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Black soldier fly (Hermetia illucens) larvae are insects capable of valorizing various
waste streams into protein that has the potential to replace fish meal (FM) in fish
diets. To evaluate the feasibility of replacing FM with black soldier fly meal (BSFM) in
the diet of red drum (Sciaenops ocellatus) juveniles, a two-part study was
conducted that included a palatability trial followed by an 8-week feeding trial
with isonitrogenous and isoenergetic formulations. Red drum is a marine and
brackish-water fish species found in the Western Atlantic, ranging from
Massachusetts, southern Florida, and the Gulf to northern Mexico. The
palatability trial was conducted with BSFM replacing FM in diets at 0% (Control),
25% (BSFM25), 50% (BSFM50), and 100% (BSFM100) levels. The palatability
assessment showed that the red drum feeding response was statistically similar
between the Control and BSFM25 diets. The feeding trial included the diets above
plus BSFM replacing FM at 75% (BSFM75), and the effects on growth, feeding
efficiency, whole-body biochemical composition, intestinal/liver histomorphology,
and intestinal microbiome were assessed. Better growth and feeding efficiency
(P<0.05) were observed in fish fed the BSFM25 diet compared to those fed the
BSFM50, BSFM75, and BSFM100 diets. Whole-body saturated fatty acids increased
with higher levels of BSFM in the diet, while the levels of arachidonic acid (ARA),
eicosapentanoic acid (EPA), and docosahexaenoic acid (DHA) remained statistically
similar in BSFM25 and BSFM50 compared to the Control. Liver histomorphology
revealed increased hepatic vacuolization with increasing levels of BSFM. Intestinal
microbiota presented high alpha diversity abundance among the treatments, but
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the fish fed the BSFM diets tended to have genera associated with chitinase and
lipase activity. Overall, dietary FM replacement with BSFM is an adequate alternative
protein source with replacement up to 50%, but levels over 75% caused a reduction
in growth and hepatic lipid accumulation.
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Highlights

* Formulations with 10.7 g/100g (DM) BSFM showed no
negative impact on red drum palatability responses.

* Adequate BSFM inclusion ranges between 10.7 and 21.4 g/
100g (DM) in diets for red drum growth and
feeding efficiency.

*  Whole-body ARA, EPA, and DHA levels remained stable
up to the BSFM50 treatment, ensuring nutritional benefits
for human consumption.

1 Introduction

Seafood consumption has steadily increased over the years and
its global demand will further expand due to population growth and
the rising awareness of its health benefits (FAO et al., 2024). The
contribution of aquaculture to total finfish and shellfish production
has resiliently sufficed in meeting this demand. However, it has been
estimated that millions of additional tons of seafood will be
necessary in the coming years (FAO et al., 2024). Traditionally,
the aquaculture industry utilizes fish meal (FM) obtained from wild
pelagic fish species, such as herrings, sardines, and menhaden, as
the main source of animal dietary protein (Tacon and Metian, 2008,
2015). This is because FM is considered the optimal protein source
for aquafeed production due to its exceptional nutritional quality,
including a well-balanced amino acid profile, high protein
digestibility, and palatability (NRC, 2011). However, the growing
disparity between the supply and demand of FM, along with its
rising prices, exerts economic pressure on the aquaculture
production sector (Siddaiah et al., 2023; Tacon and Metian,
2008). Consequently, overreliance on FM for feed formulation is
increasingly recognized as an untenable strategy. Currently, the
protein content in commercial aquafeeds is derived from a blend of
FM, animal by-products, and plant-based ingredients, such as
poultry by-products, blood meal, soybean meal, canola meal, and/
or corn protein concentrate (Fisher et al., 2020). These formulations
are designed to meet species-specific nutritional requirements while
amending challenges related to antinutritional factors (ANFs),
palatability, and imbalanced amino acid profile, and to changes in
commodity prices and availability (Gatlin et al., 2007). Thus, there
is urgent pressure to explore nutritional and alternative strategies
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for FM substitution and to develop cost-effective long-term
aquafeed production systems that can enhance the growth and
profitability of the aquaculture industry.

Black soldier fly (Hermetia illucens) larvae (BSFL) are the most
extensively researched insect species as an alternative protein source
for aquaculture diets (Hua, 2021; Priyadarshana et al., 2022). This is
largely due to their ability to convert low-quality, low-cost waste
substrate (food waste, animal manure, and various agricultural by-
products) into nutrient-rich ingredients (Ellawidana et al., 2023;
Makkar et al., 2014). The crude protein content in BSFL meal
(BSEM) ranges from 42% to 60% and crude fat from 10% to 30%,
depending on the processing methods and substrate growth media
(NRC, 2011). This malleable nutritional content provides an
opportunity for tailoring nutritional profiles for various
aquaculture species (Wang et al., 2019). Additionally, the
significance of BSEM rises when considering its FM-like amino
acid composition and retention of various essential minerals for
fish, such as iron, zinc, potassium, phosphorus, manganese, and
magnesium (Henry et al., 2015; NRC, 2011).

The growth performance benefits of BSFM have been
extensively reported across several finfish species, including
Atlantic salmon (Salmo salar), gilthead seabream (Sparus aurata),
rainbow trout (Oncorhynchus mykiss), largemouth bass
(Micropterus salmoides) (Fischer et al., 2022), and red drum
(Sciaenops ocellatus) (Fisher et al., 2020; Moutinho et al.,, 2024;
Randazzo et al,, 2021; Yamamoto et al., 2022). However, the optimal
inclusion level in formulated diets that support proper growth while
avoiding adverse physiological effects such as disruptions in
metabolism and/or liver/intestine histomorphology abnormalities
varies depending on the species (Fischer et al., 2022; Randazzo et al.,
2021; Romano et al., 2023; Siddaiah et al., 2023).

The incorporation of BSEM as an alternative protein source for
carnivorous fish has garnered interest in aquaculture largely due to
their typically high protein requirements and sensitivity to ANF’s
within various plant-based proteins (Henry et al., 2015). Research
indicates that BSFM can maintain growth performance in Atlantic
salmon (Salmo salar) (Belghit et al., 2019) and European sea bass
(Dicentrarchus labrax) without negatively affecting feed efficiency
(Magalhdes et al, 2017). Yamamoto et al. (2022) reported that
replacing 65% of FM with BSFM resulted in different growth
outcomes depending on the larvae’s substrate. Specifically, fish fed
BSEM derived from larvae reared on spent brewer’s grain showed
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significantly lower weight gain, while those fed BSFM from larvae
raised on the Gainesville diet exhibited growth comparable to the
control group (Yamamoto et al, 2022). While a reduction in
omega-3 fatty acid levels is often observed in fish fed diets with
high BSFM inclusions (Lock et al., 2016; Yamamoto et al., 2022),
enrichment strategies have been proposed to counterbalance such
effects (Erbland et al., 2020). Histology assessments in rainbow trout
revealed that levels of BSFM at 22.7-45 g/100g dry matter (DM) to
replace or complement vegetable protein-rich ingredients in diets
deprived of FM showed no adverse liver or intestinal changes
(Randazzo et al., 2021). However, inclusion levels of 9 g/kg DM
induced inflammation and liver damage in largemouth bass (Peng
et al., 2021; Fischer et al., 2022), indicating this species is
particularly sensitive. In contrast, prawn (Palaemon adspersus) fed
BSFM showed reduced oxidative stress markers, indicating
enhanced resilience under stressful conditions (Mastoraki et al.,
2020), while soybean meal-induced intestinal enteritis was
mitigated by BSFL inclusion in the diets of rainbow trout (Kumar
et al., 2021). These positive findings may be due to bioactive
compounds in BSFM, such as chitin, lauric acid, and/or
antimicrobial peptides, that could provide a valuable advantage as
in-feed prebiotics and antibiotics (Surendra et al., 2020).

Red drum is a marine teleost, native to the western Atlantic
coast, ranging from Massachusetts to northern Mexico, including
the Gulf and southern Florida, where it inhabits both coastal and
estuarine waters (Matlock, 1990). It is highly valued for both
commercial and recreational purposes due to its rapid growth,
high reproductive capacity, and resilience to environmental changes
(Castillo and Gatlin, 2018; Liao et al, 2010). This species is
recognized as a high-level predator, feeding on fish, mollusks, and
arthropods with easy adaptability to consume pelleted diets under
farming conditions (Davis, 1990; Matlock, 1990). Thus, considering
that red drum shows potential for aquafarming, the objective of this
study was to evaluate BSFM replacing FM as a protein ingredient in
the diet of juvenile red drum on an equal protein basis. To this end,
this study assessed red drum palatability response and growth
performance, whole-body proximate composition, amino/fatty
acid profiles, liver/intestines histology, and gut microbiota.

2 Materials and methods

The use of red drum was performed under scientific research
protocols of Florida Atlantic University and Institutional Animal
Care and Use Committee (IACUC Protocol numbers: A20-29 and
A-23-24), complying with all local and/or international animal
welfare laws and guidelines.

