production of antimicrobial proteins, chemokines,
and cytokines that modulate immune responses [68].
The observed increase in goblet cell numbers in the
BSFL61 group may represent a protective adaptation. In
addition, elevated NfkB levels in BSFL61 and increased
IL-1P expression in BSFL34 indicate activated intestinal
immune responses, which may have contributed
to enhanced resistance against enteric pathogens
and, in turn, improved survival. BSFL is known to
contain AMPs [40—-42] and MCFAs [38], which possess
immunoregulatory and antimicrobial properties.
Previous studies have shown that BSFL supplementation
improves intestinal health and microbial balance in
aquatic species such as rice field eel [30, 39], Atlantic
salmon [14], and golden pompano [69]. However, the
heightened immune activity observed in BSFL34 and
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BSFL61 may have increased the energy expenditure of
ASEs. This energy diversion, potentially coupled with a
reduction in absorptive and digestive epithelial cells due
to an expanded goblet cell population, may explain the
modest reduction in growth performance. Notably, the
observed upregulation of notchl and downregulation
of wnt5a may reflect a compensatory mechanism to
stimulate absorptive cell differentiation in response to
their relative deficiency [70, 71].

Full-fat BSFL has a fat content ranging from
294 g/kg to 515.3 g/kg on a dry matter basis, which
is substantially higher than that of fishmeal [8]. BSFL
fat predominantly comprises saturated fatty acids
(up to 76%), with lower levels of monounsaturated
and polyunsaturated fatty acids [72]. While MCFAs in
BSFL contribute to antimicrobial defense, the broader
metabolic implications of excessive BSFL fat should not
be overlooked. In this study, ASEs fed fermented BSFL
exhibited elevated hepatic TG levels, likely due to the
higher dietary crude fat content in BSFL-substituted
feeds. Excessive hepatic lipid accumulation can lead
to metabolic disorders [73]. The BSFL61 group showed
increased hepatic fibrosis, whereas the BSFL82 group
exhibited lower fibrosis levels despite having the highest
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Figure 4: Replacing marine with BSF fermented homogenate on the intestine development of Asian swamp eels.
(a) Representative images of H&E-stained intestine (scale bar = 200 um); (b) Villus height of the intestine, n = 9; (c) crypt
depth of the intestine, n = 9; (d) the ratio of Villus height/crypt depth, n = 9; (e) the expression of genes related to intestine
epithelium development, n = 6; (f) representative images of PAS-stained intestine (scale bar = 100 um); and (g) Western
blot bands and quantification of NFkB, p-NFkB, IL-1f3 and cleaved IL-1P in the intestine, n = 4. Data presented are mean
+ standard error of the mean and means with the same letter are not significantly different. Significant differences were
accepted at P < 0.05. NFkB=Nuclear factor-kappa B, p-NFkB=Phospho nuclear factor-kappa B, IL-1P=Interleukin-1 beta,

H&E=Hematoxylin-eosin, PAS=Periodic acid-Schiff.

liver fat content. This suggests that fat accumulation may
precede fibrosis development [74]; however, further
research is needed to determine whether fermented
BSFL provides hepatoprotective compounds.

In conclusion, the inclusion of fermented BSFL
at a substitution level of 61% improved ASE health by
enhancing intestinal immunity and survival during the
90-day feeding period. Nevertheless, due to the short
duration of the study, the long-term health implications
of BSFL inclusion remain uncertain. Since higher
inclusion levels (e.g., BSFL82) elevated hepatic lipid
content, extended feeding may adversely affect liver
health. In this study, BSFL did not significantly impact
overall ASE productivity. The lower weight gain observed
inthe BSFL61 group relative to BSFL82 may be attributed
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to increased energy expenditure due to heightened
gut immune activity. In practical aquaculture settings,
it may be possible to sustain both weight gain and
immune function in ASE by slightly reducing the level
of BSFL inclusion. In addition, since BSFL are typically
reared on food waste [1] and animal manure [2-5], and
fermented BSFL can be stored and transported without
cold-chain requirements, their large-scale adoption in
aquaculture could reduce environmental impact as well
as feed transportation and storage costs.

