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A 90-day feeding trial was conducted to assess the effects of black soldier fly larvae meal (BSFLM) as a
replacement for soybean meal (SM) on growth performance and flesh quality of grass carp. A total of 420
grass carp (299.93 + 0.85 g) were randomly divided into 7 groups (triplicate) and fed 7 diets with SM
substitution of 0% (SM, control), 15% (BSFLM15), 30% (BSFLM30), 45% (BSFLM45), 60% (BSFLM60), 75%
(BSFLM75) and 100% (BSFLM100) by BSFLM. The growth performance of grass carp in the BSFLM75 and
BSFLM100 groups were significantly lower compared to other groups (P < 0.05). The mid-gut villus
height was the lowest in the BSFLM100 group (P < 0.05). Muscle nutritional value was improved due to
increased DHA (docosahexaenoic acid), EPA (eicosapentaenoic acid), total HUFA (highly unsaturated fatty
acids) and glycine levels, and reached the optimum in the BSFLM100 group (P < 0.05). According to the
results of principal component analysis and weight analysis of muscle texture and body color, all the
BSFLM diets except BSFLM15 could improve muscle texture and body color and reached the optimum
level in the BSFLM100 group. Muscle drip loss and hypoxanthine content were the lowest and muscle
antioxidant capacity was the highest in the BSFLM75 group, and water- and salt-soluble protein contents
reached the optimum level in the BSFLM60 group (P < 0.05). Dietary BSFLM significantly reduced muscle
fiber area and diameter, and increased muscle fiber density and the proportion of small fiber (diameter
<20 um) (P < 0.05). Additionally, sarcomere lengths in the BSFLM75 and BSFLM100 groups were
significantly higher than that in the SM group (P < 0.05). The mRNA relative expression levels of MyoD,
Myf5, MyHC and FGF6b were remarkably up-regulated at an appropriate dietary BSFLM level (P < 0.05). In
conclusion, BSFLM could replace up to 60% SM without an adverse effect on growth performance and
improve the flesh quality of grass carp. The optimum levels of dietary BSFLM were 71.0 and 69.1 g/kg diet
based on the final body weight and feed conversion ratio. The flesh quality was optimal when dietary SM
was completely replaced with BSFLM (227 g/kg diet).
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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1. Introduction

Aquaculture is expanding globally, with aquaculture production
reaching 122.6 million tonnes in 2020 (FAO, 2022). In the future, the
aquaculture market will continue to grow. This means that enough
aquatic feed needs to be produced to meet the market demand,
which also puts forward higher requirements for protein sources.
Traditionally, this demand was met through fish meal (FM) and
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plant protein sources. The main source of plant protein in aquatic
feed is soybean meal (SM). SM is most widely used in the com-
pound feed fed to herbivorous fish, such as grass carp. However,

Production and Hosting by Elsevier on behalf of KeAi due to the rising price of SM, the use of SM has been limited in
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recent years and the supply of SM will continue to be limited
(Hardy, 2010; Santos and Naval, 2020). In addition, the deficiencies
of unbalanced amino acid distribution, intestinal inflammation, low
palatability and anti-nutritional factors have been found in SM
(Cheng et al., 2013; Merrifield et al., 2011; Shiu et al., 2013), which
restrict its addition level in aquatic feed formulation. Furthermore,
with the competing demands of animal husbandry and human
consumption for soybean products, the contradiction of grain
competition is becoming increasingly serious (Suloma et al., 2014).
Therefore, there is an urgent demand for the development of
suitable non-grain protein substitute resources.