2.1 Source of experimental fish and
quarantine

Red drum from Duke Energy - Crystal River Mariculture

Center (Citrus County, Florida, United States) were used in both
a palatability study and a feeding trial, which was conducted at
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Harbor Branch Oceanographic Institute — Florida Atlantic
University. Upon arrival for each study, the fish were quarantined
(250L RAS) and fed a commercial diet until the desired size was
reached to start either the palatability or the growth study. Water
quality parameters were kept within acceptable ranges for red drum:
dissolved oxygen (130.5%-156.3%), temperature (28.4 + 0.3°C), pH
(average 7.8 £ 0.12), salinity (average 29.9 * 0.67 ppt), alkalinity
(average 227.3 + 46.4 mg/L), total ammonia nitrogen (TAN, average
0.03 + 0.03 mg/L), and NO,-N (average 0.02 + 0.01 mg/L).

2.2 Palatability experiment

2.2.1 Diet preparation

The BSFM protein was procured from Stratium LLC (NOCO,
Buffalo, USA) and the proximate composition (48.58% crude protein
and 12.97% crude fat), along with the amino acid profile, was
analyzed (Supplementary Table 1). The BSFL were collected during
the early to mid-larval stage following Stratium LLC protocols, dried,
and cold-pressed to produce the BSEM protein. Based on the
measured nutritional profile, the experimental diets were designed
to meet the nutritional requirements of red drum (Serrano et al,
1992) (Table 1) and were formulated to be isonitrogenous (45.5%
crude protein) and isocaloric (508 Kcal/100g, gross energy) with
BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), and
100% (BSFM100) of FM. The control diet was formulated with a
crude protein content provided by 54.55% fish meal, 13.65% poultry
meal, and 31.80% soybean protein concentrate.

Dry ingredients were mixed for 15 min using a V-Blender,
followed by the addition of wet ingredients and thoroughly mixed
until an adequate consistency was reached for pelleting. The
resulting moist dough was screw-pressed using a lab-pelletizer
with 3- and 4-mm diameter die plates. Diet strands were placed
in a forced air oven at 60°C for 24h until the moisture content was
less than 10%. Then, all the diets were broken into appropriate
pellet sizes, sieved for fines, and stored at -20°C until use. A sample
of each diet was collected for proximate, amino acid and fatty acid
composition analyses (Tables 2, 3).

2.2.2 Acclimatization

After quarantine, the fish (5 g average) were fed a commercial
diet and grown out in four 250L tanks of a 24-tank recirculating
aquaculture system (RAS) until the target experimental size of 90—
100 g/fish was reached to commence the palatability study. The RAS
was maintained at a photoperiod set at 12 hours of light and 12
hours of darkness (lights on at 07:00). During this time, the fish
underwent a habituation period so they became accustomed to
human presence during the feeding assessment in order to observe
apparent satiation behaviors (Al-Souti et al., 2019: Suresh et al,
2011). When the target weight was reached, 360 fish were evenly
redistributed into 12 experimental tanks within the same RAS and
the mean body weight (MBW) was recorded for each tank. The fish
then underwent a 14-day acclimatization and habituation period to
adjust to the new stocking density and tank conditions before
commencing the palatability assessment.
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TABLE 1 Experimental diet formula and composition.
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Ingredient Experimental diets (g/100g)

Control BSFM25 BSFM50 BSFM75 BSFM100
Fish meal 40.0 30.0 20.0 10.0 0.0
Poultry meal 10.7 10.7 10.7 10.7 10.7
Soybean
protein concentrate 22.0 22.0 22.0 22.0 22.0
BSFM 0.0 10.7 21.4 322 429
Corn starch 9.5 9.7 9.9 10.7 12.0
Menhaden oil 12.8 113 9.8 8.0 6.0
CMC 2.0 2.0 2.0 2.0 2.0
Vitamin premix 0.5 0.5 0.5 0.5 0.5
Mineral premix 1.5 1.5 15 1.5 1.5
Stay C 0.2 0.2 0.2 0.2 0.2
Monocalcium phosphate 0.5 1.2 1.8 2.0 2.0
Lecithin 0.3 0.3 0.3 0.3 0.3
Total (g) 100.0 100.0 100.0 100.0 100.0
Diet composition
Crude protein* 47.3 46.6 45.7 44.7 43.6
Moisture 33 34 33 2.9 4.2
Crude fat 189 17.5 16.3 14.8 133
Crude fiber 2.7 35 4.9 53 6.2
Ash 12.8 12.2 12.0 11.1 9.9
Gross energy (Kcal/100g) 516.51 510.29 507.91 505.88 499.64

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM?75), and 100% (BSFM100) of FM. Vitamin premix was ARS/702 and mineral premix was ARS/1440 in
aquafeed products (Fish Technology Center, Bozeman, MT). Data are expressed on an “as is” basis. *Crude protein = %N x 6.25.

2.2.3 Assessment of palatability by feed
consumption

Palatability was determined as feed consumption (mg feed/
gram of fish biomass) for the Control and experimental diets
according to Al-Souti et al. (2019); Glencross et al. (2007), and
Suresh et al. (2011). Thus, the palatability assessment involved
feeding the fish beyond apparent satiation and observing their feed
rejection behaviors (Glencross et al., 2007). After the initial
rejection behavior was noted, the fish were given an additional 10
min to ensure all the individuals within the tank exhibited rejection.
Then, the uneaten feed was removed from the tank using a siphon
connected to a mesh net at one end, which collected the uneaten
feed. The collected feed was then dried in a forced-air oven at 60°C
for 12 h to reach a constant weight. Feed consumption was
calculated as mg feed intake/gram of fish biomass (Suresh
et al., 2011).

The palatability assessment consisted of four trial periods over 5
consecutive days of observation. During the 5-day observation
period, the palatability assessment was only performed during the
morning feeding (09:00), while the evening feeding (15:00)
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consisted of a fixed 1.5% MBW ration of the experimental diet
being tested for that replicate tank treatment. Each trial included a
14-day washout period between the observation period of the trial
and the next trial. The washout period consisted of feeding all fish
from each experimental tank at a 1.5% MBW ration per day with a
commercial feed. For the observation period of each trial, one of the
five test diets was randomly assigned to each tank, with three
replicates per treatment. Treatment diets were systematically
reassigned to tanks for each trial so that each tank was presented
with a different diet every trial, ultimately receiving four of the five
diets during the four palatability assessment trials. Total tank
biomass was measured the day after each trial’s observation
period and feed rations were adjusted accordingly.

Data were verified for normality using the Shapiro-Wilk test
and for homogeneity of the variance using Levene’s test. The
normality assumption was checked for each set of data collected
from each trial. Then, all the data were submitted to a linear mixed-
effects model to account for repeated measures data collection for
each trial. Data were statistically analyzed using SPSS version 27
(SPSS, Chicago, IL, USA).
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TABLE 2 Profile of amino acid composition of diets fed to juvenile red drum (Sciaenops ocellatus).

Amino acids Control BSFM25 BSFM50 BSFM75 BSFM100
Essential

Arginine 3.09 291 2.75 2.68 2.44
Histidine 1.09 1.09 1.09 1.11 1.09
Isoleucine 2.09 2.02 1.99 1.98 1.90
Leucine 3.38 324 3.16 3.13 3.00
Lysine 3.40 3.15 2.96 2.81 2.61
Methionine 0.98 0.92 0.82 0.74 0.64
Phenylalanine 1.97 1.92 1.88 1.89 1.83
Threonine 1.84 1.74 1.69 1.65 1.59
Tryptophan 0.50 0.52 0.53 0.54 0.53
Valine 2.37 2.31 233 2.38 2.34
Non-essential

Alanine 2.77 2.64 2.59 2.56 2.46
Aspartic Acid 4.52 4.30 4.20 4.15 4.02
Cysteine 0.46 0.45 0.46 0.46 0.45
Glycine 3.35 3.02 2.83 2.69 2.40
Glutamic Acid 6.88 6.49 6.28 6.20 592
Hydroxylysine 0.09 0.05 0.03 0.03 0.02
Hydroxyproline 0.72 0.56 0.47 0.39 0.29
Proline 2.35 2.29 2.28 2.34 2.29
Serine 1.69 1.61 1.57 1.58 1.59
Taurine f 0.36 0.31 0.27 0.23 0.19
Tyrosine 1.37 1.49 1.59 1.72 1.77
Total amino acids 45.42 4321 41.93 4141 39.53

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSEM75), and 100% (BSFM100) of FM.
Results are expressed on an “as is” basis. *Crude protein = %N x 6.25. ¥Conditionally essential amino acids.

2.3 Feeding trial
2.3.1 Diet preparation

Five experimental diets were designed for the feeding trial. Diets
were formulated to be isonitrogenous (45.5% crude protein) and
isocaloric (508 Kcal/100g, gross energy) with BSEM replacing 0%
(Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM?75), and
100% (BSFM100) of FM. To this end, the same formulation and
manufacturing procedure as in the palatability experiment were
used in the feeding trial as described in section 2.2.1, using a 1.5 mm
diameter die plate as the fish were smaller than in the
palatability trial.

2.3.2 Experimental conditions

A total of 400 red drum (approximately 39 g initial weight per
fish) were evenly distributed into a 20 tank RAS (250L per tank) with
a photoperiod of 12 hours of light and 12 hours of darkness (lights on
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at 07:00). The treatments were randomly assigned to each tank with
four replicates per treatment and the fish were fed their respective
experimental diets. The fish were fed twice at 5% initial MBW (11:00
and 15:00) every day for 8 weeks. At the beginning of the trial, the
MBW of all 20 fish was recorded for each tank. The weighing
procedure was repeated every 2 weeks during the 8-week trial for
each tank and the feeding rations were adjusted accordingly.