CONCLUSION

This study demonstrates that fermented BSFL can
serve as a sustainable and effective partial replacement
for marine fish in the diet of ASE (M. albus). The 61%
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substitution level notably improved survival rates,
enhanced intestinal immune responses — evidenced
by increased goblet cell numbers and upregulation of
immune-related markers — and did not compromise
overall growth performance. Furthermore, fermented
BSFL inclusion resulted in favorable modulation of
hepatic and intestinal gene expression and maintained
stable muscle development across treatment groups.

Akey strength of this study liesin its comprehensive
assessment of physiological, histological, and molecular
responses to BSFL inclusion, providing multi-layered
evidence for the nutritional and immunological benefits
of this alternative feed source. The fermentation
process, by preserving bioactive compounds and
improving digestibility, adds further value to BSFL as a
viable aquafeed ingredient, especially in regions where
cold-chain logistics are limiting.

However, several limitations should be
acknowledged. Although short-term feeding (90 days)
yielded promising results, the long-term effects of
elevated hepatic lipid accumulation — particularly at
higher BSFL inclusion levels (82%) — remain unclear. The
study also did not evaluate reproductive performance,
feed conversion efficiency, or sensory and nutritional
quality of ASE flesh, which are critical for commercial
adoption.

Future studies should explore the effects of
prolonged BSFL feeding on liver function, metabolic
health, and overall productivity. Investigations into
optimizing the fermentation process to reduce fat
content while preserving bioactivity could further
enhance its nutritional profile. Moreover, expanding
researchtoinclude economicanalysisand environmental
impact assessments will support broader application
and policy development for sustainable aquaculture

practices.
In summary, fermented BSFL represents a
promising protein source for aquafeeds, offering

nutritional, environmental, and logistical advantages. Its
strategic inclusion in ASE diets could contribute to more
resilient and sustainable aquaculture systems, which
provided that inclusion levels are carefully optimized to
balance immune enhancement with metabolic health.

AUTHORS’ CONTRIBUTIONS

YX: Designed the study, animal husbandry,
fermentation experiments, sample processing, tissue
sectioning, H&E staining, immunohistology staining,
PAS staining, picrosirius red staining, RNA extraction,
gRT-PCR, protein extraction, western blotting, TG
analysis, statistical analysis of data, and manuscript
writing. SG: Designed the study, animal husbandry,
fermentation experiments, sample processing, tissue
sectioning, H&E staining, and statistical analysis of
data. YL, GT, and LZ: Fermentation experiments. ZT and
XZ: Animal husbandry. KX, WN, XL, and JX: Collection of
samples. BW: Experimental design, process supervision,

1010

and manuscript revision. All authors have read and
approved the final manuscript.

ACKNOWLEDGMENTS

This study was supported by grants from
the National Natural Science Foundation of China
(32272892), the Key Research and Development
Program-Key Projects (2021YFD1200900), the Young
Talent Supporting Program Funding of the College of
Animal Science and Technology, and China Agricultural
University Education Foundation Grant (1041-2221002).

COMPETING INTERESTS

The authors declare that they have no competing
interests.

PUBLISHER’S NOTE

Veterinary World remains neutral with regard to
jurisdictional claims in published institutional affiliation.

REFERENCES

1. Green, T.R. and Popa, R. (2012) Enhanced ammonia
content in compost leachate processed by black
soldier fly larvae. Appl. Biochem. Biotechnol., 166(6):
1381-1387.