Insects have the advantages of abundant resources, utilization of
organic waste, high feed conversion rate and low utilization rate of
water and land, thus could be used to solve the problems of protein
deficiency and environmental deterioration (Meneguz et al., 2018).
Black soldier fly (Hermetia illucens, BSF) a saprophagous insect
belonging to the class Insecta, order Diptera, family Stratiomyidae,
and genus Hermetia Latreille, is widely distributed throughout the
world. It has the advantages of a flexible diet, low production cost,
rapid reproduction and a high biological conversion rate, and the
adult insects are not considered pests. BSF larvae can effectively
convert organic waste into biomass that is rich in protein and fat
and can be produced as feed for a variety of species, biodiesel and
chitin (Diener et al., 2009). It is reported that the crude protein
content of defatted BSF can reach as high as 56.9%, which is slightly
lower than that of FM and close to or even slightly higher than that
of SM (Makkar et al., 2014). BSF has the pattern of essential amino
acid similar to that of FM (Henry et al., 2015), and comparable with
SM, and the content of some essential amino acids (including lysine
and methionine) is higher than that of SM (Makkar et al., 2014;
Wang et al., 2019). At present, the potential application value of BSF
had already been evaluated in rainbow trout (Oncorhynchus mykiss)
(Huyben et al., 2019), Atlantic salmon (Salmo salar) (Li et al., 2020),
Siberian sturgeon (Acip baerii Brandt) (Caimi et al., 2020), European
sea bass (Dicentrarchus labrax) (Abdel-Tawwab et al., 2020), Jian
carp (Cyprinus carpio var. Jian) (Li et al., 2017), juvenile grass carp
(Ctenopharyngodon idellus) (Lu et al., 2020) and other fish species.
These studies have shown that BSF can be used as a protein source
in aquaculture animal feed. Additionally, changes in fish diet can
affect fish flesh quality (Rincon et al., 2016). Flesh quality is
generally described using 4 terms: security (hygienic quality),
healthiness (nutritional quality), satisfaction (color, texture, and
juiciness as well as flavor), and serviceability (ease of use, pro-
cessability, and price) (Anne et al., 2016). Previous studies have
shown that the replacement of FM with insect protein in aquatic
feeds causes changes in the chemical composition of fish muscle,
especially in the lipid content and fatty acid profile (Lock et al.,
2015; Sealey et al., 2011).

At present, the study of the flesh quality evaluation of BSF as a
protein source in aquaculture animals is limited, with most
research focusing on rainbow trout (Borgogno et al., 2016; Bruni
et al., 2020; Secci et al., 2019; Mancini et al., 2018). Borgogno et al.
(2016) first found that diets with BSF inclusion significantly affected
the muscle sensory profile of rainbow trout. In the follow-up study
of rainbow trout, it was observed that diets with BSF did not affect
the proximate composition, pH, shear stress or water holding ca-
pacity (WHC) of muscle or body color, while the addition of BSF to
feed increased the content of saturated fatty acid (SFA) and reduced
the concentration of n-3 polyunsaturated fatty acids (PUFA) and
adenosine monophosphate (AMP). In addition, muscle yellowness
(b*) under the effect of BSF also was reduced (Bruni et al., 2020;
Secci et al., 2019; Mancini et al., 2018). These results indicate that
the substitution of BSF for FM in aquatic animal feed will affect the
muscle quality of fish. However, there is a lack of research on the
flesh quality of aquaculture animals when SM is replaced with BSF.
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Grass carp (C. idellus) is an important fresh water aquaculture
species. Grass carp production reached 5.76 million tonnes in 2021
with the highest yield of any aquaculture fish species in the world
(FAO, 2022). This species has many advantages, including its high
nutritional value, ease of cultivation, fast growth rate, high feed
utilization rate and relatively low price (Wang et al., 2018). At
present, there are no reports on the evaluation on flesh quality of
large grass carp when SM is replaced with BSF larvae meal (BSFLM).
Consequently, the present aimed to evaluate the effects of dietary
SM replacement with BSFLM on the growth performance, antioxi-
dant capacity, tissue structure, and flesh quality of large grass carp.
This study also laid a foundation for the next step in exploring the
optimal utilization strategy of BSFLM so as to promote the devel-
opment of BSFLM as an aquaculture feed.

2. Materials and methods
2.1. Animal ethics statement

The experimental design and procedures of the presented
research have been approved by the Committee on Ethics of Animal
Experiments of Northwest A&F University (NWAFU-DKXC-
20200602).