2.3.3 Sample collection

At the end of the trial, fish from each tank were counted, the
MBW was recorded, and the fish were sampled 24-h postprandial.
Five fish from each tank were euthanized with an overdose of
buffered MS-222 at 300 mg/L to assess viscerosomatic index
parameters. The fish were individually weighed, measured, and
dissected to calculate hepatosomatic, intestinosomatic indices, and
Fulton condition factor (HPI%, ISI%, and K factor, respectively).
From these five fish, two replicates of liver and mid-intestine
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TABLE 3 Fatty acid profile of diets fed to juvenile red drum (Sciaenops ocellatus) expressed in pg/mg.

Fatty acids Control BSFM25 BSFM50 BSFM75 BSFM100
C12:0 0.07 2.56 3.66 491 7.51
C13:0 0.04 0.05 0.02 0.02 0.03
C14:0 2.07 261 261 225 235
C15:0 038 0.48 025 021 022
C16:0 4.49 457 532 472 5.01
C17:0 0.26 0.34 0.17 0.14 0.15
C18:0 2.54 332 2.04 1.78 228
€20:0 0.12 0.15 0.11 0.10 0.11
C21:0 0.02 0.03 0.02 0.02 0.02
C22:0 0.12 0.15 0.11 0.11 0.11
C23:0 0.01 0.02 0.01 0.01 0.01
C24:0 0.10 0.11 0.06 0.09 0.09
SSFA* 1021 1435 14.38 14.36 17.89
Cl4:1 0.04 0.06 0.05 0.06 0.07
Cl15:1 0.08 0.11 0.07 0.06 0.06
Cl16:1 13.67 17.20 9.37 7.81 7.98
C17:1 0.08 0.07 0.05 0.01 0.03
C18:1n-9(Z) 2.60 426 242 240 3.73
C18:1n-9(E) 0.87 1.35 035 037 0.30
C20:1 0.34 0.44 0.19 0.18 020
C22:1 0.09 0.09 0.00 0.08 0.00
C24:1 0.19 0.12 0.06 0.11 0.09
T MUFA® 17.97 23.70 12.55 11.08 12.46
C18:3n-3 (LNA) 2.55 3.46 1.38 0.92 0.94
C20:3n-3 0.17 0.22 0.13 0.08 0.10
C20:5n3 (EPA) 648 8.79 3.36 270 225
C22:6n3 (DHA) 3.68 4.98 1.90 141 1.20
¥ n-3 PUFA® 12.89 17.46 6.77 512 449
€20:2n6 0.12 0.15 0.10 0.12 0.12
C20:4n-6 (ARA) 038 047 026 0.19 0.18
C20:3n-6 0.13 0.15 0.10 0.06 0.07
C18:2n-6 (LA) 0.98 2.58 1.87 233 3.75
C18:3n-6 0.86 1.10 0.41 0.40 0.44
¥ n-6 PUFA” 247 445 2.74 3.10 456
> PUFA" 28.24 39.36 16.28 13.33 1353
¥ SFA:X PUFA " 0.36 0.36 0.88 1.08 1.32
% n-3:Tn-6° 522 3.92 247 1.65 0.99

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSEM100) of FM. SFA, saturated fatty acids; MUFA, monounsaturated fatty acids;
PUFA, polyunsaturated fatty acids. “Sum of all fatty acids without double bonds; *Sum of all fatty acids with a single double bond; “Sum of all n-3 fatty acids; Sum of all n-6 fatty acids; *Sum of
all fatty acids with > 2 double bonds; "Ratio between the sum of all SFA and the sum of all PUFA; “Ratio between the sum of all n-3 and the sum of all n-6 fatty acids.
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samples were preserved in 10% buffered formalin for
histomorphology analysis and three replicates of whole intestines
were aseptically collected with heat sterilized dissecting equipment
and placed into a 15 mL Falcon tube and stored at -80°C for gut
microbiome analysis. Another five fish from each tank were
euthanized with an overdose of buffered MS-222 at 300 mg/L and
stored at -80°C for whole-body proximate composition, amino
acids, and fatty acids analyses.

2.3.4 Calculations for growth parameters

Growth performance analysis was calculated between the fish
groups fed different diets formulated with BSFM replacing FM. The
parameters were calculated as follows:

survival (%) = [final population/initial population] x 100;
percentage weight gain (PWG) = [(final body weight - initial
body weight)/(initial body weight)] x 100;

specific growth rate (SGR) (Ricker, 1975) = [(InWf - InWi)/At] x
100, where Wi is the initial average weight, Wf is the final average
weight, and At is the time between measurements;

feed efficiency (FE) = wet weight gain (g)/dry feed
consumed (g);

protein efficiency ratio (PER, %) = [weight gain (g, wet
weight)/protein intake (g, dry weight)] x 100;

Fulton condition factor (Ricker, 1975), K = [fish weight (g)/fish
length 3 (ecm)] x 10%

viscerosomatic index (VSI, %) = [viscera weight (g)/body
weight (g)] x 100;

hepatosomatic index (HSI, %) = [liver weight (g)/body weight
(g)] x 1005

intestinosomatic indices (ISI, %) = [intestine weight (g)/body
weight (g)] x 100.

2.3.5 Proximate composition, amino acid, and
fatty acid analysis

Experimental diets and whole-body fish samples were analyzed for
proximate composition and amino acid profile at the Experiment
Station Chemical Laboratories (ESCL), University of Missouri,
Columbia, Missouri (Tables 1, 2) according to standard procedures
(AOAC, 2003). The diet and whole-body fish samples were freeze-
dried, ground, and homogenized prior to lipid extraction. Lipids were
extracted according to modified methods described by Folch et al.
(1957) and Parrish (1999). The resulting fatty acid (FA) extracts were
methylated to produce fatty acid methyl esters (FAMEs) (Lepage and
Roy, 1984) for analysis with gas chromatography-mass spectrometry
(GC-MS). Then, the samples were analyzed on a Clarus 680/600 T GC-
MS (Perkin-Elmer, Waltham, Mass., USA) using a 30 m Thermo
Fisher TR-5 general purpose column with a 250-pum diameter.
Hydrogen was used as the carrier gas at a flow rate of 0.8 mL/min.
The GC inlets were held at a constant temperature of 250°C. Samples
were individually injected into the column (using an 82-vial
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autosampler) at a volume of 1.0 pl with a 61.5/1 split ratio. The oven
temperature was programmed from 40°C (1 min) to 200°C (2 min) ata
rate of 15°C/min and then to 250°C at a rate of 3.0°C/min. QP GC-MS
was carried out using 70eV EI and these data were evaluated using full
scan acquisition over the m/z range of 45-600 with quantification
based on the Total Ion Chromatogram (TIC). Fatty acids were
identified by comparison to a 37-component FAME standard
(Supelco 37 FAME Mix, Millipore Sigma, Burlington, Mass., USA).
The ratio of the internal standard (C19:0) peak area was used for
quantification (Table 3).

2.3.6 Histology of the intestines and liver

Mid-intestine and liver samples were collected and immediately
fixed in Davidson’s solution for 48 hours, washed in 70% ethanol to
remove residual fixative, and stored in fresh 70% ethanol until
further processing. Samples were dehydrated in a series of ethanol
solutions using a Shandon Excelsior ES Tissue Processor, cleared in
xylenes, and embedded in paraffin wax with a Histostar Embedding
Station (Thermo Scientific, Waldorf, Germany). Sections were cut
to a 5 um thickness using an HM 355 S-2 Rotary Microtome
(Thermo Scientific, Waldorf, Germany) and mounted on glass
slides. Slides were dried overnight on a slide warmer to ensure
proper adhesion before staining. Sections were stained with
hematoxylin and eosin (H&E) using a Leica AutoStainer XL
(Leica Biosystems, Wetzlar, Germany) to evaluate general liver
and intestinal histomorphology. Eight fish tissue samples (n=8/
treatment) with two sections per fish were examined under a
Keyence BZ-X All-in-One Fluorescence Microscope (Keyence
Corporation, Osaka, Japan). First, a 2x magniﬁcation scan
captured the entire tissue, and the Keyence navigation system
randomly selected five fields (area of 1.6 mm?) per section to be
analyzed under 10x magnification.

Histological scoring (i.e., 0: normal, 1: minimal to mild, 2: mild,
3: moderate, 4: moderate to severe) indicating arbitrary increasing
inflammatory severity was done visually per section, similar to that
reported by Palma et al. (2021) and Romano et al. (2023). Intestinal
assessment included arbitrary inflammation severity along with the
measurements of the length of the serosa, muscularis, submucosa,
lamina propria, and mucosa, and goblet cell count in 20 folds per
section. Liver samples were evaluated for inflammation severity and
presence of intracytoplasmic vacuoles using a Keyence hybrid cell
application to quantify the number of vacuoles and the total area of
vacuoles per area (pmz). Histological scoring and analysis of the
intestines and livers of fish fed the Control diet (Figures 1, 2) served
as a baseline for assessing the effects of the increased BSFM protein
levels replacing fish meal in the other treatments.