Myers, H.M., Tomberlin, J.K., Lambert, B.D. and
Kattes, D. (2008) Development of black soldier fly
(Diptera: Stratiomyidae) larvae fed dairy manure.
Environ. Entomol., 37(1): 11-15.
Beskin,K.V.,Holcomb, C.D.,Cammack,J.A.,Crippen,T.L.,
Knap, A.H., Sweet, S.T. and Tomberlin, J.K. (2018)
Larval digestion of different manure types by the
black soldier fly (Diptera: Stratiomyidae) impacts
associated volatile emissions. Waste Manag.,
74:213-220.

Banks, I.J., Gibson, WT. and Cameron, M.M. (2014)
Growth rates of black soldier fly larvae fed on fresh
human faeces and their implication for improving
sanitation. Trop. Med. Int. Health, 19(1): 14-22.
Lalander, C., Diener, S., Magri, M.E., Zurbrigg, C.,
Lindstrom, A. and Vinneras, B. (2013) Faecal sludge
management with the larvae of the black soldier fly
(Hermetia illucens)-from a hygiene aspect. Sci. Total
Environ., 458-460: 312-318.

Nguyen, T.T., Tomberlin, J.K. and Vanlaerhoven, S.
(2015) Ability of black soldier fly (Diptera:
Stratiomyidae) larvae to recycle food waste. Environ.
Entomol., 44(2): 406—410.
Fitriana,E.L.,Laconi,E.B.,Astuti,D.A.andJayanegara,A.
(2022) Effects of various organic substrates on
growth performance and nutrient composition of
black soldier fly larvae: A meta-analysis. Bioresour.
Technol. Rep., 18: 101061.

Lu, S., Taethaisong, N., Meethip, W., Surakhunthod, J.,
Sinpru, B., Sroichak, T., Archa, P, Thongpea, S.,
Paengkoum, S. and Purba, R.A.P. (2022) Nutritional
composition of black soldier fly larvae (Hermetia
illucens L.) and its potential uses as alternative
protein sources in animal diets: A review. Insects,



10.

11.

12.

13.

14.

15.

16.

17.

18.

doi: 10.14202/vetworld.2025.1002-1013

13(9): 831.

Wang, Y.S. and Shelomi, M. (2017) Review of black
soldier fly (Hermetia illucens) as animal feed and
human food. Foods, 6(10): 91.
Cullere,M.,Tasoniero,G.,Giaccone, V., Miotti-Scapin,R.,
Claeys, E., De Smet, S. and Dalle Zotte, A. (2016)
Black soldier fly as dietary protein source for broiler
quails: Apparent digestibility, excreta microbial load,
feed choice, performance, carcass and meat traits.
Animal, 10(12): 1923-1930.

Schiavone, A., De Marco, M., Martinez, S., Dabbou, S.,
Renna,M.,Madrid,J.,Hernandez,F.,Rotolo, L.,Costa,P.,
Gai, F. and Gasco, L. (2017) Nutritional value of a
partially defatted and a highly defatted black soldier
fly larvae (Hermetia illucens L.) meal for broiler
chickens: Apparent nutrient digestibility, apparent
metabolizable energy and apparent ileal amino acid
digestibility. J Anim Sci Biotechnol, 8: 51.

Crosbie, M., Zhu, C., Shoveller, A.K. and Huber, L.A.
(2020) Standardized ileal digestible amino acids and
net energy contents in full fat and defatted black
soldier fly larvae meals (Hermetia illucens) fed to
growing pigs. Transl. Anim. Sci., 4(3): txaal04.
Renna,M.,Schiavone,A.,Gai,F.,Dabbou,S.,Lussiana,C.,
Malfatto, V., Prearo, M., Capucchio, M.T., Biasato, .,
Biasibetti, E., De Marco, M., Brugiapaglia, A,
Zoccarato, |. and Gasco, L. (2017) Evaluation of the
suitability of a partially defatted black soldier fly
(Hermetia illucens L.) larvae meal as ingredient for
rainbow trout (Oncorhynchus mykiss \Walbaum)
diets. J. Anim. Sci. Biotechnol., 8: 57.