2.2. Experimental diets

BSFLM and SM were used as the main protein sources in the
experimental diets. The BSFLM (with partial degreasing) was pro-
vided by the Buluputing Biotechnology Co., Ltd. (Xi'an, Shaanxi,
China), and the remaining ingredients were purchased from Hua-
gin Husbandry and Technology Co., Ltd. (Yangling, Shaanxi, China).
Seven isonitrogenous and isolipidic experimental diets with
approximately 290 g/kg crude protein and 50 g/kg crude lipid were
prepared by replacing 0% (SM), 15% (BSFLM15), 30% (BSFLM30), 45%
(BSFLM45), 60% (BSFLM60), 75% (BSFLM75) and 100% (BSFLM100)
of SM with BSFLM, respectively. The formulas and proximate
composition of the diets are shown in Table 1, and the amino acid
and fatty acid compositions of the diets and ingredients are shown
in Table 2 and Table 3, respectively. All ingredients were fully mixed
according to the diet formula and soybean oil was then added and
mixed according to the formula proportion. The appropriate
amount of water was then added to the mixture. Finally, the
mixture was formed into 4 mm diameter particles using a pelletiser
(Type 52), dried at 60 °C, and stored at —20 °C until use.

2.3. Feeding and management

The experimental grass carp were obtained from the Ankang
Fisheries Experimental and Demonstration Station of Northwest
A&F University (Ankang, Shaanxi, China). The feeding trial was
conducted in the net cages in an outdoor pond at the Ankang
Fisheries Experimental and Demonstration Station. The dimensions
of the net cages were 15 m x 15 m x 1.8 m
(length x width x height). The experimental fish were acclimated
in the net cages in the outdoor pond and fed a commercial diet
(>300 g/kg crude protein, >30 g/kg crude lipid; Huaqin feed fac-
tory, Yangling, Shaanxi, China) 3 times a day (08:00, 12:00 and
18:00) for 2 weeks. After the acclimation period, the experimental
fish were fasted for 24 h, then 420 grass carp (299.93 + 0.85 g) with
strong physiques and uniform specifications were randomly
divided into 7 groups (with each group repeated intriplicate) and
fed in 21 net cages, with 20 fish per net cage. During the feeding
period, the feeding quantity was 1% to 3% of the body weight of fish
for quantitative feeding, 3 times a day (08:00, 12:00 and 18:00).
Each cage was equipped with a feeding platform that was used to
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Table 1

Ingredients and proximate compositions of SM, BSFLM and experimental diets.
Item SM BSFLM Diets

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

Ingredients, g/kg DM basis
SM 240.00 204.00 168.00 132.00 96.00 60.00 0.00
BSFLM 0.00 34.00 68.00 102.00 136.00 170.00 227.00
Casein 168.30 168.30 168.30 168.30 168.30 168.30 168.30
Corn starch 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Wheat flour 300.00 300.00 300.00 300.00 300.00 300.00 300.00
Soybean oil 48.60 43.50 38.30 33.10 28.00 22.80 14.20
Choline chloride (60%) 5.00 5.00 5.00 5.00 5.00 5.00 5.00
Premix’ 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Ethoxyquin 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Calcium phosphate primary 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Carboxyl methyl cellulose 20.00 20.00 20.00 20.00 20.00 20.00 20.00
Cellulose 87.60 94.70 101.90 109.00 116.10 123.20 135.00
Proximate composition?, g/kg air dry basis
Crude protein 460.50 486.80 294.40 291.30 300.10 295.30 295.40 298.50 296.20
Crude lipid 5.70 157.80 49.50 48.40 49.60 48.30 46.60 46.70 46.30
Moisture 123.00 48.70 68.00 64.50 72.10 77.40 71.10 72.80 66.30
Crude ash 73.20 65.40 43.50 42.50 42.30 43.40 42.90 42.10 43.60

BSFLM = black soldier fly larvae meal; SM = soybean meal.