2.3.7 Microbiome analysis

Whole intestine samples were sent to Azenta Life Sciences for
16S DNASeq. Sequences underwent quality control and trimming
(TrimGalore v. 0.6.10) (Krueger, 2020). A QIIME2 (Quantitative
Insights into Microbial Ecology 2) (v. amplicon-2024.2) snakemake
(v. 7.32.4) pipeline was used to run sequences through DADA2
(v. 2024.2.0) for denoising and designating amplicon sequence
variants (ASVs), with defaults other than forward and reverse
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FIGURE 1

Black circles highlight lymphocyte aggregation.

5 pm histological sections of intestines from juvenile Red Drum (Sciaenops ocellatus) fed diet with BSFM replacing FM at 0% (Control, a), 25%
(BSFM25, b), 50% (BSFM50, c), 75% (BSFM75, d) and 100% (BSFM100, e) stained with hematoxylin and eosin (H&E) at 10x magnification. Red arrows
indicate goblet cells, blue arrows denote edema, and structural layers are labeled as serosa (S), muscularis (M), lamina propria (LP), and mucosa (Mu).

truncation set to 225 bp (Bolyen et al., 2019; Bradshaw et al., 2020;
Callahan et al., 2016; Koster and Rahmann, 2012). RESCRIPt (v.
2024.2.0) was used to create a classifier with the publicly available
341f and 805r V3/V4 16S primers against the SILVA 138.1 database,
which was then used in VSEARCH (v. 2.22.1) to annotate the ASVs
(Pruesse et al., 2007; Robeson et al., 2021; Rognes et al., 2016; Yilmaz
et al., 2014). This annotation was used to remove mitochondria,
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chloroplasts, eukaryotes, and unassigned sequences. ASVs less than
350bp were removed (Bolyen et al., 2019).

Growth performance parameters, condition indices, histology
data, and body composition (proximate and amino acid profiles)
were statistically analyzed using SPSS version 27 (SPSS, Chicago, IL,
USA), after being validated for normality using the Shapiro-Wilk
test and homogeneity using Levene’s test. Statistical differences were
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FIGURE 2

5pm histological sections of livers from juvenile Red drum (Sciaenops ocellatus) fed diets with BSFM replacing fishmeal at 0% (Control, a), 25%
(BSFM25, b), 50% (BSFM50, c), 75% (BSFM75, d), and 100% (BSFM100, e), stained with hematoxylin and eosin (H&E) at 10x magnification. Green
arrows indicate pancreatic exocrine tissue health, orange arrows denote vacuole degeneration, and black circles highlight regions of overall tissue
health in lower BSFM treatments (a—c), and possible fibrotic tissue formation in higher BSFM diets (d, e). Lymphocyte infiltration is shown in (d, e).
possible fibrotic tissue formation in higher BSFM diets (d, €). Lymphocyte infiltration is shown in (d, e).

identified by means of one-way ANOVA followed by a pair-wise
comparison of means using Tukey’s post hoc HSD test. Results are
expressed as means + standard error of the mean (SEM).
Significance levels were established at a=0.05. Second-degree
polynomial regression analysis (Snedecor and Cochran, 1978) was
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used to determine the correlation between the growth/amino acid/
fatty acid parameters and dietary BSFM level in juvenile red drum
using SPSS version 27 (SPSS, Chicago, IL, USA).

The fatty acid profiles in samples of whole-body Florida
pompano juveniles underwent permutational analysis of variance
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(PERMANOVA with 9999 permutations), including a posteriori
pairwise comparison. The PERMANOVA was tested with one
factor: diet treatment (Control, BSFM25, BSFM50, BSFM75, and
BSFM100). Assumptions of multivariate homoscedasticity were
verified with a PERMDISP test, and data were transformed
(arcsine square root) when necessary. Analyses were run using a
Bray-Curtis similarity matrix with PRIMER 7 (v. 7.1.12) and
PERMANOVA+ (v.1.0.2).

Data obtained from the histological analyses were analyzed
using SPSS version 27 (SPSS, Chicago, IL, USA). Welch’'s ANOVA
was used with the Games-Howell test for equal variances not
assumed for the serosa, lamina propria, mucosa, and goblet cell
count. For inflammation severity, muscularis, submucosa, vacuole
number, and total vacuole area, normality and homoscedasticity
(Levene’s test) was confirmed, and statistical differences were
identified by means of one-way ANOVA followed by post hoc
pair-wise comparisons of the means using Tukey’s HSD test. Results
are expressed as means + SEM.

For the microbiome, R (v. 4.2.0) and RStudio (2023.06.1) were used
to analyze the final ASV table with the following libraries loaded:
phyloseq (v. 1.42.0), vegan (v. 2.6-4), tidyverse (v. 2.0.0), FSA (v.0.9.4),
reshape (v. 0.8.9), DESeq2 (v. 1.38.3), pairwiseAdonis (v. 0.4),
metagenomeSeq (v. 1.40.0), venn (v. 1.11), rcompanion (v. 2.4.21),
ANCOMBC2 (v. 2.0.2), and car (v. 3.1-1) (Dusa, 2022; Fox and
Weisberg, 2019; Lin et al., 2022; Lin and Das Peddada, 2020; Love et al.,
2021; Mangiafico, 2022; McMurdie and Holmes, 2013; Ogle et al., 2022;
Oksanen et al., 2022; Paulson et al., 2024; Wickham, 2007; Wickham
etal, 2019). To remove rare ASVs and reduce noise at the community
level, ASVs with less than 11 occurrences across all samples were
removed. (Sun et al,, 2013). Alpha diversity (Shannon, Simpson, and
Fisher indexes) was calculated using untransformed data. Correlations
between these indices and observed ASVs were tested with Spearman
rank tests. Kruskal-Wallis and Dunn pairwise tests were used to test for
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differences between diets based upon Shannon diversity. Differences
between diets based upon the Bray-Curtis dissimilarity of variance
stabilizing transformation (DESeq2) data were visualized using a
principal coordinate of analysis (PCoA) and tested using overall and
pairwise permutational analysis of variance (PERMANOVA) tests. The
Benjamini-Hochberg correction was used to adjust for multiple testing
in pairwise tests (Dunn and PERMANOVA). Tests were considered
statistically significant at a=0.5. Differentially abundant genera between
the Control and each of the BSFM diets were tested for via
ANOCMBC2 with default parameters. Scripts associated with
analysis can be found on GitHub (https://github.com/djbradshaw?2/
red_ drum_BSFM_2024).

3 Results

3.1 Assessment of palatability by feed
consumption

The palatability assessment of fish fed BSFM25 was statistically
similar to the Control diet (Figure 3). Lower palatability (P =
0.0001) was observed in fish fed the BSFM50 diet compared to
those fed the Control, BSEM25, and BSEM100 diets. Fish fed the
BSEM100 diet presented similar feed consumption to those fed the
Control and BSFM25 diets (P<0.05).

3.2 Growth performance

Mean MBW was recorded per treatment biweekly in the 2, 4, 6,
and 8 weeks (Figure 4). At 2 weeks, greater weight was observed in
fish fed the BSFM50 diet in comparison to those fed the BSFM100
diet (ANOVA; P = 0.002). At 4 weeks, a greater weight was recorded

Control

FIGURE 3

BSFM25

BSFMS50 BSFM100

Palatability of black soldier fly meal (BSFM) based on feed consumption (mg feed/gram of fish biomass). The diets have BSFM replacing 0% (Control),
25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM. Data are shown as the mean with + S.E.M. (n=60). Superscript letters
indicate statistical differences among groups identified by Tukey's post hoc test (one-way ANOVA, p<0.05).
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in fish fed BSFM50 compared to the Control, BSFM75, and BSFM100
diets (ANOVA; P < 0.0001). At 6 weeks, greater weight was observed
in fish fed the Control, BSFM25, and BSFM50 diets compared with
the BSFM75 and BSFM100 diets (ANOV A; P < 0.0001). At the end of
the 8-week experiment, greater weight was recorded in fish fed the
Control, BSFM25, and BSFM50 diets compared to the BSFM75 and
BSEM100 diets (ANOVA; P < 0.0001).

Fish readily accepted the experimental diets and at the end of
the 8-week experimental period, the survival rate was high (above
97.5%) with no differences among the dietary treatments (Table 4).
Higher PWG, SGR, and FE (P<0.05) were calculated in fish fed the
BSFM25 diet compared to those fed the BSFM50, BSFM75, and
BSEM100 diets. Higher PER (P<0.05) was recorded in fish fed the
BSEM25 diet compared to those fed the BSFM50, BSFM75, and
BSFM100 diets, but it was not different from those fed the Control
diet. The Fulton factor (K factor) of fish fed the BSFM25 diet was
higher than those fed the BSFM50, BSEM75, and BSFM100 diets.
The VSI presented no differences (P>0.05) among dietary
treatments. The HSI of fish fed the BSFM25 diet was higher than
the Control fish, but not different from fish fed the BSEMS50,
BSFM75, or BSFM100 diets. A higher ISI was measured in fish
fed the Control diet compared to those in the BSFM100 treatment.

3.3 Whole-body proximate, amino acid,
and fatty acid composition

There were no significant differences in the whole-body
proximate composition of crude protein, crude fat, crude fiber, and
ash among the dietary treatments (P>0.05) (Table 5). Essential and
non-essential amino acids (EAA and NEAA, respectively) showed no

10.3389/faquc.2025.1619878

statistical differences between treatments except for taurine. Lower
taurine content was found in fish fed the BSFM100 diet compared to
those fed the Control and BSFM25 diets (P<0.05).