Weththasinghe, P., Lagos, L., Cortés, M., Hansen, J.
and @verland, M. (2021) Dietary inclusion of black
soldier fly (Hermetia illucens) larvae meal and paste
improved gut health but had minor effects on skin
mucus proteome and immune response in atlantic
salmon (Salmo salar). Front. Immunol., 12: 599530.
Supiwong, W., Pinthong, K., Seetapan, K.,
Saenjundaeng, P, Bertollo, L.A.C., de Oliveira, E.A.,
Yano, C.F, Liehr, T., Phimphan, S., Tanomtong, A.

and Cioffi, M.B. (2019) Karyotype diversity
and evolutionary trends in the Asian swamp
eel Monopterus albus (Synbranchiformes,

Synbranchidae): A case of chromosomal speciation?
BMC Evol. Biol., 19(1): 73.

Nhan, H.T., Tai, N.T,, Liem, P.T., Ut Ngoc, N. and Ako, H.
(2019) Effects of different stocking densities on
growth performance of Asian swamp eel Monopterus
albus, water quality and plant growth of watercress
Nasturtium officinale in an aquaponic recirculating
system. Aquaculture, 503: 96-104.

Cole, R.A., Choudhury, A., Nico, L.G. and Griffin, K.M.
(2014) Gnathostoma spinigerum in live Asian swamp
eels (Monopterus spp.) from food markets and wild
populations, United States. Emerg. Infect. Dis., 20(4):
634-642.

Hu, Y.J., Zhang, J.Z., He, L.B., Hu, Y., Zhong, L., Dai,
ZY. and Zhou, D.G. (2020) Effects of dietary vitamin
C on growth, antioxidant activity, and immunity in
ricefield eel (Monopterus albus). J. World Aquacult.

1011

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Soc., 51(1): 159-170.

Zhao, X., Luo, M., Li, Z., Zhong, P.,, Cheng, Y., Lai, F.,
Wang, X., Min, J., Bai, M., Yang, Y., Cheng, H. and
Zhou, R. (2018) Chromosome-scale assembly of the
Monopterus genome. Gigascience, 7(5): giy046.
Shafland, P.L., Gestring, K.B. and Stanford, M.S. (2010)
An assessment of the Asian swamp eel (Monopterus
albus) in Florida. Rev. Fish. Sci., 18(1): 25-39.
Herawati, V.E., Nugroho, R.A., Pinandoyo, H.J,
Prayitno, B. and Karnaradjasa, O. (2018) The growth
performance and nutrient quality of Asian swamp
eel Monopterus albus in central java Indonesia in a
freshwater aquaculture system with different feeds.
J. Aquat. Food Prod. Technol., 27(6): 658—666.

Yi, T.L., Yang, D.Q., Yang, C. and Pei, M.T. (2019) Effects
of housefly maggot meal and earthworms on growth
and immunity of the Asian swamp eel Monopterus
albus (Zuiew). Isr. J. Aquac., 71: 8.

Zhou, Z., Yao, W., Ye, B., Wu, X, Li, X. and Dong, Y.
(2020) Effects of replacing fishmeal protein with poultry
by-product meal protein and soybean meal protein
on growth, feed intake, feed utilization, gut and liver
histology of hybrid grouper (Epinephelus fuscoguttatus
Q x Epinephelus lanceolatus 3) juveniles. Aquaculture,
516(5): 734503.

Ma, Y., Li, M., Xie, D., Chen, S., Dong, Y., Wang, M.,
Zhang, G., Zhang, M., Chen, H., Ye, R., Wang, Y., Sun, L.,
Wang, S., Ning, L., Hasan, A.K.M.M. and Li, Y. (2020)
Fishmeal can be replaced with a high proportion
of terrestrial protein in the diet of the carnivorous
marine teleost (Trachinotus ovatus). Aquaculture,
519: 734910.