! Premix contained 0.5% vitamin, 0.5% mineral and 1% limestone carrier and provided the following per kilogram of diet: vitamin A, 4000 IU; vitamin D5 800 IU; vitamin E,
50 [U; vitamin By, 2.5 mg; vitamin B, 9 mg; vitamin Bg 10 mg; vitamin C, 250 mg; nicotinic acid, 40 mg; pantothenic acid calcium, 30 mg; biotin, 100 ug; betaine, 1000 mg; Fe,
140 mg; Cu, 2.5 mg; Zn, 65 mg; Mn, 19 mg; Mg, 230 mg; Co, 0.1 mg; I, 0.25 mg; Se, 0.2 mg.

2 Values are reported as the mean values of duplicated analyses.

Table 2

Amino acid composition of SM, BSFLM and experimental diets (g/100 g DM basis)'.
Amino acids SM BSFLM Diets

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

EAA
Thr 1.88 1.76 1.23 1.15 1.15 1.15 1.14 1.12 1.16
Val 2.01 2.51 1.50 1.53 1.51 1.48 147 1.52 1.57
Met 0.43 0.96 0.38 0.41 0.40 0.43 0.46 0.47 0.45
lle 1.95 1.91 1.44 141 1.38 1.33 1.31 1.33 1.30
Leu 3.35 3.01 2.51 2.40 2.39 234 2.32 2.31 2.29
Phe 2.30 1.65 1.56 1.52 1.49 1.47 1.44 141 141
Lys 2.81 3.11 1.94 1.89 1.89 1.89 1.86 1.86 1.87
His 1.18 1.40 0.84 0.85 0.83 0.82 0.82 0.82 0.81
Arg 3.13 2.33 1.87 1.73 1.69 1.63 1.61 1.55 1.46
NEAA
Asp 522 4.08 2.98 2.81 2.75 2,67 2.62 2.57 2.58
Ser 2.36 1.86 1.61 141 1.46 1.44 1.44 1.39 142
Glu 8.38 5.93 6.77 6.49 6.36 6.24 6.12 6.00 5.94
Gly 1.92 239 1.10 1.06 1.05 1.05 1.07 1.07 1.16
Ala 1.94 3.19 1.22 1.22 1.23 1.25 1.28 1.32 1.37
Cys 0.61 0.50 0.39 0.40 0.41 0.40 0.39 0.41 0.40
Tyr 137 2.82 0.97 0.96 1.00 0.96 1.04 1.07 1.01
Pro 243 2.79 231 222 220 226 226 225 229
>"EAA 19.04 18.64 13.27 12.89 12.73 12.54 1243 12.39 12.32
S"NEAA 24.23 23.56 17.35 16.57 16.46 16.27 16.22 16.08 16.17
S"EAA:>"NEAA 0.79 0.79 0.76 0.78 0.77 0.77 0.77 0.77 0.76
> AA 43.27 42.21 30.62 29.48 29.18 28.82 28.63 28.48 28.48

BSFLM = black soldier fly larvae meal; SM = soybean meal; EAA = essential amino acids; NEAA = nonessential amino acids; SEAA = total essential amino acids; SNEAA = total

nonessential amino acids; SAA = total amino acids.
1 Values are reported as the mean values of duplicated analyses.

observe the feeding situation of the experimental fish and prevent
the feed from sinking to the bottom and becoming waste. The
amount of supplied diet to each cage was recorded daily and
remaining feed in the feeding platform was siphoned out 0.5 h after
feeding, analyzed for dry matter and subtracted from feed offered
(DM basis) to calculate actual feed intake. The feeding trial lasted
for 90 days. During the feeding trial, the water temperature was
25 + 3 °C, the pH ranged from 7.4 to 8.6, NH4-N < 0.01 mg/L, NO3-N
< 0.005 mg/L and dissolved oxygen ranged from 8 to 10 mg/L. The
photoperiod was 14 h light to 10 h dark with a light period from
06:00 to 20:00.
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2.4. Sampling