The whole-body fatty acid profiles presented differences in
lauric acid (C12:0), myristic acid (C14:0), stearic acid (C18:0),
palmitoleic acid (C16:1), oleic acid [C18:1n-9 (Z)], elaidic acid
[C18:1n-9 (E)], linoleic acid (C18:2n-6, LA), arachidonic acid
(C20:4n-6, ARA), eicosatrienoic acid (C20:3n-6), eicosapentanoic
acid (C20:5n-3, EPA), and docosahexenoic acid (C22:6n-3, DHA)
(Table 6). Lauric acid (C12:0) content in the whole body increased
with increasing levels of dietary BSFM in the treatments, with the
highest values in fish fed BSFM75 and BSFM100. Fish fed the
BSEMS50 diet had higher myristic acid (C14:0) content compared to
those fed the Control diet, likewise stearic acid (C18:0) compared to
Control and BSFM100 diets. A higher sum of all saturated fatty
acids (SFA, XSFA) was measured in fish fed BSEM50 compared to
those fed the Control diet. Palmitoleic (C16:0) and oleic (C18:1n-6)
acids presented higher content in fish fed BSFM50 than in those fed
the BSEM100 and the Control diet, respectively. Monounsaturated
fatty acids (X MUFA) showed no difference among dietary
treatments [Pseudo-F (4, 15) = 0.86, P (perm) = 0.609; P (MC) =
0.581]. LA content was statistically higher in fish fed BSFM75 and
BSFM100 compared to those fed the Control diet. ARA, EPA, and
DHA showed higher content in fish fed the Control, BSFM25, and
BSFM50 diets than those fed the BSFM100 diet. Higher X n-3 PUFA
was observed in fish fed the Control, BSFM25, and BSFM50 diets
compared to those fed the BSFM100 diet. Higher X n-6 PUFA was
observed in fish fed BSEM50, BSEM75, and BSFM100 compared to
those fed the Control diet. The £ n-3: £ n-6 ratio in fish fed the
Control and BSFM25 diets was higher than those fed the BSEM50,
BSEM75, and BSEM100 diets.
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FIGURE 4

The diets have black soldier fly meal (BSFM) replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM. The
graph shows the effects of BSFM inclusion on the final weight of red drum. Data are shown as the mean MBW with + S.E.M. (n=4). Superscript letters

indicate statistically significant differences among groups.
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TABLE 4 Growth performance, feeding efficiency, and indices of juvenile red drum (Sciaenops ocellatus) fed experimental diets in an 8-week
feeding trial.

Parameter Control BSFM25 BSFM50 BSFM75 BSFM100
Survival (%) 100.0 + 0.00 100.0 + 0.00 97.50 + 1.44 100.0 + 0.00 100.0 + 0.00
PWG 204.00 + 6.71* 204.74 + 5.08° 175.11 + 3.46° 15229 + 7.13¢ 90.40 + 1.52¢
SGR 1.98 + 0.04° 1.99 + 0.03" 1.81 +0.02° 1.65 + 0.05° 1.15 + 0.01¢
FE 0.49 + 0.01* 0.49 + 0.02° 0.44 + 0.01° 0.39 + 0.01¢ 0.26 + 0.02¢
PER 1.02 + 0.03% 1.06 + 0.02* 0.96 + 0.01° 0.88 + 0.03° 0.61 +0.01¢
K factor 1.02 + 0.01%° 1.06 + 0.01* 1.01 +0.01° 1.01 +0.01° 1.00 + 0.01°
VSI 462 +0.12 496 + 022 485 +0.12 482 +022 430 +0.18

HSI 0.89 + 0.06" 1.50 + 0.29° 1.28 + 0.08% 1.28 + 0.08% 1.10 + 0.08%
ISI 1.24 + 0.08* 1.20 +0.13%® 0.96 + 0.05™ 0.98 + 0.05™ 0.89 + 0.07°

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM. Results are means + S.E.M. Statistical differences between
experimental diets were identified by means of one-way ANOVA (p < 0.05) followed by further comparing group means using Tukey’s post hoc test.
Superscript letters indicate significant defferences among experimental groups.

3.4 Regression analysis Histological measurements of the intestine showed higher serosa
length in fish fed BSFM75 and BSFM100 compared to those fed the
The second-degree polynomial equation best described the ~ Control, BSFM25, and BSFM50 diets (P<0.05). There was no
relationship between growth performance parameters and difference in the lamina propria width in the intestines of fish fed
increasing dietary levels of BSEM (Table 7). The regression slope  the BSFM25, BSEM50, and BSFM75 diets with respect to other
indicated a positive relationship between SGR, PER, and final ~ treatments. Wider mucosal epithelium in BSEM50 and lower goblet
weight and increasing dietary BSFM levels, while FCR had a  cell counts were measured in fish fed the BSFM75 and BSFM100
negative relationship. The quadratic term indicated a concave  diets compared to those fed the other diets.
relationship between SGR, PER, and final weight and graded The livers of fish fed the Control diet showed regular vacuoles
levels of dietary BSFM, while the FCR relationship was convex. ~and sinusoid organization with discrete margins and intact
The R-squared (R?) values explained the proportion of the variance ~ Pancreatic exocrine tissue (Figure 2a), while fish fed BSFM100
in the parameters that was predictable in the regression model. presented swollen, coalescing vacuoles, signs of pancreatic
The essential amino acid content in the diets presented a  €xocrine tissue breakdown, and fibrotic tissue formation
positive regression slope and concave quadratic term in relation  (Figure 2d). Liver inflammation severity scores were the highest
to the final weight of fish fed increasing dietary levels of BSFM.  in BSFM100 compared to fish fed the other diets (P<0.05). A higher
Neither linear (P>0.05), quadratic, nor cubic models could be fitted vacuole number was observed in the BSFM100 treatment with
for histidine, tryptophan, and valine (Table 7). respect to the Control and BSFM25 treatment (Table 8; Figure 2).
Fatty acid content in diets presented cubic, quadratic, and linear
relationships with final weight. Lauric acid (C12:0), ¥n3/n6 ratio, %, . .
SFA, and LA best fitted the quadratic model. EPA, DHA, ¥n-3 3.6 Gut microbiome

PUFA, Yn-6 PUFA, and ARA best fitted the cubic model. The best-
fit model for LNA was a linear model. After taxonomy-based filtering, rare ASV removal, and

eliminating samples with <1,000 sequences, there were 2,912

remaining ASVs, which represented 27 phyla, including 26

3.5 Histology of intestines and liver named phyla, 151 orders (125 named), 64 classes (59 named),
263 families (186 named), and 444 genera (299 named). The mean

The intestines of fish fed the Control diet showed goblet cells ~ Shannon diversity was 3.26 +/- 0.69 across all samples with the
evenly dispersed throughout the mucosal epithelium with regular ~ highest mean diversity across all BSFM25 samples (3.52 +/- 0.58)
fold thickness in the serosa, muscularis, submucosa, and lamina ~ and the lowest mean across all BSFM75 samples (3.04 +/- 0.83)
propria (Table 8). The Control diet served as a baseline to determine ~ (Supplementary Figure la). Kruskal-Wallis testing revealed that
histological variations with fish fed BSEM75 and BSFM100, there were no differences between treatments across all samples
showing aggregating lymphocytes, thickening of the lamina (chi-squared = 3.7005, p-value = 0.448) and pairwise upon Dunn
propria, and reduced goblet cell count (Figures 1d, ¢). testing. PCoA analysis did not reveal a distinct visual separation of
Histological scoring of inflammation severity in the intestine was  isolates by BSEM percentage, with the best view of the PCoA only

lowest in fish fed BSFM50 compared to those fed the Control, ~ representing 9.7% of the total variation (Supplementary Figure 1b).
BSFM75, and BSFM100 diets (P<0.05) (Table 8; Figure 1). ~PERMANOVA analysis of Bray-Curtis dissimilarities confirms that
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TABLE 5 Whole-body proximate and amino acid composition of juvenile red drum (Sciaenops ocellatus) fed experimental diets in an 8-week

feeding trial.

