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Simple Summary

The high cost and limited availability of fish meal (FM) have driven the search for alternative
protein sources in aquafeeds. FM in the diet of olive flounder (P. olivaceus) was therefore
partially (10% FM protein, being equivalent to 22.2% of FM) replaced with tuna by-product
meal (TBM), black soldier fly (Hermetia illucens) larvae meal (BSF), fermented soybean
meal (FSB), and their two combinations (TBM and BSF or TBM and FSB = 1:1) to investigate
their effects on growth, feed utilization, and economic efficiency. Fish fed the TBM diet had
comparable weight gain, specific growth rate, feed consumption, and feed efficiency to those
fed the Con diet, while fish receiving these diets outperformed fish receiving the BSF, FSB,
and two combined diets. The dietary treatments exhibited no significant effects on the blood
chemistry, proximate composition, and amino and fatty acid profiles of the fish, except
for C12:0, C18:0, and C22:1n-9. The Con and TBM diets produced a significantly higher
economic profit index than all other diets. Conclusively, TBM was the best-performing
alternative protein source for FM among the five tested formulations at 10% FM protein
replacement in a 45% FM-based diet of olive flounder.

Abstract

Fish meal (FM) remains a primary protein source in aquafeeds; however, its high cost
and limited availability necessitate the exploration of alternative protein sources. This
study, thus, investigates the effects of replacing 10% FM protein, equivalent to 22.2% of
FM, with tuna by-product meal (TBM), black soldier fly (Hermetia illucens) larvae meal
(BSF), fermented soybean meal (FSB), and their two combinations in diets on the growth,
feed utilization, and biochemical composition of olive flounder (P. olivaceus), as well as on
economic efficiency. A total of 450 juveniles averaging 10.3 g were randomly distributed
into 18 300 L flow-through tanks (25 juveniles per tank). In the control (Con) diet (45%
FM-basal), 10% FM protein was replaced with TBM, BSF, FSB, or a combination of TBM
and BSF or TBM and FSB at a 1:1 ratio, referred to as the TBM, BSF, FSB, CTB, and CTF diets,
respectively. Each experimental diet was randomly allocated to three replicate groups of
fish. The fish were hand-fed to apparent satiation twice daily for 12 weeks. The weight gain,
specific growth rate, feed consumption, and feed efficiency of fish fed the TBM diet were
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comparable to those fed the Con diet, but significantly higher than those fed the BSFE, FSB,
CTB, and CTF diets. The protein efficiency ratio of fish fed the TBM diet was significantly
higher than that of fish fed the FSB diet. The protein retention of fish fed the TBM diet was
significantly higher than that of fish fed the FSB and CTF diets. The condition factor of
fish fed the Con and TBM diets was significantly higher than that of fish fed all other diets.
In contrast, dietary treatment had no significant influence on the viscerosomatic index,
hepatosomatic index, blood chemistry, proximate composition, and amino acid profiles of
the fish. The economic conversion ratio was the lowest in the TBM diet, while the Con and
TBM diets led to a significantly higher economic profit index than all other diets. Among
the five tested formulations, thus, TBM was the best-performing substitute for FM when
10% FM protein was replaced in a 45% FM-basal diet of olive flounder.

Keywords: fish meal substitution; alternative protein source; fishery by-product meal;
combination of animal and plant protein sources; PCA; sustainable aquaculture

1. Introduction

Olive flounder (P. olivaceus), a highly esteemed flatfish across Eastern Asia, particularly
in Korea, inhabits the coastal waters of the northwest Pacific, spanning from the South
China Sea to the Kuril Islands [1]. Initially, it predominantly consumes mysid crustaceans
during its larval and juvenile phases, thereafter shifting to a piscivorous diet, adeptly
preying on small wild fish as it matures in the wild [2]. In 2024, the aquaculture of olive
flounder achieved a yield of approximately 40,125 metric tons (MT), representing 49%
of total aquaculture production and an estimated value of 684 billion KRW in Korea [3].
Aquaculture of this species is increasingly adopted owing to its desirable flavour, robust
growth, adaptability to variable culture environments, resilience against pathogens, and
high market demand [4,5]. Dietary protein requirements for olive flounder vary from 40%
to 60%, contingent upon life stages [2], with fish meal (FM) constituting approximately
50-70% of the diet [6]. Feed expenditure can represent up to 70% of the total cost in
aquaculture, with high FM inclusion being a significant cost driver [7]. FM is highly
digestible and palatable, providing indispensable amino acids (IAAs), long-chain n-3
fatty acids, essential vitamins, and bioavailable minerals, thus serving as a cornerstone of
aquafeeds [8]. Nevertheless, the escalating demand from global aquaculture expansion,
coupled with the limited and fluctuating supply of FM, has substantially increased its
cost. This situation underscores the urgent need to look for alternative protein sources
that are economically viable, environmentally sustainable, and consistently available year-
round [8,9].

Seafood by-product meal is emerging as a sustainable and economically viable alter-
native to FM in aquafeeds [10]. Tuna by-product meal (TBM), consisting of tuna heads,
bones, viscera, blood, skin, fins, and residual flesh from the canning industry, is widely
adopted in aquafeeds, effectively repurposing the substantial waste (up to 65-70%) stream
generated by tuna processing [11]. TBM exhibits relatively high levels of crude protein and
lipid content, functioning as an effective partial or complete substitute for FM in various
carnivorous fish species, such as rockfish (Sebastes schlegeli) [12,13], red sea bream (Pagrus
major) [14], and spotted rose snapper (Lutjanus guttatus) [15].

In recent years, insect meal has gained prominence and recognition as a viable alter-
native to FM in aquafeeds, due to its capacity to convert organic food waste into valuable
protein ingredients for aquaculture [16,17]. Black soldier fly (Hermetia illucens) larvae
meal (BSF) features excellent nutritional value, high digestibility, and a reduced ecological
footprint, making it a viable and high-performing substitute for conventional FM [18] in
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various carnivorous fish species including Atlantic salmon (Salmo salar) [19], barramundi
(Lates calcarifer) [20], Japanese seabass (Lateolabrax japonicus) [21], turbot (Scophthalmus
maximus L.) [22] and tongue sole (Cynoglossus semilaevis) [23].

Fermentation is an environment-friendly and cost-effective processing method, ben-
efiting aquaculture sustainability [24,25]. Fermented soybean meal (FSB) is a processed
form of soybean meal, where microbes break down harmful compounds and modify com-
plex macromolecules, which ultimately enhances nutrient quality into a more digestible
functional ingredient [26]. Fermentation generally improves soybean meal by reducing
anti-nutritional factors (ANFs), such as phytic acid, trypsin inhibitors, glycinin, and -
conglycinin, while simultaneously improving digestibility, protein quality, and palatabil-
ity [27,28]. FSB has been recognized as an alternative to FM in several carnivorous fish
species, such as black seabream (Acanthopagrus schlegelii) [29], coho salmon (Oncorhynchus
kisutch) [30], largemouth bass (Micropterus salmoides) [31,32], and pompano (Trachinotus
ovatus) [33].

Substituting high levels of FM with alternative protein sources often diminishes feed
palatability, reduces voluntary feed intake, and eventually deteriorates the growth perfor-
mance of fish [34,35]. Specifically, at elevated levels of FM substitution with an alternative
animal protein or plant protein, fish diets often fail to meet the IAA requirements due to the
limited IAA profiles of this single source [36,37]. Arginine, lysine [38] and methionine [39]
among IAAs are likely to be lacking or deficient when excessive FM is replaced with an
alternative protein source in aquafeeds. However, a partial replacement of FM with an
alternative protein source in aquafeeds can help to maintain the nutritional adequacy of
a diet while reducing reliance on FM as well as facilitating an assessment of the biolog-
ical responses of fish to an alternative source [40]. Therefore, selections of appropriate
ingredient combinations and amino acid balances are important considerations during diet
formulation with alternative protein sources for FM.

The substitutability of FM protein up to 18% was achieved by fermented TBM [41] in a
7-week feeding trial and FSB [42] in an 8-week feeding trial in the 60% FM-basal diets of olive
flounder (mean initial weight of 12.6 g and 11.9 g, respectively). In addition, FM protein
replacement up to 10% with full-fat BSF was feasible in practical diets formulating a 45%
FM-basal diet of olive flounder (mean initial weight of 34.3 g) in a 15-week feeding trial [43].
Although these findings indicated the substitutability of FM protein at a moderate level,
the differences in dietary formulation and basal FM levels adopted would disturb direct
comparison in the efficacy of these alternative protein sources as well as their applicability
in the practical diets of olive flounder. In addition, the application of combined alternative
protein sources as an FM replacer rather than a single alternative protein source in aquafeeds
can improve their substitutability because the combined protein source compensates for
deficient nutrients in a single protein source [44]. Furthermore, combining alternative
protein sources increases the palatability of the diets, which leads to enhanced growth
performance and feed consumption (FC) by fish [45,46].