At the beginning of the feeding trial, 6 grass carp (approximately
300 g) were randomly sampled and stored at —20 °C until they
were used for the initial proximate composition analysis of whole
fish. At the end of the 90-day feeding trial, samples were taken after
all fish were fasted for 24 h, then all fish captured from each net
cage were anesthetized using 50 mg/L MS-222 solution (Sigma, St.
Louis, MO, USA). The final body weight and body length of all fish in
each net cage were measured and the fish count was recorded. Two
fish per cage were stored at —20 °C until the final proximate
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Table 3
Fatty acid composition of SM, BSFLM and experimental diets (% total fatty acids)™.
Fatty acids SM BSFLM Diets
SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100
C12:0 ND 11.08 ND 0.94 1.24 4,58 4.82 6.16 9.18
C14:0 3.00 6.32 0.60 0.31 1.15 1.14 1.64 1.61 2.69
C16:0 23.36 24.09 13.59 13.50 14.68 15.46 15.72 16.53 17.06
C18:0 13.58 18.14 6.53 6.44 6.61 1.91 6.59 6.72 6.52
S>"SFA 39.95 59.63 20.72 21.19 23.68 23.09 28.77 31.01 35.44
C16:1n-7 0.56 1.53 0.25 0.11 0.26 0.40 0.24 0.15 0.36
C18:1n-7 5.86 9.35 1.73 1.51 1.58 1.91 1.67 1.76 2.04
C18:1n-9 6.33 7.20 21.17 19.84 20.40 21.77 21.07 21.66 22.12
C20:1n-9 0.00 0.06 0.01 0.05 0.06 0.11 0.10 0.12 0.14
S"MUFA 12.75 18.14 23.16 21.52 22.30 24.19 23.09 23.70 24.67
C18:2n-6 36.88 18.49 48.38 47.79 45.75 44.42 40.25 37.73 32.93
C18:3n-6 0.24 0.21 0.35 0.72 0.49 0.54 0.44 0.34 0.36
C20:3n-6 343 0.07 0.93 0.78 0.83 0.83 0.83 0.98 0.72
>"n-6 PUFA 40.55 18.77 49.65 49.29 47.07 45.79 41.52 39.05 34.01
C18:3n-3 6.75 2.83 6.35 7.60 6.64 6.66 6.07 5.63 5.11
C20:5n-3 ND 0.31 0.05 0.17 0.22 0.15 033 0.36 047
C22:5n-3 ND 0.20 0.06 0.16 0.03 0.03 0.15 0.14 0.12
C22:6n-3 ND 0.12 ND 0.06 0.06 0.09 0.06 0.10 0.17
>"n-3 PUFA 6.75 3.46 6.47 8.00 6.95 6.93 6.61 6.23 5.87
S"PUFA 47.30 2223 56.12 57.29 54.02 52.72 48.13 45.28 39.88
S>"HUFA 3.43 0.69 1.04 1.18 1.14 1.10 1.38 1.59 1.48
n-3:n-6 0.17 0.18 0.13 0.16 0.15 0.15 0.16 0.16 0.17

BSFLM = black soldier fly larvae meal; SM = soybean meal; Y SFA = total saturated fatty acids; > _MUFA = total monounsaturated fatty acid; >-PUFA = total polyunsaturated
fatty acid; Y _HUFA = total highly unsaturated fatty acids; n-3:n-6 = the ratio of _"n-3 PUFA to > n-6 PUFA; ND = not detected.

1 Values are reported as the mean values of duplicated analyses.

composition analysis of the whole fish. The colors of the dorsum,
lateral line and abdomen of the 3 fish per cage were measured with
a 3nh chroma meter (NS800, Shenzhen ThreeNH Technology Co.,
Ltd., Shenzhen, China). Four fish per cage were randomly selected
for dissection. Visceral weight was first recorded, then the muscle
was separated, frozen with liquid nitrogen, and stored at —80 °C
until it was used for molecular biology and antioxidant indices
detection. The left and right dorsal muscles of 3 fish per cage were
isolated, and the left muscles were used for the analysis of texture
parameters, pH, proximate composition and ultrastructure (sam-
ples were fixed in 4% glutaraldehyde solution). The right muscle
was used for the determination of color, dripp loss, water-soluble
protein, salt-soluble protein, amino acid composition, trimethyl-
amine (TMA), trimethylamine oxide (TMAO) and nucleotides.
Muscle, liver and midgut of 4 fish per cage were collected and
stored in 4% paraformaldehyde solution at 4 °C until they were used
for histological observation. Finally, the weight of the viscera, liver,
intraperitoneal fat, spleen and kidney of 4 fish per cage were
measured, then muscle was collected and stored at —20 °C until it
was used for fatty acid composition analysis.