Dérea, J.G. (2006) Fish meal in animal feed and
human exposure to persistent bioaccumulative and
toxic substances. J. Food Prot., 69(11): 2777-2785.
Sanz, A., Garcia Gallego, M. and De la Higuera, M.
(2000) Protein nutrition in fish: Protein/energy
ratio and alternative protein sources to fish meal. J.
Physiol. Biochem., 56(3): 275-282.

Maulu, S., Langi, S., Hasimuna, O.J., Missinhoun, D.,
Munganga, B.P., Hampuwo, B.M., Gabriel, N.N.,
Elsabagh, M., Van Doan, H., Abdul Kari, Z. and
Dawood, M.A.O. (2022) Recent advances in the
utilization of insects as an ingredient in aquafeeds: A
review. Anim. Nutr., 11: 334-349.

Abdel-Latif, H.M.R., Abdel-Tawwab, M., Khalil, R.H.,
Metwally, A.A., Shakweer, M.S., Ghetas, H.A. and
Khallaf, M.A. (2021) Black soldier fly (Hermetia
illucens) larvae meal in diets of European seabass:
Effects on antioxidative capacity, non-specific
immunity, transcriptomic responses, and resistance
to the challenge with Vibrio alginolyticus. Fish
Shellfish Immunol., 111: 111-118.

Radhakrishnan, G., Silva, M.S., Lock, E.J., Belghit, I.
and Philip, A.J.P. (2022) Assessing amino acid
solubility of black soldier fly larvae meal in Atlantic
salmon (Salmo salar) in vivo and in vitro. Front.
Physiol., 13: 1028992.

Hu, Y., Huang, Y., Tang, T., Zhong, L., Chu, W., Dai, Z.,
Chen, K.and Hu, Y. (2020) Effect of partial black soldier



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

doi: 10.14202/vetworld.2025.1002-1013

fly (Hermetia illucens L.) larvae meal replacement of
fish meal in practical diets on the growth, digestive
enzyme and related gene expression for rice field eel
(Monopterus albus). Aquac. Rep., 17: 100345.
Rawski, M., Mazurkiewicz, J., Kieronczyk, B. and
Jozefiak, D. (2020) Black soldier fly full-fat larvae
meal as an alternative to fish meal and fish oil in
siberian sturgeon nutrition: The effects on physical
properties of the feed, animal growth performance,
and feed acceptance and utilization. Animals (Basel),
10(11): 2119.

Fawole, F.J., Labh, S.N., Hossain, M.S., Overturf, K.,
Small, B.C., Welker, T.L., Hardy, RW. and Kumar, V.
(2021) Insect (black soldier fly larvae) oil as a
potential substitute for fish or soy oil in the fish meal-
based diet of juvenile rainbow trout (Oncorhynchus
mykiss). Anim. Nutr., 7(4): 1360-1370.

Liang, Z., Zhu, Y., Leonard, W. and Fang, Z. (2024)
Recent advances in edible insect processing
technologies. Food Res. Int., 182: 114137.
Ssepuuya,G.,Nakimbugwe, D.,DeWinne,A.,Smets,R.,
Claes, J. and Van Der Borght, M. (2020) Effect of
heat processing on the nutrient composition, colour,
and volatile odour compounds of the long-horned
grasshopper Ruspolia differens serville. Food Res.
Int., 129: 108831.

Nino, M.C., Reddivari, L., Osorio, C., Kaplan, I. and
Liceaga, A.M. (2021) Insects as a source of phenolic
compounds and potential health benefits. J. Insects
Food Feed, 7(7): 1077-1087.

Van Campenhout, L., Lachi, D. and Vandeweyer, D.
(2021) Potential of fermentation and vacuum
packagingfollowed by chillingto preserve blacksoldier
fly larvae (Hermetia illucens). Insects, 12(8): 3390.
Ratti, C. (2001) Hot air and freeze-drying of high-
value foods: A review. J. Food Eng., 49(4): 311-319.
Mohamed, H., Marusich, E., Afanasev, Y.and Leonov, S.
(2021) Fatty acids-enriched fractions of Hermetia
illucens (black soldier fly) larvae fat can combat MDR
pathogenic fish bacteria Aeromonas spp. Int. J. Mol.
Sci., 22(16): 8829.