However, the substitutability of FM protein with a single alternative protein source
including TBM [41], BSF [43], and FSB [42] at a moderate level have been investigated in
diets of olive flounder by evaluating growth, feed utilization, and physiological responses.
The combined use of these single alternative protein source and their associated economic
analysis in the same experimental system remain limited. This study, therefore, aims to
assess the effects of these three alternative protein sources and their two combinations at a
partial replacement level in practical diets on the growth, feed utilization, and biochemical
composition of olive flounder, and economic analysis.
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2. Materials and Methods
2.1. Experimental Design

Juvenile olive flounder of similar size, bought from a hatchery (Tongyeong-si,
Gyeongsangnam-do, Korea), were transferred to the Institute of Ocean Science Education
(Marine Research Unit, building 4), Gangneung-Wonju National University (Gangneung-si,
Gangwon-do, Korea), in accordance with established protocols. Initially, the fish underwent
a 10-day acclimation period in a 5-ton circular flow-through water tank with a volume of
3.5 tons. The fish were fed a commercial extruded pellet (crude protein: 56%; crude lipid:
8%) (National Federation of Fisheries Cooperatives Feed, Uiryeong-gun, Gyeongsangnam-
do, Korea) twice daily at a ratio of 2-3% of total biomass throughout the acclimation period.

Subsequently, 450 robust juveniles (initial body weight of 10.3 &+ 0.00 g, mean * SE)
were randomly allocated to 18 300 L circular flow-through tanks (water volume of 250 L),
stocked at 25 fish per tank. The tanks were supplied with a mixture of underground and
sand-filtered seawater (1:1 ratio) at a flow rate of 4.2 L min~!, with continuous aeration.
Natural photoperiods (12 h light: 12 h dark) were maintained throughout the experimental
period.

Water quality was routinely monitored once a day using a digital metre (AZ-8603;
Taichung, Taiwan). During the feeding trial, water temperature, dissolved oxygen, salinity,
and pH averaged 20.1 + 1.49°C, 7.1 + 0.55 mg L™, 32.5 + 0.60 %0, and 7.1 * 0.32, respectively
(mean * SD). Uneaten feeds were not collected. The tanks were syphoned daily to remove
accumulated wastes and maintain suitable water conditions.

2.2. Experimental Diets

Six isoproteic (57.5%) and isolipidic (10.5%) diets were prepared to fulfil the nutritional
requirements of olive flounder [47,48] (Table 1). The control (Con) diet contained 45% FM
(sardine and anchovy meal = 1:1) with 12% soybean meal, 4.5% wheat gluten, 5.5% soy
protein concentrate, 8% tankage meal, and 4.5% poultry by-product meal as the protein
sources [49,50]; 3.8% starch and 7% wheat flour for the carbohydrate sources; and 4.3% fish
oil as the lipid source. In the Con diet, 10% FM protein (equivalent to 22.2% of FM) was
replaced with TBM, BSF, and FSB as a single protein source, and combined TBM and BSF or
TBM and FSB at a ratio of 1:1, named the TBM, BSF, FSB, CTB, and CTF diets, respectively.
All diets were assigned to triplicate groups of fish.

Table 1. Ingredients and chemical composition of experimental diets (%, dry matter basis).

Experimental Diets

Con TBM BSF FSB CTB CTF
Ingredients (%)
Fish meal ! 45.0 35.0 35.0 35.0 35.0 35.0
Tuna by-product meal ? 11.6 5.8 5.8
Black soldier fly larvae meal 3 13.6 6.8
Fermented soybean meal * 11.1 5.5
Soybean meal 12.0 12.0 12.0 12.0 12.0 12.0
Starch 3.8 23 1.1 1.9 1.7 2.1
Wheat flour 7.0 7.0 7.0 7.0 7.0 7.0
Wheat gluten 4.5 4.5 4.5 4.5 4.5 4.5
Soy protein concentrate 55 55 55 55 55 5.5
Tankage meal 8.0 8.0 8.0 8.0 8.0 8.0
Poultry by-product meal 4.5 4.5 4.5 4.5 4.5 4.5

https://doi.org/10.3390/ani16213538


https://doi.org/10.3390/ani16213538

Animals 2026, 16, 3538

5of 24
Table 1. Cont.
Experimental Diets
Con TBM BSF FSB CTB CTF
Fish oil 43 42 3.4 51 3.8 47
Lecithin 0.5 0.5 0.5 0.5 0.5 0.5
Betaine 1.0 1.0 1.0 1.0 1.0 1.0
Taurine 0.5 0.5 0.5 0.5 0.5 0.5
Monocalcium phosphate 0.7 0.7 0.7 0.7 0.7 0.7
Vitamin premix ° 1.0 1.0 1.0 1.0 1.0 1.0
Mineral premix © 1.0 1.0 1.0 1.0 1.0 1.0
Vitamin C 0.1 0.1 0.1 0.1 0.1 0.1
Vitamin E 0.1 0.1 0.1 0.1 0.1 0.1
Choline 0.5 0.5 0.5 0.5 0.5 0.5
Nutrients (%)
Dry matter 96.5 95.8 95.8 96.0 96.3 96.0
Crude protein 57.7 57.1 56.9 56.8 57.9 57.9
Crude lipid 10.8 10.8 10.5 10.6 10.9 10.7
Ash 11.2 10.9 12.1 9.7 11.6 10.6
Carbohydrate ” 20.3 21.2 20.5 229 19.6 20.3
0.2% pepsin digestibility (%) 93.3 93.3 90.6 92.9 92.6 93.3

! Fish meal [FM (sardine and anchovy meal = 1:1): crude protein (CP) 73.3%, crude lipid (CL)
8.6%, and ash 15.0%] was imported from Chile. 2 Tuna by-product meal (TBM: CP 63.1%, CL 8.5%,
and ash 20.3%) was purchased from Woojin Feed Ind. Co. Ltd., Incheon Metropolitan City, Korea.
3 Black soldier fly larvae meal (BSF: CP 53.9%, CL 12.8%, and ash 24.9%) was supplied by CIEF
Co. Ltd., Gimge, Jeonbuk, Korea. * Fermented soybean meal (FSB: CP 65.7%, CL 0.5%, and ash
5.9%) was bought from CJ CheilJedang, Seoul Metropolitan City, Korea. ® Vitamin premix (g kg™
mix): DL-a-tocophyryl acetate, 18.8; L-ascorbic acid, 121.2; thiamine hydrochloride, 2.7; pyridoxine
hydrochloride, 1.8; riboflavin, 9.1; niacin, 36.4; myo-inositol, 181.8; Ca-D-pantothenate, 12.7; D-biotin,
0.27; p-aminobenzoic acid, 18.2; folic acid, 0.68; menadione, 1.8; cholecalciferol, 0.003; retinyl acetate,
0.73; and cyanocobalamin, 0.003. ® Mineral premix (g kg~! mix): NaH,PO,2H,0, 370.0; MgSO,7H,0,
80.0; ZnSO,7H,0, 20.0; ferric citrate, 40.0; CuCl, 0.2; Ca-lactate, 356.5; AlCl,6H,0, 0.15; KI, 0.15;
MnSO,H,0, 2.0; Na,Se, 05, 0.01; and CoCl,6H,0, 1.0. 7 Carbohydrate was calculated by the difference
[Carbohydrate = 100 — (CP + CL + ash)].

All feed ingredients were meticulously mixed with water (3:1 weight ratio), extruded
into 3 mm pellets using a vertical mixer (B20GA; Eben Commerce, Ansan-si, Gyeonggi-do,
Republic of Korea) and a pelleting machine (SMC-32; SL Company, Incheon Metropoli-
tan City, Republic of Korea), dried at 45 °C for 24 h, and kept at —20 °C until feeding.
Throughout the 12-week feeding trial, juvenile olive flounder were hand-fed carefully to ap-
parent satiation twice daily (08:00 and 16:00), allowing sufficient time for consumption and
minimizing feed waste, ensuring consistent feeding conditions and allowing for accurate
comparison of growth performance across dietary treatments.