2.5. The calculations of growth, feed utilization and biological
indices

Growth, feed utilization and biological indices were calculated
using the following formulae:

Weight gain rate (%) = (Final weight of fish - Initial weight of
fish)/Initial weight of fish x 100;

Specific growth rate (%) = [In (Final weight of fish) - In (Initial
weight of fish)]/Days of feeding x 100;

Feed intake = Total amount of the dry feed consumed,;

Weight gain = Final body weight — Initial body weight;

Feed conversion ratio (FCR) = Feed intake/(Final weight of
fish — Initial weight of fish);

Protein efficiency ratio (%) = Weight gain/Protein intake x 100;

Protein retention efficiency (%) = Whole body protein gain/
Protein intake x 100;

Condition factor (g/cm?) = Body weight/Body length?;

Viscera index (%) = Viscera weight/Body weight x 100;

Hepatosomatic index (HSI, %) = Hepatopancreas weight/Body
weight x 100;

Spleen indexes (%) = Spleen weight/Body weight x 100;

Intra-peritoneal fat index (%) = Weight of intraperitoneal fat/
Body weight x 100;

Kidney index (%) = Kidney weight/Body weight x 100.

2.6. Muscle antioxidant indices

The activities of the total super oxide dismutase (T-SOD) and the
content of hydrogen peroxide (H,0;) and malonaldehyde (MDA) in
the muscle were measured with their respective kits (A001-1-2,
A064-1-1, A003-1-2) (Jian Cheng Biochemical Company, Nanjing,
China) according to the manufacturer's instructions. Sample pre-
treatment: A certain mass (wt) of muscle stored at —80 °C was
weighed, and 0.86% normal saline homogenate was added ac-
cording to the ratio of 1:9 (wt:vol) to prepare 10% tissue homoge-
nate, which was centrifuged at 1000 to 1800 x g at 4 °C for 15 min,
and the supernatant was removed for measurement. The reaction
system of xanthine and xanthine oxidase generates superoxide
anion free radical, which oxidizes hydroxylamine to form nitrite,
which is purple red under the action of chromogenic agent and has
the maximum absorption at 550 nm. T-SOD has a specific inhibitory
effect on the above process, so the content of nitrite generated is
related to the activity of T-SOD. The H,0, can react with molybdic
acid to form a complex, then the amount of H,0; can be calculated
by measuring its production at 405 nm. When the MDA equivalents
were determined, samples were mixed with trichloroacetic acid
and centrifuged. Then, the thiobarbituric acid was added to the
supernatant. The mixture was heated in water at 95 °C for 40 min.
MDA forms a red adduct with thiobarbituric acid, which has an
absorbance at 532 nm.

2.7. Histological observations and ultrastructure analyses

The liver, muscle and mid-gut samples were fixed in 4% para-
formaldehyde solution for 24 h. Muscle samples were fixed in 4%
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glutaraldehyde solution for 24 h. The subsequent processes were
performed according to the methods in the previous articles
(Almeida et al., 2008; Wang et al., 2019; Xu et al., 2020). The specific
experimental method is provided in the supplementary material.

2.8. Proximate composition, fatty acid composition and amino acid
composition analysis

Diets, ingredients (SM and BSFLM), muscle and whole fish were
analysed to determine the proximate composition according to the
methods recommended by the Association of Official Analytical
Chemists (AOAC, 2000). The fatty acid and amino acid compositions
of diets, ingredients (SM and BSFLM) and muscle were analysed
according to the methods recommended by Tran et al. (2015) and
Barroso et al. (2014). The specific experimental method is provided
in the supplementary material.