Couto, M., Sousa, N., Paixao, P., Medeiros, E., Abe, H.,
Meneses, J., Cunha, F,, Filho, R., Sousa, R., Maria, A.,
Carneiro, P., Cordeiro, C. and Fujimoto, R. (2021)
Is there antimicrobial property of coconut oil and
lauric acid against fish pathogen? Aquaculture,
545:737234.

Xia, )., Ge, C.andYao, H. (2021) Antimicrobial peptides
from black soldier fly (Hermetia illucens) as potential
antimicrobial factors representing an alternative
to antibiotics in livestock farming. Animals (Basel),
11(7): 1937.

Park, S.1., Kim, J.W. and Yoe, S.M. (2015) Purification
and characterization of a novel antibacterial peptide
from black soldier fly (Hermetia illucens) larvae. Dev.
Comp. Immunol., 52(1): 98-106.

Park, S.I. and Yoe, S.M. (2017) A novel cecropin-like
peptide from black soldier fly, Hermetia illucens:
Isolation, structural and functional characterization.
Entomol. Res., 47(2): 115-124.

1012

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Luo, VY., Ye, B., Gao, S., Tang, G., Li, D., Huang, Y.,
Huang, Z., Yang, X., Naman, A. and Qian, Y. (2024)
Evaluation of antibacterial activities of hemolymph
and methanol extracts from black soldier fly
(Hermetia illucens). J. Insects as Food Feed, 1(aop):
1-13.

Larouche, J. (2019) Processing Methods for the Black
Soldier Fly (Hermetia illucens) Larvae: From feed
Withdrawal Periods to Killing Methods. Thesis for:
Master’s Advisor: Grant Vandenberg.

Abdul Hakim, B.N., Xuan, N.J. and Oslan, S.N. (2023) A
comprehensive review of bioactive compounds from
lactic acid bacteria: Potential functions as functional
food in dietetics and the food industry. Foods,
12(15): 2850.

Luparelli, AV., Saadoun, J.H., Lolli, V., Lazzi, C,
Sforza, S. and Caligiani, A. (2022) Dynamic changes in
molecular composition of black soldier fly prepupae
and derived biomasses with microbial fermentation.
Food Chem. X, 14: 100327.

Hadj Saadoun, J., Luparelli, AV., Caligiani, A,
Macavei, L.l., Maistrello, L., Neviani, E., Galaverna, G.,
Sforza, S. and Lazzi, C. (2020) Antimicrobial biomasses
from lactic acid fermentation of black soldier fly
prepupae and related by-products. Microorganisms,
8(11): 1785.

Gao, $.Q., Xiang, Y.F, Jiang, ZY., Luo, Y.H., Tang, G.J.,
Zou, X.W., Xie, K., Niu, W.J,, Li, X.., Xiang, J.A., Tan, Z.,
Zeng, X.Y. and Wang, B. (2024) Replacing sea fish with
black soldier fly fermentation homogenate in diet for
Pelodiscus sinensis: Growth, intestinal development
and hepatic health. J. Insects as Food Feed, 11(5):
861-872

AOAC. (1995) Association of Official Analytical
Chemists Official. Methods of Analysis. 16 ed. AOAC
International. Arlington, Virginia, USA.

Zhang, J.Z., Zhong, L., Peng, M., Chu, W.Y., Liu, Z.P,,
Dai, ZY. and Hu, Y. (2019) Replacement of fish meal
with soy protein concentrate in diet of juvenile rice
field eel Monopterus albus. Aquac. Rep., 15: 100235.
Zhou, Q.B., Wu, H.D., Zhu, C.S. and Yan, X.H. (2011)
Effects of dietary lipids on tissue fatty acids profile,
growth and reproductive performance of female rice
field eel (Monopterus albus). Fish Physiol. Biochem.,
37(3): 433-445.