2.3. Evaluation of Performance of Olive Flounder

At the end of the 12-week feeding trial, all surviving fish were fasted for 24 h and then
anesthetized using an immersion bath containing tricaine methanesulfonate (50 mg L!).
Afterwards, the weight gain (WG) of all live fish in each tank was collectively weighed.
The growth performance, biological indices, and feed utilization of fish were calculated
according to Sim and Cho’s study [37] as follows: WG (g fish~!) = final weight of fish (g)
— Initial weight of fish (g), specific growth rate (SGR, % day~') = [Ln final weight of fish
(g) — Ln initial weight of fish (g) ] x 100/days of the feeding trial (84 days), feed efficiency
(FE) = [total final weight of fish (g) — total initial weight of fish (g)]/total FC (g), protein
efficiency ratio (PER) = WG of fish (g) /protein consumption of fish (g), protein retention
(PR, %) = protein gain of fish (g) x 100/protein consumption of fish (g), condition factor
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(CF, g em~%) = body weight of fish (g) x 100/total length of fish (cm)?, viscerosomatic index
(VSIL, %) = viscera weight of fish (g) x 100/body weight of fish (g), and hepatosomatic
index (HSI, %) = liver weight of fish (g) x 100/body weight of fish (g). The biological
indices of fish including CF, VSI, and HSI were determined using ten randomly selected
fish from each tank.

2.4. Evaluation of Blood Chemistry of Olive Flounder

Blood was collected using a 1 mL syringe pre-coated with heparin from the caudal vein
of five randomly selected anesthetized fish from each tank. Plasma samples were prepared
by centrifuging whole blood at 2700x g at 4 °C for 10 min, after which the supernatant was
transferred and kept in a deep freezer at —70 °C for further analysis. Subsequently, plasma
biochemical parameters were quantified utilizing an automated dry-chemistry analyzer
(FUJI DRI-CHEM NX500i; Fujifilm Corp., Tokyo, Japan). The parameters included aspartate
aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP),
total bilirubin (T-BIL), total cholesterol (T-CHO)), triglyceride (TG), total protein (TP), and
albumin (ALB). Serum samples were collected following the identical protocol used for
plasma samples via a syringe (without pre-coated heparin). Following, superoxide dismu-
tase (SOD) was measured using an ELISA Kit (MBS705758; MyBiosource Inc., San Diego,
CA, USA) [37] and lysozyme (LYZ) activity was measured using a validated turbidimetric
assay [51].

2.5. Evaluation of the Biochemical Composition of the Experimental Diets and Fish

The proximate composition of the homogenized experimental diets, initial fish (n = 10)
prior to the experiment, and remaining fish (>13 individuals per tank) were analyzed
following standard AOAC protocols [52]. For instance, moisture content was measured by
drying the samples in a forced-air convection oven (LDO-250F; Dalhan Labtech Co., Ltd.,
Namyangju-si, Gyeonggi-do, Republic of Korea) at 105 °C for 6 h in the case of the dry
samples and 24 h for the wet samples. Crude protein was quantified via the Kjeldahl method
using a Kjeltec™ 2100 distillation unit (Foss, Hillered, Denmark). Crude lipid was extracted
utilizing the Soxtec™ 2043 system (Foss, Hillered, Denmark). Ash content was measured
by incinerating the samples in a muffle furnace (MF-14; Han Yang Scientific Equipment
Co. Ltd., Seoul Metropolitan City, Republic of Korea) at 550 °C for 4 h. The in vitro pepsin
digestibility of the experimental diets was analyzed according to AOAC official method
971.09 [53], by digesting the sample in 0.2% pepsin hydrochloric acid solution, and then
filtering the residue through No. 2A filter paper to obtain the crude protein via an auto
Kjeldahl apparatus (kjeltec™ 8400, Foss, Hillerad, Denmark) and calculated as: digestibility
(%) = [initial protein (%) — residue protein (%)] x 100/initial protein (%).

Amino acids, excluding tryptophan, were quantified by using an automated amino acid
analyzer (Hitachi L-8800; Tokyo, Japan). For hydrolysis, 0.2 g of the sample was placed in a
sealed tube with 30 mL of 6 M HCl, purged with nitrogen, and heated at 110 °C for 24 h. After
hydrolysis, the solution was filtered through a 0.45 pm nylon syringe filter prior to analysis.
Tryptophan was assessed distinctly via high-performance liquid chromatography using
Sykam 51125 (Sykam GmbH, Germany) under conditions optimized for its preservation
and detection.

Fatty acid compositions were determined by comparing sample profiles to a certified
FAME standard (FAME mix CRM47885; Supelco™, St. Louis, MO, USA). Total lipids were
extracted by applying a 2:1 (v/v) chloroform—methanol solvent system, in accordance with
the classical Folch method widely recognized for its high lipid recovery efficiency [54]. The
isolated lipids were then methylated using 14% boron trifluoride in methanol. Gas chromato-
graphic separation and quantification of fatty acid methyl esters were performed using an
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Agilent HP 6890 system endowed with a capillary column (SP-2560; 100 m x 0.25 mm i.d.,
0.20 pm film thickness; Supelco™, St. Louis, MO, USA). Each fatty acid was pinpointed by
contrasting its chromatographic retention time against that of known standard compounds.

2.6. Economic Evaluation of the Trial

The economic conversion ratio (ECR) and economic profit index (EPI) of the study
was conducted according to Martinez-Llorens et al. [55]: ECR (US$ kg~!) = FC of fish
(kg fish™1) /WG (kg fish™!) x diet price (US$ kg~!) and EPI (US$ fish—!) = [final weight
(kg fish~!) x fish sale price (US$ kg=!)] — [ECR (US$ kg~!) x WG (kg fish~1)]. The unit
prices of the feed ingredients used for diet formulation were recorded as follows (US$ kg~!;
US$ 1 = 1450 KRW): FM 2.21, TBM 1.17, BSF 3.10, FSB 0.97, soybean meal 0.85, starch
3.19, wheat flour 0.46, wheat gluten 1.66, soy protein concentrate 0.83, tankage meal 0.83,
poultry by-product meal 0.80, fish oil 2.37, lecithin 4.83, betaine 7.59, taurine 3.59, mono
calcium phosphate 4.14, vitamin premix 7.14, mineral premix 5.74, vitamin C 6.07, vitamin
E 12.41, and choline 1.24. The diet costs were estimated by applying the market price of
each ingredient to its share in the diet formulation. The average selling value of fish was
calculated as US$ 13.80 kg~!.

2.7. Statistical Analysis

IBM SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA) was used to perform
the statistical analysis. Percentage values were exposed to an arcsine transformation prior
to analysis. The assumptions of homogeneity of variances and normality were assessed
using Levene’s test and Shapiro-Wilk tests, respectively. The tank was considered as the
experimental unit and tank means were used for inferential comparisons where appropriate.
Differences among dietary treatments resulting from the 10% substitution of FM protein
were evaluated by one-way analysis of variance (ANOVA). If any significant (p < 0.05)
effect was detected, Tukey’s HSD test was applied for multiple comparisons of means.
Principal component analysis (PCA) was additionally executed to summarize multivariate
patterns among dietary treatments and to illustrate variation in the parameters (growth,
feed utilization, biological indices, blood chemistry, proximate composition, amino acid
and fatty acid profiles of fish, and economic analysis). Furthermore, hierarchical cluster-
ing analysis (HCA) was applied to evaluate similarity relationships among the diets. All
exploratory multivariate analyses, including PCA and HCA, were performed, and cor-
responding plots, such as PCA biplots and HCA dendrograms, were generated through
OriginPro 25 (Northampton, MA, USA). During HCA, variable standardization, distance,
and the group average were set as Z scores, Pearson correlation, and clustering, respectively.

3. Results
3.1. Amino and Fatty Acid Profiles in the Major Protein Ingredients and Feeds

Leucine and lysine were the most abundant IAAs, while aspartic acid and glutamic
acid were the most abundant dispensable amino acids (DAAs) in the major protein sources
and the experimental diets (Table 2).