Control BSFM25 BSFM50 BSFM75 BSFM1

Crude protein* 6327 £ 3.62 60.83 + 3.25 64.41 + 2.44 65.00 + 0.15 62.53 + 4.53
Crude fat 1392 + 1.23 13.92 + 091 15.46 + 1.08 14.22 + 0.66 11.25 + 1.02
Crude fiber 0.59 +0.14 0.47 + 0.04 0.56 + 0.11 0.58 + 0.04 0.52 + 0.03
Ash 16.49 + 0.77 17.14 + 2.25 18.53 + 0.56 17.92 + 0.78 21.41 + 2.02
Essential amino acids

Arginine 3.62 + 0.21 3.82 027 3.88 +0.14 3.93 +0.12 3.82 +0.21
Histidine 1.22 £ 0.07 129+ 0.11 1.31 + 0.06 1.31 £ 0.06 1.23 +0.07
Isoleucine 240 +0.17 2.50 + 0.20 2,55+ 0.11 2.60 +0.13 246 + 0.15
Leucine 3.90 +0.25 4.09 +0.34 4.16 £ 0.17 423 +0.19 4.05 + 0.23
Lysine 4.54 + 0.30 4.77 + 0.39 4.86 + 0.19 493 +0.22 4.70 £ 0.29
Methionine 1.55 + 0.10 1.62 +0.13 1.65 + 0.06 1.68 + 0.07 1.61 + 0.09
Phenylalanine 217 +0.14 227 +0.18 2.31 + 0.09 2.35 +0.10 225+ 0.13
Threonine 234 +0.14 243 +0.18 2.46 + 0.09 2.52 + 0.09 243 +0.13
Tryptophan 0.62 + 0.05 0.60 + 0.05 0.62 + 0.02 0.64 + 0.02 0.64 + 0.03
Valine 2.70 + 0.17 2.82 022 2.89 +0.12 291 +0.13 2.77 £0.16
Non-essential amino acids

Alanine 3.89 + 0.21 4.05 + 0.28 4.12 +0.16 4.19 +0.11 4.10 £ 0.24
Aspartic acid 521 +0.32 5.43 + 042 5.52 +0.21 5.61 +0.22 5.43 + 0.30
Cysteinet 0.53 +0.03 0.55 + 0.05 0.57 + 0.02 0.55 + 0.02 0.55 + 0.04
Glycine 5.29 +0.29 5.48 +0.33 5.57 +0.27 5.62 +0.16 5.54 + 0.42
Glutamic Acid 7.84 + 048 8.24 + 0.65 8.40 + 0.30 8.54 +0.29 8.26 + 0.45
Hydroxylysine 0.14 + 0.02 0.14 % 0.01 0.13 + 0.01 0.15 + 0.01 0.16 + 0.02
Hydroxyproline 132 + 0.09 1.31 + 0.09 1.34 + 0.10 1.33 £ 0.09 133+ 0.13
Proline 278 + 0.15 2.88 +0.18 295+ 0.14 3.00 + 0.08 297 +0.21
Serine 1.97 +0.10 2.07 + 0.16 2.08 + 0.07 2.11 +0.04 2.08 + 0.10
Taurinet 0.36 + 0.03* 0.31 +0.03* 0.27 + 0.01*° 0.21 +0.01% 0.20 £ 0.01°
Tyrosinet 1.43 £ 0.11 1.59 +0.15 1.65 + 0.06 1.54 +0.08 1.49 + 0.08
Total amino acids 55.86 + 3.23 58.30 + 4.32 59.34 + 2.18 59.99 + 1.92 58.09 + 3.23

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM. W/W%= grams per 100 grams of sample. * Crude protein = %N x
6.25. T Conditionally essential amino acids. Results are means + SEM (n = 4) expressed on an “as is” basis unless otherwise indicated. Superscript letters indicate one-way ANOVA (p<0.05)

confirmed by Tukey post hoc test.

TABLE 6 Whole-body fatty acid profile expressed in pg/mg of juvenile red drum (Sciaenops ocellatus) fed experimental diets in an 8-week

feeding trial.

Fatty acids Control BSFM25 BSFM50 BSFM75 BSFM100

C12:0 0.02 + 0.03* 0.36 + 0.11° 1.19 +0.23° 1.74 + 0.27° 1.77 + 0.33¢

C13:0 0.02 + 0.01 0.02 + 0.00 0.03 + 0.00 0.02 + 0.00 0.02 + 0.00

C14:0 1.83 +0.22° 1.93 +0.16" 2.48 + 039" 1.99 + 0.28% 2.20 + 0.16®

C15:0 0.32 +0.11 0.37 % 0.09 0.39 + 0.05 0.33 + 0.05 0.22 + 0.07
(Continued)
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TABLE 6 Continued

10.3389/faquc.2025.1619878

Fatty acids Control BSFM25 BSFM50 BSFM75 BSFM100
C16:0 454 +0.74 428 + 0.66 5.80 + 0.70 483 +0.71 502 + 0.54
C17:0 0.24 % 0.07 0.27 + 0.07 0.30 + 0.04 0.25 + 0.04 0.18 + 0.05
C18:0 3.04 + 0.42° 3.36 + 0.49%° 3.97 +0.3° 3.30 + 0.16% 3.04 + 0.54°
C20:0 0.14 + 0.02 0.13 + 0.02 0.16 + 0.01 0.14 + 0.01 0.12 +0.01
C21:0 0.03 + 0.01 0.02 + 0.00 0.03 + 0.00 0.03 + 0.01 0.03 +0.01
C22:0 0.11 + 0.02 0.11 + 0.02 0.13 + 0.01 0.12 + 0.00 0.10 + 0.01
C23:0 0.02 + 0.01 0.02 + 0.00 0.02 + 0.00 0.02 + 0.01 0.01+ 0.00
C24:0 0.11 + 0.02 0.10 + 0.01 0.11 + 0.01 0.10 + 0.01 0.10 + 0.01
SSFAA 10.43 + 0.80° 10.98 + 1.43% 14.61 + 0.88° 12.86 + 0.59° 12.80 + 1.53%
Cl4:1 0.04 + 0.02 0.05 + 0.00 0.05 + 0.00 0.05 + 0.01 0.05 + 0.01
C15:1 0.06 + 0.01 0.07 + 0.02 0.07 + 0.01 0.07 + 0.01 0.05 + 0.01
Cl6:1 1230 £2.03 % 1336 £ 247 1532 +2.34° 12.02 + 1.15 % 9.57 +2.67°
C17:1 0.12 + 0.08 0.16 + 0.03 0.16 + 0.06 0.18 + 0.03 0.12 % 0.02
C18:1n-9 (Z) 3.90 + 1.05 ° 5.09 + 0.95 < 6.21 +0.94° 6.02 + 0.88 *° 5.64 + 121 *®
C18:1n-9 (E) 1.17 £ 048 ® 1.07 +0.15 ® 120 £ 030 0.93 + 026 0.54 + 0.07 °
C20:1 0.54 + 0.22 0.59 +0.13 0.65 + 0.10 0.63 +0.15 0.49 + 0.12
C22:1 0.10 + 0.01 0.10 + 0.01 0.10 + 0.02 0.08 + 0.01 0.05 + 0.05
C24:1 0.19 + 0.05 0.23 + 0.07 0.22 +0.03 0.18 + 0.03 0.16 + 0.06
S MUFA® 18.42 + 371 20.72 + 3.56 23.99 + 3.63 20.15 + 2.33 16.67 + 4.11
C18:2n-6 (LA) 261 +145° 3.44 + 051 % 6.19 % 0.58 *° 711+ 178°¢ 6.75 + 2.00 ¢
C18:3n-6 0.46 + 0.12 0.47 +0.13 0.52 + 0.05 0.43 + 0.08 0.31 + 0.06
C18:3n-3 (LNA) 138 +0.51 1.45 +0.52 152 +0.31 1.26 +0.39 0.75 + 0.25
C20:2n-6 0.21 + 0.08 0.26 + 0.04 0.31 + 0.05 0.29 + 0.04 0.27 + 0.04
C20:4n-6 (ARA) 0.80 +0.14 * 0.77 +0.12 * 0.77 + 0.08 * 0.57 +0.10 0.46 + 0.08 °
C20:3n-6 0.17 +0.02 0.16 + 0.02 *® 0.20 £ 0.03 ° 0.15 +0.03 *® 0.13 +0.03 °
C20:3n-3 0.25 + 0.08 0.34 + 0.08 0.31 + 0.06 0.29 + 0.06 0.27 + 0.08
C20:5n-3 (EPA) 568 +1.72° 575+ 1.75° 6.42 + 045 ° 494+ 110 278 +0.85°
C22:2n-6 0.13 + 0.03 0.14 + 0.03 0.14 + 0.04 0.14 + 0.01 0.14 + 0.05
C22:6n-3 (DHA) 6.00 + 1.47° 602 +128° 672 +126° 526 + 1.09 % 328 +0.85°
S PUFA® 17.70 + 545 18.80 + 4.12 23.10 + 2.69 2044 + 447 15.14 + 4.16
< n-3 PUFAP 1331 £3.67° 13.56 + 351 ° 14.97 +1.96 * 11.76 + 2.51 7.08 + 1.98°
% n-6 PUFA" 439+ 1.80° 524 +0.78 8.13+0.73° 8.69 + 197 ° 8.06 +221°
¥ SFA:X PUFA" 0.64 + 0.20 0.59 + 0.06 0.64 + 0.11 0.66 + 0.16 0.88 + 0.17
% n-3: £ n-6° 3.19 057 ° 2.58 + 0.46 1.84 +0.08 " 1.36 + 0.04 0.88 + 0.06

The diets have BSFM replacing 0% (Control), 25% (BSEM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM. Values are the means (pg/mg) of four fish from each of five
experimental groups with standard error of the mean (SEM). Different superscript letters designate significant (P < 0.05) differences. SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids. “Sum of all fatty acids without double bonds; ® Sum of all fatty acids with a single double bond; © Sum of all fatty acids with > 2 double bonds; ® Sum of

all n-6 fatty acids; © Ratio between the sum of all SFA and the sum of all PUFA. © Ratio between the sum of all n-3 and the sum of all n-6 fatty acids.
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TABLE 7 Best-fit regression models for growth parameters and amino and fatty acids with P and R2 values for diets with BSFM replacing 0% (Control),

25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM.