Ma, X., Hu, Y., Wang, X.Q., Ai, Q.H., He, Z.G., Feng, F.X.
and Lu, X.Y. (2014) Effects of practical dietary protein
to lipid levels on growth, digestive enzyme activities
and body composition of juvenile rice field eel
(Monopterus albus). Aquac. Int., 22(2): 749-760.
Heeren, J. and Scheja, L. (2021) Metabolic-associated
fatty liver disease and lipoprotein metabolism. Mol.
Metab., 50: 101238.

Courtoy, G.E., Leclercq, I., Froidure, A., Schiano, G.,
Morelle, J., Devuyst, O., Huaux, F. and Bouzin, C.
(2020) Digital image analysis of picrosirius red
staining: A robust method for multi-organ fibrosis
guantification and characterization. Biomolecules,
10(11): 1585.

Limbu, S.M., Shoko, A.P,, Ulotu, E.E., Luvanga, S.A,,



56.

57.

58.

59.

60.

61.

62.

63.

doi: 10.14202/vetworld.2025.1002-1013

Munyi, F.M., John, J.0. and Opiyo, M.A. (2022) Black
soldier fly (Hermetia illucens, L.) larvae meal improves
growth performance, feed efficiency and economic
returns of Nile tilapia (Oreochromis niloticus, L.) fry.
Aquac. Fish Fish., 2(3): 167-178.

Xiao, X., Jin, P, Zheng, L., Cai, M., Yu, Z., Yu, J.
and Zhang, J. (2018) Effects of black soldier fly
(Hermetia illucens) larvae meal protein as a fishmeal
replacement on the growth and immune index of
yellow catfish (Pelteobagrus fulvidraco). Aquac. Res.,
49(4): 1569-1577.

Hoc, B., Tomson, T, Malumba, P., Blecker, C.,
Jijakli, M.H., Purcaro, G., Francis, F. and Megido, R.C.
(2021) Production of rainbow trout (Oncorhynchus
mykiss) using black soldier fly (Hermetia illucens)
prepupae-based formulations with differentiated
fatty acid profiles. Sci. Total Environ., 794: 148647.
Cummins, V.C. Jr., Rawles, S.D., Thompson, K.R.,
Velasquez, A., Kobayashi, Y., Hager, J. and
Webster, C.D. (2017) Evaluation of black soldier fly
(Hermetia illucens) larvae meal as partial or total
replacement of marine fish meal in practical diets
for Pacific white shrimp (Litopenaeus vannamei).
Aquaculture, 473(2): 337-344.

Wang, G., Peng, K., Hu, J., Yi, C., Chen, X., Wu, H. and
Huang, Y. (2019) Evaluation of defatted black soldier
fly (Hermetia illucens L.) larvae meal as an alternative
protein ingredient for juvenile Japanese seabass
(Lateolabrax japonicus) diets. Aquaculture, 507(17):
144-154.

Agbohessou, P.S., Mandiki, S.N.M., Gougbédji, A.,
Megido,R.C.,Hossain,M.S.,DeJaeger,P.,Larondelle, Y.,
Francis, F., Laleéye, P.A. and Kestemont, P. (2021)
Total replacement of fish meal by enriched-fatty acid
Hermetia illucens meal did not substantially affect
growth parameters or innate immune status and
improved whole body biochemical quality of Nile
tilapia juveniles. Aquac. Nutr., 27(3): 880-896.

Devic, E., Leschen, W., Murray, F. and Little, D.C.
(2018) Growth performance, feed utilization and
body composition of advanced nursing Nile tilapia
(Oreochromis niloticus) fed diets containing Black
Soldier Fly (Hermetia illucens) larvae meal. Aquac.
Nutr., 24(1): 416-423.