Total saturated fatty acid ()} SFA) and total monounsaturated fatty acid (3} MUFA)
in FM, TBM, and BSF were relatively higher than those in FSB (Table 3). However, eicos-
apentaenoic acid (EPA, C20:5n-3), docosahexaenoic acid (DHA, C22:6n-3), and total n-3
highly unsaturated fatty acid (}'n-3 HUFA) in FM and TBM were relatively higher than
those in BSF and FSB. Among the main protein ingredients, FM contained the highest
Y n-3 HUFA, which resulted in the highest Y n-3 HUFA in the Con diet. However, dietary
substitution of FM with FSB lowered > SFA and > MUFA in the FSB and CTF diets, while
dietary substitution of FM with TBM, BSF, FSB or their combinations lowered ) n-3 HUFA.
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Table 2. The amino acid profiles (% of the diet) of the main protein ingredients and the experimen-

tal diets.
Main Protein Ingredients Experimental Diets

Parameters Requirement

M TBM BSF FSB Con TBM BSF FSB CTB CTF
Indispensable amino acids (IAAs)
Arginine 4.08 3.63 2.28 4.52 2.04-2.101! 3.32 3.25 3.13 3.37 3.15 3.34
Histidine 1.69 2.01 1.36 1.56 1.27 1.27 1.19 1.24 1.22 1.25
Isoleucine 2.69 2.28 1.79 2.56 2.08 2.00 1.94 2.05 1.95 2.01
Leucine 5.01 4.15 2.92 4.00 3.92 3.78 3.65 3.86 3.71 3.80
Lysine 5.56 5.16 3.02 4.61 1.55-2.16 2 3.80 3.61 3.46 3.54 3.54 3.57
Methionine 1.13 1.47 0.71 1.10 1.44-1.493 1.20 1.22 1.03 1.14 1.09 1.16
Phenylalanine 2.78 2.39 1.85 2.87 2.26 221 2.13 2.30 2.15 2.23
Threonine 3.10 2.73 1.95 2.44 1.034 2.25 217 2.09 2.15 2.10 2.15
Tryptophan 1.14 1.00 1.10 1.21 0.52 0.52 0.49 0.54 0.51 0.52
Valine 3.37 291 2.58 2.89 1.77-1.895 2.54 2.43 2.36 2.43 241 2.42
YIAAC 3055 2773 1956  27.76 2316 2246 2147 2262 21.83 2245
Dispensable amino acids (DAAs)

Alanine 437 417 3.08 3.25 3.23 3.11 2.95 2.96 3.01 3.05
Aspartic acid 6.36 5.42 4.26 5.58 4.87 4.69 4.53 4.87 4.60 477
Cystine 1.24 0.67 0.58 1.30 0.77 0.76 0.70 0.76 0.73 0.75
Glutamic acid 9.05 7.55 6.07 9.15 8.37 8.24 7.92 8.69 8.06 8.33
Glycine 4.26 4.59 2.52 3.84 3.62 3.66 3.32 3.40 3.51 3.47
Proline 3.14 3.32 3.18 3.89 2.92 2.98 292 3.01 297 2.98
Serine 2.95 2.61 2.19 3.02 2.34 2.31 2.25 2.40 2.26 2.32
Tyrosine 1.84 1.37 2.45 2.85 1.35 1.30 1.61 1.39 1.49 1.56
Y DAA7 3321 2970 2433  32.88 2747  27.05 2620 2748  26.63 2723

In the main protein ingredients: FM, fish meal; TBM, tuna by-product meal; BSF, black soldier fly
larvae meal; and FSB, fermented soybean meal. In the experimental diets: Con, the 45% FM-basal diet;
TBM, 10% EM protein replacement with tuna by-product meal; BSF, 10% FM protein replacement with
black soldier fly larvae meal; FSB, 10% FM protein replacement with fermented soybean meal; CTB,
10% FM protein replacement with combined tuna by-product meal and black soldier fly larvae meal
(1:1); and CTF, 10% FM protein replacement with combined tuna by-product meal and fermented
soybean meal (1:1). ! Arginie [56]. 2 Lysine [57]. > Methionine [58].  Threonine [59]. ° Valine [60].
6 3"TAA: total indispensable amino acids. 7 Y’ DAA: total dispensable amino acids.

Table 3. The fatty acid profiles (% of total fatty acids) of the main protein ingredients and the
experimental diets.

Main Protein Ingredients Experimental Diets

Parameters
M TBM  BSF FSB Con TBM BSF FSB CTB CTF
C12:0 0.07 0.06 22.20 0.25 0.26 0.20 3.84 0.23 2.20 0.17
C14:0 6.18 4.74 4.44 0.30 3.21 2.90 3.59 2.68 3.05 2.69
C16:0 2234 2405 1675 1723 2200 2235 1766 18.02 1943 19.24
C18:0 3.72 4.30 4.31 4.80 5.23 5.51 5.55 5.69 5.44 5.32
C20:0 2.51 1.74 0.34 0.34 1.68 2.23 0.84 1.61 1.73 2.18
C22:0 0.22 0.44 0.06 0.46 0.18 0.13 0.20 0.21 0.14 0.19
Y SFA! 3504 3533 4810 2338 3256 3332 3168 2844 3199  29.79
Cl6:1n-7 6.53 5.21 297 0.33 591 4.78 4.25 2.57 4.52 4.10
C17:1n-7 1.08 1.13 0.24 0.06 0.54 0.71 0.19 0.09 0.45 0.41
C18:1n-7 1547 2037 2382 17.01 2345 26.02 25.3 21.3 2578 2313
C22:1n-9 0.07 0.11 0.15 0.00 0.26 0.28 0.32 0.20 0.30 0.20
C24:1n-9 0.63 1.05 0.00 0.00 0.02 0.04 0.05 0.06 0.04 0.05
> MUFA 2 2378 2787 2718 1740 30.18 31.83  30.11 2422 31.09 27.89
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Table 3. Cont.

Main Protein Ingredients Experimental Diets

Parameters
FM TBM BSF FSB Con TBM BSF FSB CTB CTF
C18:2n-6 4.54 3.15 17.84  30.56 12.9 1345 2639 3063 18.13  23.28
C18:3n-3 231 292 0.52 6.75 4.44 4.79 3.20 4.18 4.08 4.09
C20:2n-6 0.25 0.45 0.07 0.00 0.28 0.51 0.16 0.15 0.42 0.44
C20:3n-3 1.62 4.22 0.37 0.15 0.11 0.12 0.13 0.12 0.13 0.13
C20:4n-6 0.50 0.53 0.03 0.10 0.35 0.32 0.28 0.30 0.30 0.35
C20:5n-3 13.40 4.39 1.18 0.35 7.81 4.50 2.18 2.14 421 4.05
C22:5n-3 2.63 1.02 0.00 0.64 1.48 1.34 1.11 1.21 1.25 1.28
C22:6n-3 1215 13.21 0.02 0.08 9.29 9.23 4.07 8.05 7.82 8.07
Y n-3 HUFA 3 29.80  22.84 1.57 1.22 18.69  15.19 7.49 11.52 1341 13.53
Unknown 3.78 6.91 4.69 20.54 0.58 0.59 0.66 0.55 0.58 0.63
In the main protein ingredients: FM, fish meal; TBM, tuna by-product meal; BSF, black soldier fly
larvae meal; and FSB, fermented soybean meal. In the experimental diets: Con, the 45% FM-basal diet;
TBM, 10% FM protein replacement with tuna by-product meal; BSF, 10% FM protein replacement with
black soldier fly larvae meal; FSB, 10% FM protein replacement with fermented soybean meal; CTB,
10% FM protein replacement with combined tuna by-product meal and black soldier fly larvae meal
(1:1); and CTF, 10% FM protein replacement with combined tuna by-product meal and fermented
soybean meal (1:1). ! Y SFA: total saturated fatty acids. 2 Y- MUFA: total monounsaturated fatty acids.
% 3"n-3 HUFA: total n-3 highly unsaturated fatty acids.
3.2. Performance of Olive Flounder
The experimental fish all survived at the end of the 12-week feeding trial (Table 4).
The WG and SGR were significantly (p < 0.001 for both) higher in fish fed the Con
(143.2 £ 1.58 g fish~! and 3.22 + 0.013% day~!, mean + SE) and TBM (144.7 + 1.50 g
fish™! and 3.23 £ 0.011% day~!) diets compared to those fed the BSF (118.6 + 0.24 g
fish! and 3.00 £ 0.003% day~'), FSB (105.3 + 2.13 g fish~! and 2.88 + 0.021% day~!),
CTB (118.8 + 1.49 g fish! and 3.01 + 0.013% day~'), and CTF (118.1 + 1.15 g fish~! and
3.00 £ 0.010% day !, respectively) diets (Figure 1A,B). In addition, the WG and SGR of fish
fed the BSF, CTB, and CTF diets were also significantly higher than those fed the FSB diet.
Table 4. The survival (%), condition factor (CF, g cm~?), viscerosomatic index (VSI, %), and hepato-
somatic index (HSI, %) of olive flounder fed the experimental diets for 12 weeks.
Experimental Diets
Parameters p-Value
Con TBM BSF FSB CTB CTF
IW (g fish™1) 10.3 £ 0.01 10.3 £ 0.00 10.3 £ 0.01 10.3 £ 0.00 10.3 £ 0.02 10.3 £ 0.01
FW (g fish™1) 153.5+1.58* 1550+ 1502 1289+ 024° 1156+2.14¢ 129.1+150% 1284+ 1.16° p < 0.001
Survival (%) 100.0 £ 00 100.0 + 00 100.0 + 00 100.0 + 00 100.0 + 00 100.0 £ 00
CF (gcm™) 1.1+0.00° 11+0.01° 1.0£0.01° 1.0 £0.01° 1.0+£0.00° 1.0£0.01° p < 0.001
VSI (%) 411013 461042 4.3 £0.04 4.6 £0.27 4310.11 451017 p > 0.620
HSI (%) 1.3 £0.01 14 +£0.13 1.2 +£0.02 1.3 +0.07 1.2+ 0.03 1.4 +0.10 p> 0283

Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF,
10% FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement
with fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product
meal and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined
tuna by-product meal and fermented soybean meal (1:1). IW, initial weight; FW, final weight; CF,
condition factor; VSI, viscerosomatic index; and HSI, hepatosomatic index. Values (mean of triplicates
+ standard error) with different lowercase superscripts in the same row indicate significant differences
(p < 0.05) according to one-way ANOVA followed by Tukey’s HSD test.
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Figure 1. Olive flounder fed the experimental diets [Con, the 45% FM-basal diet; TBM, 10% FM
protein replacement with tuna by-product meal; BSF, 10% FM protein replacement with black soldier
fly larvae meal; FSB, 10% FM protein replacement with fermented soybean meal; CTB, 10% FM protein
replacement with combined tuna by-product meal and black soldier fly larvae meal (1:1); and CTF,
10% FM protein replacement with combined tuna by-product meal and fermented soybean meal
(1:1)] for 12 weeks showed box plots of weight gain (g fish™!) (A), specific growth rate (% day~!)
(B), feed consumption (g fish~!) (C), feed efficiency (D), protein efficiency ratio (E), and protein
retention (%) (F). A different lowercase letter above the box indicates significant differences (p < 0.05)
according to Tukey’s HSD test (mean of triplicates * standard error).

The FC was significantly (p < 0.001) higher in fish fed the Con (135.1 + 2.30 g fish~!)
and TBM (136.2 + 1.40 g fish~!) diets than that of fish fed the BSF (117.1 £ 0.52 g fish™!),
FSB (107.1 £ 4.77 g fish~!), CTB (116.2 + 0.88 g fish—!), and CTF (116.7 + 0.06 g fish~!) diets
(Figure 1C). The FE was significantly (p < 0.003) higher in fish fed the TBM (1.06 + 0.003)
diet than that of fish fed the BSF (1.01 £ 0.004), FSB (0.98 + 0.024), CTB (1.02 £ 0.010), and
CTF (1.01 £ 0.009) diets, but not significantly (p > 0.05) distinct from that of fish fed the Con
(1.06 £ 0.011) diet (Figure 1D). Fish fed the TBM diet exhibited a significantly (p < 0.005)
higher PER (1.86 & 0.005) than that of fish fed the FSB (1.72 + 0.042) diet (Figure 1E). Fish
fed the TBM diet achieved a significantly (p < 0.020) higher PR (31.3 & 0.10%) than that of
fish fed the FSB (28.9 + 0.88%) and CTF (29.1 £ 0.35%) diets, but not significantly distinct
from that of fish fed the Con (30.5 + 0.23%), BSF (29.7 + 0.06%), and CTB (29.6 + 0.44%)
diets (Figure 1F).

The CF of fish fed the Con and TBM diets was significantly higher (p < 0.001) than that
of fish fed the BSF, FSB, CTB, and CTF diets. However, there were no significant differences
in both VSI (p > 0.620) and HSI (p > 0.283) of fish among the experimental diets.

3.3. Blood Chemistry of Olive Flounder

Neither the plasma parameters (AST, ALT, ALP, T-BIL, T-CHO, TG, TP, and ALB)
nor the serum parameters (SOD and LYZ activity) of the fish were affected by the dietary
treatments (Table 5).
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Table 5. Blood biochemistry of olive flounder fed experimental diets for 12 weeks.
Experimental Diets
Parameters p-Value
Con TBM BSF FSB CTB CTF
Plasma
parameters
AST (UL 14.4 + 0.06 14.9 + 0.22 15.0 £ 0.17 14.4 + 0.06 14.8 + 0.06 14.3 + 0.19 p > 0.451
ALT (UL 6.2+ 0.15 6.6 £ 0.06 6.6 £0.11 6.6 £ 0.06 5.9 £0.06 6.1 £0.15 p > 0.209
ALP (UL 117.0 = 0.58 117.9 £ 0.97 115.3 £ 0.92 117.2 £ 0.34 115.9 £ 0.64 117.8 £ 0.06 p > 0.692
T-BIL (UL 0.7 £ 0.03 0.6 +0.01 0.7 +£0.01 0.7 £ 0.01 0.6 £0.01 0.6 £ 0.02 p > 0.966
(I;l;:gcig) 3558580  3541+379  3422+1.60 3589+639 3561+312 3479+311 p>0.752
TG (mg dL™1) 454.2 +2.47 469.8 £ 5.64 468.0 £ 7.20 443.6 £ 1.56 4494 +2.36 4453 £9.43 p > 0.442
TP (gdL™1) 59+ 0.12 5.6 = 0.06 5.5 £0.07 5.4+ 0.06 54 +£0.04 5.7 +£0.08 p>0218
ALB (gdL™) 1.1+ 0.04 1.0 £ 0.01 1.1+ 0.04 1.1+0.03 1.2+0.03 1.0 £0.03 p > 0.616
Serum
parameters
SOD (ng mL1) 73.0+0.74 71.2 +2.36 71.2 £ 0.86 729 + 0.54 654 +2.74 69.5 +2.07 p > 0.503
LYZ (UmL™) 4.6 £0.25 53+0.18 5.0+ 0.30 49+0.33 55+ 0.52 52+10.14 p > 0.601
Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF, 10%
FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement with
fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product meal
and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined tuna
by-product meal and fermented soybean meal (1:1). AST, aspartate aminotransferase; ALT, alanine
aminotransferase; ALP, alkaline phosphatase; T-BIL, total bilirubin; T-CHO, total cholesterol; TG,
triglyceride; TP, total protein; ALB, albumin; SOD, superoxide dismutase; and LYZ, lysozyme activity.
The values (mean of triplicates + standard error) were presented.
3.4. Proximate Composition of the Whole-Body Olive Flounder
The whole-body moisture content ranged from 75.8% to 76.2%, crude protein content
ranged from 16.5% to 16.7%, crude lipid content ranged from 3.8% to 4.7%, and ash content
ranged from 3.5% to 4.1% (Table 6). The proximate composition of the whole-body fish did
not significantly (p > 0.05) differ among the experimental diets.
Table 6. The proximate composition (%, wet weight) of the whole-body olive flounder fed the
experimental diets for 12 weeks.
Experimental Diets
Parameters p-Value
Con TBM BSF FSB CTB CTF
Moisture 758+0.02 759+013 762+020 759+0.08 760%+015 761x0.09 p>0.316
152::31?1 165+ 005 167002 166+0.05 166+0.12 16.6+0.14 16.6£0.04 p> 0401
Crude lipid 451035 4.6+ 0.22 45+ 0.21 4.5+ 0.36 3.8+0.24 47 +0.22 p > 0.327
Ash 3.6+ 0.24 3.8+ 0.30 3.6 £0.23 4.1+ 0.36 3.8+ 0.30 3.5+ 0.07 p > 0.538

Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF, 10%
FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement with
fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product meal
and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined tuna
by-product meal and fermented soybean meal (1:1). The values (mean of triplicates + standard error)
were presented.

3.5. Amino Acid and Fatty Acid Profiles of Olive Flounder

No significant (p > 0.05) differences in either the IAA or DAA profiles of the whole-
body fish were observed among the experimental diets (Table 7). Likewise, the fish fed all
experimental diets showed no significant (p > 0.05) differences in fatty acid profiles, except
for lauric acid (C12:0; p < 0.001), stearic acid (C18:0; p < 0.021), and erucic acid (C22:1n-9;
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p < 0.027) (Table 8). While C22:1n-9 exhibited a significant (p < 0.027) difference in one-
way ANOVA, no significant pairwise differences among diets were detected by Tukey’s
HSD test.

Table 7. The amino acid profiles (% of wet weight) of the whole-body olive flounder fed the experi-

mental diets for 12 weeks.