Growth parameter Regression Equation P R2
SGR Quadratic y=- 0.000113x> + 0.0032x +1.98 0.000 0.952
FCR Quadratic y= 0.0002x” - 0.01x + 2.09 0.000 0.949
PER Quadratic y = - 0.000070x> + 0.0029x +1.02 0.000 0.936
Final weight Quadratic y = - 0.15x” + 8.42x +2119.8 0.000 0.829
Essential amino acids
Methionine Quadratic y = - 12253.9x% + 21948.2x - 7507.2 0.000 0.833
Lysine Quadratic y=- 2580.4x% + 16380.1x — 23643.5 0.000 0.831
Threonine Quadratic y=- 27525.7x* + 97167.7x - 83376.9 0.000 0.830
Arginine Quadratic y=- 3207.5x> + 18863.2x — 25325.5 0.000 0.823
Leucine Quadratic y=- 10485.7x> + 68803.8x - 1105030.5 0.000 0.821
Isoleucine Quadratic y=- 36364.1x" + 148968.7x — 150260.4 0.000 0.803
Phenylalanine Quadratic y = - 72537.2x> + 280636.9x - 269117.0 0.000 0.760
Histidine - n/a ns -
Tryptophan - n/a ns -
Valine - n/a ns -
Fatty acids
C12:0 Quadratic y=- 24.58x" - 95.95x + 2218.09 0.000 0.829
EPA Cubic y=+ 26.15%° - 105.01x% - 45.34x + 2485.99 0.000 0.805
Zn3/n6 ratio Quadratic y=- 103.37x* + 195.53x + 2312.5 0.000 0.787
DHA Cubic y=+ 121.54x° - 281.11x” - 63.12x + 2453.68 0.000 0.767
X n-3 PUFA Cubic y=+ 3.12x% - 24.89%% - 20.50x + 2466.28 0.000 0.753
X SFA Quadratic y=- 24.16x* - 101.59x + 2211.51 0.000 0.747
LA Quadratic y=- 164.41x> - 219.08x + 2203.54 0.000 0.703
y = - 1683.58x° - 481.55x + 1607.63x
X n-6 PUFA Cubic +2741.49 0.003 0.568
y =+ 174837.2x° - 29084.2x” — 226.57x
ARA Cubic +2329.6 0.001 0.445
LNA Linear y =+ 196.11x + 2068.43 0.004 0.379

there were no differences in the overall microbiome between
treatments either overall (R2 = 0.070, Pseudo-F value = 1.04, and
p-value= 0.22) or pairwise.

The most common genera across all samples were Psudomonas
(12.3+/-17.6), Muribaculaceae (7.6+/-11.0%), Escherichia-Shigella
(4.9+/-5.7%), Vibrio (4.2+/-8.4%), Serratia (4.0+/-5.8%), and
Enterovibrio (2.84/-10.5%) (Figure 5). Of the genera that had a
relative percentage greater than 1% across all samples
Photobacterium (4.2x in BSFM25, 1.7x in BSFM50, 142.5x in
BSFM75, and 120.5x in BSFM100), Stenotrophomonas (3.0x, 1.7x,
7.4x, and 2.2x), Vibrio (2.4x, 14.8x, 4.9%, and 22.5x), Sphingomonas
(2.8x, 4.5x, 1.2x, and 3.5x), Bacteroides (1.7x, 2.4x, 1.1x, and 1.5x),
and Bacillus (1.6x, 1.7x, 1.5x, and 1.6x) were higher in all BSFM
diets compared to the Control diet (Supplementary Table 1,
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Supplementary Figures la, b). In contrast, Staphylococcus (4.4x,
5.7x, 1.8x, and 15.4x) and Marinobacter (2.2x, 5.6x, 2.6X, and 17.3x)
were higher in the Control diet than in all the BSFM diets.
ANCOMBC2 did not identify any differentially abundant genera
in any BSFM diets in comparison with the Control diet.

4 Discussion

The palatability of feed is a crucial factor when replacing FM
with alternative protein sources in diets. The chemosensory
properties of a new ingredient in formulated feeds will influence
consumption as less or unpalatable diets lead to increased waste
from uneaten feeds with clear negative impacts on operating costs
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TABLE 8 Histological scoring of the intestines and livers of juvenile red drum (Sciaenops ocellatus) fed experimental diets in an 8-week feeding trial.

Control BSFM25 BSFM50 BSFM75 BSFM100
Intestine
Inflammation severity 1.28 + 0.11° 0.89 + 0.08% 0.73 +0.01° 1.34 + 0.10° 1.53 + 0.11°
Serosa length (um) 6.37 +0.20° 6.58 +0.14° 6.51 +0.10° 7.71 £ 0.15° 7.78 + 0.20°
Muscularis length (um) 65.42 + 2.65 63.04 +2.21 72.67 + 2.60 70.76 + 2.11 66.40 + 3.54
Submucosa length (um) 83.84 +2.94 80.56 + 2.71 86.44 + 3.15 89.24 + 221 83.90 + 3.42
Lamina propria 75.68 + 3.72° 5229 + 2.11° 48.05 + 2.72¢ 47.11 + 1.80° 65.05 + 3.55°
width (um)
Mucosa width (um) 30.98 + 1.60° 2691 + 1.14° 3223 + 0.59* 25.66 + 1.08" 28.38 + 1.20°
Goblet cells/area 155.88 + 10.83° 112.54 + 5.42° 98.32 + 3.91° 68.89 + 6.06° 59.02 + 2.79°
Liver
Inflammation severity 0.40 + 0.07¢ 0.36 + 0.06° 0.74 + 0.08° 123 +0.09° 1.68 + 0.10°
Vacuole number 3372 + 212° 3014 + 98° 4276 + 158°° 4158 + 135% 4373 + 206"

The diets have BSFM replacing 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75), and 100% (BSFM100) of FM.

Superscript letters indicate significant defferences among experimental groups.

(Al-Souti et al., 2019). In this study, the palatability assessment of
the BSFM25 diet resulted in similar behavioral responses compared
to fish fed the Control diet. This indicates that the fish feeding
response towards diets formulated with BSFM (10.7 g/100g in diets)
replacing FM as a protein source showed an adequate
chemosensory response associated with feeding consumption. To

our knowledge, these results constitute the first report on the
palatability of feed with BSFM replacing FM in diets for red
drum. The palatability response to the BSFM50 diet suggests that
pellets containing BSFM at 21.4 g/100g in diets were less palatable
for red drum. This could be due to higher levels of saturated fatty
acids and off-flavor and odor-active compounds added with
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| | Bacillaceae; Bacillus

Bacteroidaceae; Bacteroides
Enterobacteriaceae; Escherichia-Shigella
| Enterobacteriaceae; Klebsiella
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FIGURE 5

Stacked bar charts of the genera that represented greater than 1% of the population across all samples separated by diet for diets with BSFM
replacing FM at 0% (Control), 25% (BSFM25), 50% (BSFM50), 75% (BSFM75) and 100% (BSFM100). Control is 100% fish meal while BSFM stands for
black soldier fly meal with the numbers next to it in each diet name representing the BSFM replacement percentage. Family/Genus is represented by
color with Other Prokaryotes containing the genera that represented less than 1% of the total population.
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increased inclusion of dietary BSFM, as reported in Huseynli et al.
(2023) (oft-flavor/odor-active compounds were not analyzed here).
Exploring methods to enhance diet palatability could be
worthwhile. It was curious, however, that this trend did not
continue, showing no difference in feed consumption recorded in
fish fed BSFM100 compared to the Control. This could be related to
the fish compensating for an imbalanced nutrient content, or less
digestible energy, in diets formulated with no FM. Observations of
the excessive hepatic vacuolization seem to support the suggestion
that there was decreased digestible energy for red drum that was
stored as lipids in the liver. Higher feed intake due to dietary
imbalances has been reported in several species, including gilthead
sea bream (Sparus aurata), Nile tilapia (Oreochromis niloticus), and
pirarucu (Arapaima gigas) (Mattos et al., 2016; Montoya et al., 2012;
Norambuena et al., 2012). Overall, as fish rely on their senses of
smell, taste, and sight to discriminate between feeds that provide
pleasant or unpleasant chemosensory feedback associated with
eating, it is paramount to evaluate the palatability of a new
ingredient when formulating aquafeeds.

In the feeding trial, BSFM replacing FM showed high final
weight in fish fed BSFM50 from 2 weeks onwards, indicating that
BSFM up to 21.4 g/100g is feasible in diets for red drum as an
alternative protein source (Figure 4). By the end of the 8-week
feeding trial, the growth parameters showed that the BSFM25
treatment (10.7 g/100g in diet) led to similar growth and feeding
efficiency compared to the Control. It should be highlighted that
most of the total amino acids in the BSEM25, BSEM50, BSEM75,
and BSFM100 diets were numerically lower than in the Control diet
(Table 2), which may explain the lower growth in fish fed increasing
dietary inclusions of BSFM. Accordingly, Yamamoto et al. (2022)
demonstrated that red drum had similar growth when fed a FM-
based control diet compared to a diet replacing 65% of FM with
BSFLM (10.0 g/100g in diet) (when the larvae were fed a Gainesville
diet), but the diets were supplemented with essential amino acids
and taurine. Moreover, another study showed that it was possible to
completely replace FM when using a mixture of animal and plant-
based proteins, but essential amino acids were supplemented,
including taurine (Suehs and Gatlin, 2022). Velasquez et al.
(2015) found that adding 1% of taurine to red drum diets
significantly improved growth when fed a plant-based diet when
either extruded or cold pelleted. In this study, taurine was not
supplemented, which was reflected in both decreasing dietary and
whole-body taurine levels in the red drum fed diets with increasing
BSEM inclusions. Thus, it may be possible that higher inclusions of
BSEM are possible if amino acids are supplemented in the red drum
diets. However, there are indications that the reduced growth in the
red drum may also have been due to some adverse histopathological
changes to their internal organs.