Soetemans, L., Uyttebroek, M. and Bastiaens, L.
(2020) Characteristics of chitin extracted from
black soldier fly in different life stages. Int. J. Biol.
Macromol., 165(Pt B): 3206-3214.

Eggink, K.M., Pedersen, P.B., Lund, |. and Dalsgaard, J.
(2022) Chitin digestibility and intestinal exochitinase
activity in Nile tilapia and rainbow trout fed different
black soldier fly larvae meal size fractions. Aquac.
Res., 53(16): 5536-5546.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Karlsen, @., Amlund, H., Berg, A.and Olsen, R.E. (2017)
The effect of dietary chitin on growth and nutrient
digestibility in farmed Atlantic cod, Atlantic salmon
and Atlantic halibut. Aquac. Res., 48(1): 123-133.
Gustafsson, J.K. and Johansson, M.E.V. (2022) The role
of goblet cells and mucus in intestinal homeostasis.
Nat. Rev. Gastroenterol. Hepatol., 19(12): 785—-803.
Hu, Y., Yang, G., Li, Z., Hu, Y., Zhong, L., Zhou, Q.
and Peng, M. (2018) Effect of dietary taurine
supplementation on growth, digestive enzyme,
immunity and resistant to dry stress of rice field eel
(Monopterus albus) fed low fish meal diets. Aquac.
Res., 49(6): 2108-2118.

Birchenough, G.M., Johansson, M.E., Gustafsson, J.K.,
Bergstrom, J.H. and Hansson, G.C. (2015) New
developments in goblet cell mucus secretion and
function. Mucosal Immunol., 8(4): 712-719.

Knoop, K.A. and Newberry, R.D. (2018) Goblet
cells: Multifaceted players in immunity at mucosal
surfaces. Mucosal Immunol., 11(6): 1551-1557.

Li, Z., Han, C., Wang, Z., Li, Z., Ruan, L., Lin, H. and
Zhou, C. (2023) Black soldier fly pulp in the diet of
golden pompano: Effect on growth performance,
liver antioxidant and intestinal health. Fish Shellfish
Immunol., 142: 109156.

Demitrack, E.S. and Samuelson, L.C. (2016) Notch
regulation of gastrointestinal stem cells. J. Physiol.,
594(17): 4791-4803.

Tian,H.,Biehs,B.,Chiu,C.,Siebel, CW.,Wu,Y.,Costa, M.,
de Sauvage, F.J. and Klein, O.D. (2015) Opposing
activities of Notch and Wnt signaling regulate
intestinal stem cells and gut homeostasis. Cell Rep.,
11(1): 33-42.

Ewald, N., Vidakovic, A., Langeland, M., Kiessling, A.,
Sampels, S. and Lalander, C. (2020) Fatty acid
composition of black soldier fly larvae (Hermetia
illucens)- possibilities and limitations for modification
through diet. Waste Manag., 102: 40-47.

Tauil, R.B., Golono, PT., de Lima, E.P, de Alvares
Goulart,R.,Guiguer, E.L.,Bechara, M.D.,Nicolau,C.CT.,
Yanaguizawa Junior, J.L., Fiorini, A.M.R., Méndez-
Sanchez, N., Abenavoli, L., Direito, R., Valente, V.E.,
Laurindo, L.F. and Barbalho, S.M. (2024) Metabolic-
associated fatty liver disease: The influence of
oxidative stress, inflammation, mitochondrial
dysfunctions, and the role of polyphenols.
Pharmaceuticals (Basel), 17(10): 1354.

Di Ciaula, A., Shanmugam, H., Ribeiro, R., Pina, A,
Andrade, R., Bonfrate, L., Raposo, J.F., Macedo, M.P.
and Portincasa, P. (2023) Liver fat accumulation more
than fibrosis causes early liver dynamic dysfunction
in patients with non-alcoholic fatty liver disease. Eur.
J. Intern. Med, 107: 52-59.

%k %k %k %k %k %k ok k

1013