Experimental Diets

Parameters Con TBM BSF FSB CTB cr PV
Indispensable amino acids
(TIAAs)
Arginine 99 +0.25 99+0.21 10.1 £0.27  10.0 £0.30 10.2 £ 0.22 102+ 0.15 p>0.916
Histidine 5.4 +0.07 52+ 0.12 53+ 0.15 53+ 0.11 54 +0.11 521014 p>0.853
Isoleucine 6.2+ 0.03 6.2+ 0.13 6.3 + 0.08 6.3 +0.18 6.2+ 0.17 63t006 p>0984
Leucine 12.6 £ 0.28 127 +£017 125+ 0.19 12.7 £ 0.21 125+ 0.34 125+ 039 p>0.995
Lysine 175+037 174 +0.23 17.3 £ 0.08 17.4 £ 0.26 174+ 0.15 174+ 012 p>0.997
Methionine 7.6 +0.02 7.6+0.05 7.7 £0.10 7.7+0.03 7.5+0.18 761012 p>0973
Phenylalanine 8.4 +0.15 8.4+ 0.26 8.4+ 0.29 8.4+ 0.11 8.4 + 0.09 841012 p>0.999
Threonine 216 £052 21.6+0.05 215+025 215+004 21.6+x036 21.6+054 p>0.999
Tryptophan 0.9 £0.03 0.9 £0.01 0.9 £ 0.07 1.0 £0.02 09 +0.01 09002 p>0904
Valine 9.8 +0.22 99+ 0.14 9.9 +0.12 9.7 £ 0.06 9.9+ 0.18 98+023 p>0975
Dispensable amino acids
(DAAs)

Alanine 369+073 367036 366+045 366+017 368+024 367060 p>09%
Aspartic acid 3.2+ 0.05 331015 33+0.13 3.2+ 0.03 3.3 £0.07 321006 p>0981
Glutamic acid 205+ 044 209 £0.11 209 +£0.17 209%0.11 209+029 21.0+041 p>0.907

Glycine 12.3 +£0.22 123+027 122 +025 12.1 £ 0.18 12.2 £ 0.09 122+0.19 p>0.982

Proline 47 +£0.11 47 £ 0.16 47 +0.11 47 +0.14 4.7 +0.11 47+0.08 p>0.999

Serine 18.2 + 0.51 18.0 = 0.58 18.2 +0.20 182+ 0.15 17.9 £ 0.21 179+ 044 p>0.956

Tyrosine 42 +0.12 4.2+ 0.12 4.2 +0.05 42 +0.10 4.2 + 0.08 421003 p>0999

Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF, 10%
FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement with
fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product meal
and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined tuna
by-product meal and fermented soybean meal (1:1). The values (mean of triplicates + standard error)
were presented.

Table 8. The fatty acid profiles (% of total fatty acids) of the olive flounder fed the experimental diets
for 12 weeks.

Experimental Diets Val
Parameters Con TBM BSF FSB CTB CTF prrate

C12:0 0.0+0.00¢ 00+£000°¢ 20£0.11% 07+037> 11+0.03> 0.0+005°¢ p<0.001

C14:0 32+0.12 3.1+023 4.0 +£0.52 32+0.19 3.8+ 045 3.7+041 p > 0.396

C16:0 17.0 £0.39 165+127 21.0+123 18.1 £ 1.48 18.0 £ 1.59 186 +1.89 p>0.336

C18:0 57+027b 53+026° 62+050% 78+0672 54+034¢ 574057 p<0.021

C20:0 2.7+0.42 2.7+0.28 1.7 £0.25 321079 22+0.38 2.9+ 0.89 p > 0.496

C22:0 02 +0.17 0.1+0.13 0.1 £0.07 04 +0.17 03+0.17 0.4 £0.06 p > 0.469

Y SFA ! 288+0.62 27.7+182 350%x225 334+144 3081204 31.3 £2.33 p > 0.126

C16:1n-7 45+0.19 431021 50=£0.19 43+0.20 47 £0.28 48+ 043 p > 0.350
C17:1In-7 0.1 £ 0.06 0.1+ 0.06 0.1 +£0.04 0.2 +£0.09 0.2+0.01 0.0 £ 0.00 p>0.175
C18:1n-7 250+ 059 259+ 1.61 262+ 066 279+037 286107 278+1.60 p>0217
C22:1n-9 0.1 £0.06 0.1+0.11 0.6 £ 0.10 0.4 +0.10 0.2+ 0.16 0.5+ 0.09 p < 0.027
C24:1n-9 0.5+0.10 0.6 +£0.10 0.6 +0.14 0.7+0.34 0.5+ 0.08 0.4 +0.07 p > 0.836
Y MUFA 2 301+0.69 309+168 325x057 336x059 341+134 335201 p>0.237
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Table 8. Cont.

Experimental Diets

Parameters

Con

p-Value
TBM BSF FSB CTB CTF

C18:2n-6 231+046 223+113 1941141 198+264 190+038 206+231 p>0446

C18:3n-3 4.7 +0.57 50+043 5.4 +0.29 4.8 £ 0.69 52+ 0.61 42+0.11 p > 0.585
C20:2n-6 0.8 +£0.12 0.8+ 0.10 0.2 £ 0.07 0.5+0.15 0.7 £0.32 0.7 +£0.11 p>0.172
C20:3n-3 02+0.11 0.1+0.13 0.4 +0.02 0.3 £0.19 0.1 £0.10 0.2+ 0.09 p > 0.523
C20:4n-6 1.1+0.13 1.2+ 0.05 1.1+0.11 1.0 £ 0.12 1.0+ 0.12 1.0+ 0.13 p>0.713
C20:5n-3 2.8 £0.63 29 +0.82 0.4 +0.09 0.7 £0.36 1.9 £ 0.62 1.6 + 0.84 p > 0.077
C22:5n-3 1.3+0.13 1.4+0.03 1.2+0.11 1.2 +0.03 1.2 +£0.02 1.2+ 0.04 p > 0.405
C22:6n-3 7.0 +£0.81 77+129 4.3 +0.03 4.6+0.18 59+ 0.75 5.7 £ 1.06 p > 0.085

>'n-3HUFA® 11.2+ 141 12.1 £2.02 6.3 +0.17 6.9 t0.24 9.2+1.45 8.7 1191 p > 0.075

Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF,
10% FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement
with fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product
meal and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined
tuna by-product meal and fermented soybean meal (1:1). The values (mean of triplicates + standard
error) with different lowercase superscripts in the same row indicate significant difference (p < 0.05)
according to one-way ANOVA followed by Tukey’s HSD test. Although there is a significant (p < 0.027)
difference in C22:1n-9 in one-way ANOVA, no significant pairwise differences among diets were
detected by Tukey’s HSD test. ! ) SFA: total saturated fatty acids. 2 > MUFA: total monounsaturated
fatty acids. ® }'n-3 HUFA: total n-3 highly unsaturated fatty acids.

3.6. Economic Evaluation of the Study

The BSF diet exhibited the highest price among the experimental diets (Table 9). The
lowest ECR was obtained in the TBM diet, but the highest was for the BSF diet. The Con
and TBM diets produced significantly (p < 0.001) higher EPI than all other diets.

Table 9. An economic evaluation of the feeding trial for 12 weeks.

Parameters

Experimental Diets

p-Value
Con TBM BSF FSB CTB CTF

Diet price (US$ kg™!)

ECR! (US$ kg1)
EPI2 (US$ fish!)

1.9 1.7 2.0 1.7 1.9 1.7
1.8+£0.02> 16+000¢ 19+001* 18+004> 1.8+0.02° 1.7+0.02" p < 0.001
1940022 19+002% 15+£0.00° 14+0.02°¢ 1.6+002> 1.6+002° p < 0.001

Con, the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF,
10% FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement
with fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product
meal and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined
tuna by-product meal and fermented soybean meal (1:1). The average selling price of olive flounder
was calculated as US$ 13.80 kg~! (US$ 1 = 1450 KRW). The values (mean of triplicates + stan-
dard error) with different lowercase superscripts in the same row indicate significant differences
(p < 0.05) according to one-way ANOVA followed by Tukey’s HSD test. ! Economic conversion ratio
(ECR, US$ kg™!) = feed consumption of fish (kg fish~!) /weight gain (kg fish~!) x diet price (US$ kg™1).
2 Economic profit index (EPI, US$ fish~!) = [final weight (kg fish™!) x fish sale price (US$ kg™1)] —
[ECR (US$ kg!) x weight gain (kg fish™1)].