Some studies have shown that BSFM can cause hepatic
vacuolization as observed in zebrafish (Danio rerio) (Cardinaletti
et al., 2019; Zarantoniello et al., 2020) and rainbow trout (Randazzo
et al., 2021) and, in some cases, inflammation and localized
necrosis/hemorrhaging, as observed in Jian carp (Cyprinus carpio)
(Li et al., 2017) and largemouth bass (Fischer et al., 2022). In this
study, the most obvious pathology was hepatic vacuolization,
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especially in fish fed the BSFM100 diet, which was likely due to
excessive lipid accumulation. In particular, coalescing lipid vacuoles
and early fibrotic tissue appeared in the livers of fish fed BSFM75,
followed by severe vacuolization and hepatocyte degeneration in
those fed BSFM100. The main fatty acid within BSFM is lauric acid
(C12), which substantially increased with increasing dietary BSFM
inclusions that eventually became seven-fold higher in the whole
bodies of red drum fed the BSFM100 diet compared to the Control.
This finding is consistent with those in rainbow trout (Cardinaletti
et al., 2019; Bruni et al.,, 2020; Randazzo et al., 2021) and in red
drum (Yamamoto et al.,, 2022). Thus, it appears that red drum are
unable to adequately process such high levels of dietary lauric acid
and thus, it is stored in the liver. Excessive dietary chitin within
BSFLM may have acted as an ANF (Kroeckel et al., 2012), and some
of the suggested actions include decreasing bile production and thus
reducing the efficiency of lipases (Weththasinghe et al., 2021). Even
low chitin inclusion levels of 1% reduced feed intake and growth in
Atlantic salmon (Olsen et al., 2006). In this study, the BSFL were
harvested during early to mid-developmental stages, when chitin
content is relatively low (data not analyzed), to produce the BSFM
protein. However, more research is required to evaluate the
responses of red drum to BSFL-derived chitin.

Generally, the lipid composition of the fish reflects that of the
diets (Turchini et al., 2009), which was similarly the trend in this
study. The results in this study showed that EPA, DHA, and X n-3
PUFA levels (Table 6) were similar in fish fed BSFM25 and BSFM50
compared to those in fish fed the Control diet. This indicates that
including BSFM as a protein alternative up to 21.4 g/100g in diets
for red drum maintains high levels of EPA, DHA, and X n-3 PUFA,
beneficial for human consumption (Young, 2009). The results
showed that most whole-body fatty acid profiles reflected the fatty
acid profile of the experimental diets, as previously reported in red
drum (Yamamoto et al., 2022). An accumulation of saturated fatty
acids (X SFA) and reduced concentration of LC-PUFA was
observed in fish fed increasing levels of BSFM (Table 6), as also
reported in Nile tilapia, rainbow trout, and meagre (Argyrosomus
regius) when fed increasing levels of BSFM in diets (Agbohessou
et al., 2021; Guerreiro et al., 2020; Renna et al., 2017).

Lauric acid is characteristically high in BSFM, and in animals,
lauric acid has antimicrobial and anti-obesity properties that can
potentially enhance post-harvest quality and provide health benefits
to the consumer (Alfhili and Aljuraiban, 2021). The results in this
study showed that lauric (C12) acid content in the whole-body
analyses increased with increasing BSFM levels in the diets, with the
highest values in fish fed BSFM75 and BSFM100. Previous
investigations reported species-specific responses, with Atlantic
salmon rapidly utilizing lauric acid for energy (Belghit et al,
2019) while rainbow trout and largemouth bass stored it in
muscle and the liver (Bruni et al., 2020; Fischer et al., 2022).
Overall, the intestines of fish fed BSFM50 were observed, and
scoring indicated a better condition compared to the other
treatments, possibly due to the health benefits of lauric acid, as
previously reported by Kumar et al. (2021) and Randazzo et al.
(2021). There were, however, trends that consistently changed with
increasing BSFM inclusions, such as the goblet cell count. The
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goblet cell count decreased with increasing dietary levels of BSFM,
with the lowest values in fish fed BSFM75 and BSFM100. A
reduction in goblet cells could be indicative of insufficient or
imbalanced amino acid or fatty acid nutrients required for mucin
synthesis and epithelial maintenance (Seo et al., 2022). This mucus
secretion enhances intestinal lubrication, motility, and digestion,
thus making the goblet cell count an indicator of gut health (Seo
et al., 2022). Overall, it appeared that red drum fed the Control,
BSFM25, and BSEM50 diets showed similar intestinal structures,
with intact mucosal folds and goblet cell distribution. However,
inflammation and tissue alterations were observed in BSFM75, with
compressed folds and lymphocyte aggregation, while BSFM100
showed edema and a low number of goblet cells, demonstrating
an increased inflammatory response.

The intestinal health of fish is greatly influenced by the
microbiome, which can either aid in digestion and produce
beneficial byproducts or others that are pathogenic and can
produce toxins (Xiong et al., 2019). In this study, the microbiome
did not have any overall differences across BSFM diets in either
alpha diversity (Shannon’s) or beta diversity (Bray—Curtis), which is
in contrast to results of Yamamoto et al. (2022) when red drum
were fed diets where 65% of FM was replaced by BSFM. Alpha
diversity differences between experimental diets with BSFM are not
consistent in the literature, with some studies reporting only one
alpha metric (Yamamoto et al., 2022) while others reported higher
alpha diversity (Oktay et al., 2024). Although ANCOMBC2 did not
identify any differentially abundant genera, there were patterns that
could be explored based on the Control and across all BSFM diets.
Thus, Yamamoto et al. (2022) identified distinct shifts in intestinal
microbiota composition depending on the BSFM substrate.
Streptococcus and Flavobacterium were more abundant in the
control group, while a higher percentage of Lactobacillus and
Corynebacterium appeared in fish fed BSEM from larvae reared
on spent brewer’s grain. Actinomyces, Enterococcus, Gracilibacillus,
and Oceanobacillus were higher in fish fed BSFM from larvae raised
on the Gainesville substrate. None of these genera had similar
patterns in this study, which is consequential considering the
salinity differences between the brackish water used in the study
by Yamamoto et al. (2022) compared with the higher salinity of 29.9
ppt in this study. This is consistent with Bradshaw et al. (2023), who
described microbial changes between increasing raring salinity
conditions in Florida pompano. Photobacterium, Vibrio, and
Bacillus, which are consistently found in fish gut microbiomes
(Ghanbari et al., 2015), were also significantly higher in the gut
microbiome of red seabream (Pagrus major) in BSFM samples in
comparison to their control samples (Oktay et al., 2024). This study
also found that there were higher Paenibacillus and Oceanobacillus
levels in the BSFM samples. Bacillus is a well-known probiotic that
has been associated with immune stimulation and improved disease
resistance in various fish species (Ma et al., 2022; Oktay et al., 2024).
Both Vibrio and Photobacterium are associated with chitinase and
some of their species are considered fish pathogens, while
Photobacterium is further associated with lipase (Gomaa, 2021;
Labella et al, 2018; Oktay et al., 2024). Stenotrophomonas has a
limited nutritional spectrum and is a nitrate reducer whose type
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species (S. maltophilia) is a human pathogen and is typically found
in the soil environment, but can also produce chitinase and lipase
(Palleroni and Bradbury, 1993; Ryan et al., 2009). While many of
the genera that were found to be exclusively higher in fish fed BSFM
diets may contribute to digestion by producing digestive enzymes,
some are also linked to pathogenesis in fish.

It can be difficult to determine the cause(s) for lower growth,
and thus statistical analyses were run to potentially detect any
relationships. Polynomial regression described the relationship
between growth, amino, and fatty acids and the R value
accounting for the degree of change due to BSFM replacing FM
in experimental diets (Table 7). The R? values for SGR, FCR, and
PER appeared compellingly high, indicating that the variables
analyzed are well-suited with relatively little variation attributable
to factors other than increasing dietary levels of BSFM. Similar
occurrences were found for the amino acids and fatty acids in
quadratic terms with convex (>0) and concave (<0) shapes,
indicating synergy or independence among the factors,
respectively. It should be acknowledged that a high correlation
between variables does not mean causation. Overall, these
polynomial models can help feed formulators establish multiple
correlations, integrating amino acids and fatty acids to optimize
growth while achieving higher R? values by balancing protein and
fat from diverse sources in varying proportions.

5 Conclusions

This study provided new data on the optimal inclusion levels of
BSEM, which found that BSFM can replace 25% of FM based on the
growth performance, feeding efficiency, and acceptable palatability
in red drum. However, these results were negatively impacted when
BSFM replaced 50% or above of FM, which was likely due to a
combination of deficiencies in dietary amino acids and deleterious
changes to the liver and intestinal histopathology that indicate
reduced nutrient utilization. Overall, BSEM proved to be a viable
alternative protein source, although ways to increase the nutrient
load of BSFL to meet the needs of red drum and the influence of
chitin on the intestinal microbiome and histopathology should
be explored.
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