3.7. Multivariate Analysis

The PCA, together with PC1 and PC2, accounted for 56.3% of the total variance, with
PC1 contributing 38.3% and PC2 contributing 18.0%, effectively distinguishing the experi-
mental diets (Figure 2A). Distinct clustering was observed among the experimental diets;
the BSE, FSB, CTB, and CTF diets grouped on the negative side of PC1, while the TBM and
Con diets clustered on the positive side. The WG, SGR, FC, FE, PER, PR, and EP], as well as
fatty acid profiles including linoleic acid (C18:2n-6), eicosadienoic acid (C20:2n-6), arachi-
donic acid (C20:4n-6), EPA, DHA, and ) 'n-3 HUFA, were strongly aligned with TBM and
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Con diets. In contrast, the BSF, FSB, CTB, and CTF diets were linked with ) SFA, palmitoleic
acid (C16:1n-7), a-linolenic acid (C18:3n-3), eicosatrienoic acid (C20:3n-3), erucic acid
(C22:1 n-9), nervonic acid (C24:1n-9), ) MUFA, and some amino acids, such as arginine,
serine, isoleucine, glutamic acid, but showed weaker association with growth parameters.
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Figure 2. A principal component analysis (PCA) of olive flounder fed the experimental diets [Con,
the 45% FM-basal diet; TBM, 10% FM protein replacement with tuna by-product meal; BSF, 10%
FM protein replacement with black soldier fly larvae meal; FSB, 10% FM protein replacement with
fermented soybean meal; CTB, 10% FM protein replacement with combined tuna by-product meal
and black soldier fly larvae meal (1:1); and CTF, 10% FM protein replacement with combined tuna
by-product meal and fermented soybean meal (1:1)] for 12 weeks on observed parameters including
growth, feed utilization, biological indices, blood chemistry, proximate composition, amino and fatty
acid profiles, and economic efficiency; an illustrating PCA biplot of the first two principal components
(PC1 38.3% and PC2 18.0%, together 56.3%) (A) and similarity relationships among the diets in a
hierarchical clustering analysis (HCA) dendrogram (B). For HCA, variable standardization, distance,
and the group average were set as Z scores, Pearson correlation, and clustering, respectively. Ala,
alanine; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; Arg, arginine;
Asp, aspartic acid; AST, aspartate aminotransferase; CF, condition factor; CL, crude lipid; CP, crude
protein; FC, feed consumption; FE, feed efficiency; Glu, glutamic acid; Gly, glycine; His, histidine; HSI,
hepatosomatic index; Ile, isoleucine; Leu, leucine; Lys, lysine; LYZ, lysozyme activity; Met, methionine;
Moi, moisture; PER, protein efficiency ratio, Phe, phenylalanine; PR, protein retention; Pro, proline;
Ser, serine; SGR, specific growth rate; SOD, superoxide dismutase; Sur, survival; T-BIL, total bilirubin;
T-CHO, total cholesterol; TG, triglyceride; Thr, threonine; TP, total protein; Trp, tryptophan; Tyr,
tyrosine; Val, valine; VSI, viscerosomatic index; and WG, weight gain.

The hierarchical clustering of the experimental diets revealed two primary groupings
(Figure 2B). The Con and TBM diets exhibited close clustering. The second cluster comprised
the BSF, FSB, CTB, and CTF diets, with the BSF and FSB diets forming a sub-cluster that
subsequently joined with the CTB and CTF diets.

4. Discussion

The SGR (3.2% day~!) of the fish fed the Con diet in this experiment exceeded the
values (3.1% day~! [61], 2.9% day~! [62], and 2.0% day~! [49]) reported in previous
studies, in which olive flounder with initial body weights of 14.5,9.9, and 7.9 g were fed the
basal diets containing 60%, 45%, and 70% FM, respectively. These results indicate that the
growth performance observed in the present study was satisfactorily achieved. Therefore,
evaluating alternative protein sources for juvenile olive flounder using 10% FM protein
replacement in a 45% FM-basal diet represents a practical and potential applicable feeding
strategy. Several efforts were undertaken to reduce reliance on expensive conventional
protein sources, in particular, FM, by substituting partially or entirely with more cost-
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effective and sustainable alternatives in aquafeeds [17,63—-65]. Among such alternatives,
fishery by-product meal, such as TBM, has gained attention as a potentially sustainable
protein source [5,12,66,67]. Similarly, in the present study, fish fed the TBM diet achieved
comparable growth performance and feed utilization to those fed the Con diet but exhibited
significantly higher growth performance and feed utilization than those fed the BSF and
FSB diets or CTB and CTF diets, indicating TBM as a feasible replacer for FM in the olive
flounder diet when 10% FM protein is replaced in a 45% FM-basal diet.

The superior growth performance (WG and SGR) of fish fed the Con and TBM diets
compared to those fed all other diets was well reflected from the higher FC of fish fed
the former compared to those fed the latter in this experiment, agreeing with previous
studies, in which higher FC resulted in higher WG and SGR in olive flounder [46], greater
amberjack (Seriola dumerili) [66], and Asian seabass [68]. This indicates that 10% FM
protein can replace TBM in a 45% FM-basal diet, which is equivalent to 22.2% of FM, without
impairing the WG, SGR, and FC of olive flounder. Both FM and TBM are enriched with
high-quality marine-derived proteins with balanced IAA profiles, together with naturally
occurring taurine, nucleotides, and other water-soluble compounds, which can act as
feeding stimulants and enhance the palatability of the diet [8,69,70]. This may be one
of the contributing factors to why fish fed the Con and TBM diet exhibited higher FC
in the current study. Furthermore, the consistent growth performance (WG and SGR)
observed in the TBM diet may be attributed to the digestive and metabolic adaptations of
olive flounder, which enable the efficient utilization of marine by-products [71,72]. Similar
findings with various levels of FM substitution with TBM have been reported in marine
finfish diets [14,15,66,73], indicating TBM as a viable replacer for FM. For example, Biswas
et al. [66] reported that up to 25% of FM replacement, equivalent to 17.5% FM protein,
with TBM in a 70% FM-basal diet could be achieved without a significant reduction in the
WG of greater amberjack. Similarly, Kim et al. [41] reported that up to 18% FM protein
replacement, equivalent to 30% of FM, with fermented TBM could be achieved in a 60%
FM-basal diet without deteriorating the SGR in the 7-week feeding trial. The higher FE of
fish provided with a TBM diet compared to that of fish provided with all other diets, except
for that of fish provided with the Con diet, might indicate that TBM was the best FM replacer
when 10% FM protein was replaced with TBM, BSF, and FSB, and their combinations in a
45% FM-basal diet of olive flounder. Although alternative protein sources were evaluated at
the single replacement level (10% FM protein) in a 45% FM-based diet, further studies with
multiple replacement levels are required to determine whether the observed advantages of
TBM remain consistent across different replacement levels. The lowest FE was obtained in
fish fed the FSB diet, attributed to the poorest WG, SGR, and FC in the present experiment.

In this study, nevertheless, all experimental diets met the arginine (2.04-2.10% of the
diet) [56] and lysine (1.55-2.16%) [57], threonine (1.03%) [59] and valine (1.77-1.89%) [60]
requirements for olive flounder. However, methionine content in all experimental diets,
including the Con diet, was relatively lower than the dietary requirement of methionine
(1.44-1.49% of the diet in the presence of 0.06% cysteine) for olive flounder [58]. However,
the dietary methionine requirement might be spared by cystine [70]. For example, cystine
can spare up to 50% of dietary methionine in chinook salmon (Oncorhynchus tshawytcha) [70]
and in red drum (Sciaenops ocellatus) [74]. Since cystine ranged from 0.70% in the BSF diet to
0.77% in the Con diet, possibly the low methionine in all experimental diets might not have
negatively affected the growth performance of olive flounder in this study. Additionally,
the dietary nutrient requirements of fish are influenced by body size and age, with the
methionine requirement generally decreasing as fish grow [75,76]. Alam et al. [58] reported
that smaller juvenile (initial weight of 2.8 g) olive flounder required a dietary methionine
level of 1.44-1.49%. In this study, however, the larger juvenile (initial weight of 10.3 g) fish
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likely required a lower dietary methionine level than that previously reported for smaller
fish [58].

FM replacements with TBM, BSF, FSB, and their combinations tended to lower ) n-3
HUFA including EPA and DHA in the TBM, BSE, FSB, CTB, and CTF diets in this experiment.
In particular, relatively lower > 'n-3 HUFA in the BSF, FSB, CTB, and CTF diets might
have contributed to the deterioration in growth performance of olive flounder. Likewise,
lower dietary Y n-3 HUFA levels led to reduced growth performance in European seabass
(Dicentrarchus labrax) [77] and large yellow croaker (Larmichthys crocea) [78].

Olive flounder fed the TBM diet exhibited the highest PER and PR, whereas those fed
the FSB diet demonstrated the lowest values, with all the other diets producing PER and PR
comparable to the Con diet. Although fermentation improves nutrient digestibility [27], the
lowest PER and PR obtained in fish fed the FSB diet might indicate inefficient utilization of
dietary protein, being consistent with previous studies highlighting the dietary limitations
of soybean-derived proteins for carnivorous fish [78,79]. Therefore, additional supple-
mentation (e.g., IAAs and/or digestibility-enhancing enzymes or other feed additives)
is required when fish are fed with alternative plant protein sources [7]. PR reflects the
proportion of ingested protein that is incorporated into body tissues rather than catabolized
for energy [80]. Fish primarily excrete nitrogen in the form of ammonia, and when dietary
protein quality is insufficient, excessive protein catabolism increases nitrogen excretion,
leading to lower PR values [81]. This mechanism may explain why fish fed the FSB and
CTF diets produced significantly lower PR in the present study.

The BSF and FSB diets using a single protein replacer led to the inferior growth of
olive flounder compared to the Con diet in the present study. A slightly higher replacement
of FM protein with BSF and FSB without adversely affecting growth has been observed
in various fish species [23,82-84]. These differences may be attributed to species-specific
nutritional requirements, digestive physiology, and feed palatability, as well as FM inclusion
level in the diet [85,86]. Although BSF contains a similar protein level to FM, it often shows
deficiencies in amino acid profiles especially for lysine and methionine [87]. Therefore,
additional synthetic amino acids are required to overcome these limitations when a diet
is formulated with BSF [88]. Even though BSF offers a promising alternative protein
source, the presence of chitin may impair digestibility and reduce the efficiency of nutrient
absorption when included in aquafeeds [89]. Previously, chitin was identified as one of the
major factors of growth inhibition in rainbow trout (Salmo gairdneri) [90] and in Atlantic
salmon [91]. Alternatively, FSB, while typically superior to unfermented soybean meal,
may still carry residual ANFs or lead to imbalanced amino acid digestibility, as observed
in plant-derived feed ingredients [92,93]. This may be one of the reasons why BSF and
FSB diets showed less favourable growth outcomes in comparison to the TBM diet. This
suggests that olive flounder can tolerate moderate FM replacement by marine by-products
without adverse effects on growth performance. However, its ability to utilize insect- or
plant-derived proteins may be more limited unless they are supplemented with flavour
enhancers or processed in the diet [94]. In the present study, the combined diets (CTB and
CTF) did not match the efficacy of the TBM diet alone, even though blending is frequently
suggested as a strategy to complement nutrient profiles [44,95]. All experimental diets
were prepared to meet the known nutrient requirements of olive flounder and consisted
of practical ingredients such as poultry by-product meal, tankage, taurine and betaine.
Nutrient utilization may have been affected by the variation in protein digestibility, amino
acid availability, palatability, and other ingredient-specific characteristics. These results
reinforce that ingredient quality and compatibility determine success, even when blending
strategies are implemented. Future research should focus on improving the palatability of
the experimental diets and include in vivo or in vitro digestibility using multiple enzymes,
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as well as a quantitative assessment of chitin, ANFs, and relative digestive-physiological
parameters to better establish any causal relationship between dietary chitin, ANFs, and the
growth performance of fish. In this experiment, fish were hand-fed carefully to apparent
satiation to minimize waste. As uneaten feed was not collected, a potential difference among
dietary treatments may have influenced FC, feed utilization, and economic analysis in this
study. Therefore, future studies should collect and quantify uneaten feed to better assess
FC and its implications for feed utilization and economic analysis.

CF serves as a practical indicator for monitoring the nutritional status, physiological
condition, and well-being of fish [96]. The VSl is frequently used as an indicator of lipid
utilization biomarker in fish and typically increases with increasing dietary lipid levels [97].
The HSI is frequently used to assess fish nutritional condition, acting as an indicator of liver
glycogen and glucose reserves [98]. The CF of fish fed the Con and TBM diets remained
remarkably higher than that of fish fed the BSF, FSB, CTB, and CTF diets in this experiment,
indicating that CF was well reflected in growth performance. However, the VSI and HSI
of fish were not affected by dietary treatments [21,29,84]. No significant difference in the
VSI and HSI of fish fed the experimental diets may indicate a reflection of isolipidic (10%)
contents and similar carbohydrate levels (19.6-22.9%) across the diets, respectively.

Fish blood serves as a reliable indicator for assessing blood cell damage and dis-
orders, reflecting physiological responses to diet, environmental stressors, and overall
welfare [99,100]. LYZ activity and SOD are important components of fish innate immunity,
where LYZ functions to directly degrade bacterial cell walls while SOD mitigates oxidative
stress by converting harmful superoxide radicals into less damaging molecules [101,102].
No significant differences were detected in this study in plasma and serum parameters
among the dietary treatments [103,104]. However, reliance solely on plasma or serum bio-
chemistry may overlook subtler effects; thus, further research should include histopathology
and possibly metabolomics profiling to identify early or tissue-specific responses.

The biochemical composition, including the proximate composition [34,105], amino
acid [12], and fatty acid profiles of the whole-body fish, except for lauric acid, stearic acid,
and erucic acid, were not altered by the dietary treatments in this experiment. Although the
fish experienced fluctuations in dietary amino acid composition, they normally maintain
stable amino acid profiles as long as protein and energy intake remain adequate by adjusting
internal amino acid metabolism [106]. In general, the fatty acid profile of fish corresponds to
that of their dietary intake, albeit with certain species-and tissue-specific variation [107-109].
In this study, relatively higher lauric acid in the BSF diet and stearic acid in the FSB diet
led to higher whole-body lauric acid and stearic acid, respectively. Lauric acid is typically
absorbed and metabolized differently from long-chain fatty acids [110]. For instance, in
rainbow trout fed coconut oil rich in lauric acid, about 57% of the ingested lauric acid
was retained, indicating relatively low oxidation rates, which means that its distinctive
metabolism allows dietary inclusion to directly elevate whole-body levels [110]. Stearic
acid tends to be incorporated more stably into body lipids, as observed in mandarin fish
(Siniperca scherzeri); diets incorporating lard resulted in significantly higher stearic acid
levels in fillet tissues compared to fish oil-based diets [111]. This may suggest that stearic
acid levels are highly responsive to dietary consumption and less prone to regulatory
homeostasis. Other fatty acids, such as mono- or polyunsaturated fatty acids, are often
tightly regulated due to their essential biological roles in membrane fluidity, signalling, and
anti-inflammatory fluctuations [112]. Unless diets differ greatly in these fatty acids, their
whole-body concentration may remain unchanged, maintained by active metabolic balance
and selective tissue retention [113].

Feed cost typically constitutes 40-70% of total aquaculture production expenses, ren-
dering feed management a pivotal determinant of farm profitability [114]. The economic
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evaluation of the feeding trial was a scenario-based ingredient-cost comparison in the cur-
rent study. The ingredient prices used in this study may vary with origin, sources, and
country-to-country specific specifications, quality, or quantity, and the fish selling price
may vary with size, seasons, demand, and locations; hence, they should be considered
with caution for further interpretation. A relatively higher BSF price led to a higher BSF
diet cost in the present study. The lowest ECR was obtained by the TBM diet, indicating
greater economic efficiency than the other diets. The EPI offers a useful metric to evaluate
the cost-effectiveness of feeds, as it integrates important variables such as the WG, FC, feed
cost, and sell value of fish. In the current study, fish fed the Con and TBM diets resulted in
significantly higher EPI than the other diets, indicating TBM as a viable alternative protein
source for olive flounder when 10% FM protein is replaced in a 45% FM-basal diet. Similarly,
Baek and Cho [14] found that replacing 40% of FM with TBM in a 55% FM-basal diet of red
sea bream maintained growth performance, FC, and feed utilization, and resulted in the
highest EPI for farmers. Therefore, from an economic viewpoint, the use of TBM as a partial
replacement for FM constitutes a promising strategy to reduce feed cost and enhance the
profit margin of aquaculture operations without compromising biological performance.
According to the exploratory multivariate analysis, the TBM diet was the most effective
among the experimental diets, demonstrating a strong positive correlation with growth
performance (WG and SGR), feed utilization, and beneficial fatty acids, including linoleic
acid, eicosadienoic acid, arachidonic acid, EPA, DHA, and Y n-3 HUFA as well as EPL
These findings indicate that TBM promotes both growth and feed utilization, making it the
superior diet for olive flounder at 10% FM protein replacement in a 45% FM-basal diet.

5. Conclusions

Among the five tested formulations, TBM can replace 10% FM protein in a 45% FM-
basal diet without negatively affecting the growth performance, feed utilization, blood
chemistry, and biochemical composition of olive flounder, resulting in a higher EPI for farm-
ers. Therefore, TBM is a promising partial FM substitute (at 10% FM protein replacement)
in the tested 45% FM-based diet of olive flounder. Further long-term feeding trials with
multiple replacement levels along with molecular approaches should be considered for
TBM as a partial FM replacer for sustainable olive flounder aquaculture.
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