2.9. Muscle texture analysis and shear force determination

The muscle was cut into 1 cm x 1 cm x 1 cm
(length x width x height) cubes used for determination of the
texture parameters and shear force. The texture parameters and
shear force were measured respectively according to the methods
described by Hixson et al. (2014) and laconisi et al. (2018),
respectively, with some modifications to the operational parame-
ters. The specific experimental method is provided in the supple-
mentary material.

2.10. Body and muscle color

Body and muscle color were measured using a CR-400 color-
imeter (Konica-Minolta, Japan) and the colors were represented by
L* (luminance value), a* (red value - green value axis), b* (yellow -
blue axis) and C* (saturation value) according to the International
Commission on Luminescent Lighting (CIE) standards (Mclaren,
1976). The body color of each fish was measured at 3 points on
the dorsum, lateral line and abdomen, while the muscle color was
measured at 3 points above the lateral line.

2.11. WHC and pH of muscle

The WHC of muscles can be measured by the dripp loss. Ten
grams of the white muscle above the lateral line was taken, then the
muscle was strung with a thin thread and hung in a refrigerator at
4 °C. The muscle was covered and sealed with an inflatable plastic
bag outside the muscle, and the muscle and the plastic bag did not
touch each other. After hanging for 24 h, the water on the muscle
surface was wiped and weighed, and the dripp loss of muscle was
the percentage of the lost weight in the total muscle weight. The
muscle with a certain mass (wt) was weighed, and distilled water
was added for homogenate according to the wt to vol ratio of 1:10,
and then the homogenate was shaken for 30 min in the shaker,
finally pH of the homogenate was measured by using a pH-meter
(PH828+, Dongguan Wanchuang Electronic Products Co., Ltd,
Guangdong, China) (Fuentes et al., 2010).

2.12. Water- and salt-soluble protein in muscle

According to the method described by Sigholt et al. (2006),
water- and salt-soluble protein contents were determined after
extraction with phosphate buffer alone or with KCI from the muscle
samples. Extraction was at 4 °C. The sample (4 g) was homogenized
for 10 s with an Ultra-Turrax (Janke and Kunkel GmbH, Staufen,
Germany) in phosphate buffer (0.05 M), pH 7 (80 mL) and centri-
fuged (8000 x g, 20 min). The supernatant was decanted, and the
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volume adjusted to 100 mL with phosphate buffer to provide the
water-soluble fraction. The precipitate was homogenized (10 s) in
KCl (0.6 M) in phosphate buffer (0.05 M) at pH 7 (80 mL) and
centrifuged. The supernatant was decanted, and the volume
adjusted to 100 mL with KCl-phosphate buffer to provide the salt-
soluble fraction. The content of water-soluble and salt-soluble
proteins was determined by Coomassie bright blue protein quan-
titative test kit (A045-2-2, Jian Cheng Biochemical Company,
Nanjing, China).

2.13. Trimethylamine oxide and trimethylamine content in muscle

The determination of TMAO and TMA content in muscle was
based on the method of Wekell and Barnett (1991) with some
modifications. The specific experimental method is shown in sup-
plementary material.

2.14. Content of muscle nucleotides

The muscle nucleotides contents were determined with refer-
ence to the method described by Ryder (1985) with some modifi-
cations. The specific experimental method is shown in the
supplementary material.

2.15. Gene expression analysis in muscle

Total RNA was extracted from muscle and liver tissues via ho-
mogenisation in TRNzol reagent (Tiangen, Beijing, China). The
extracted RNA was treated with RNase-free DNase (TaKaRa, Dalian,
China) to avoid genomic DNA amplification during RTPCR. RNA
integrity was checked by electrophoresis on 2% agarose gels before
reverse-transcription PCR. The total RNA was reversed into cDNA
using the PrimerScript RT reagent kit (TaKaRa, Dalian, P.R. China).
Real-time gqPCR was performed using a CFX 96 Real-time PCR
Detection System (Bio-Rad, Hercules, CA, USA). The total volume of
the PCR reaction was 20 pL containing 0.6 pL of each Primer
(10 uM), 1 uL of the diluted cDNA, 10 pL of 2x SYBR Premix Ex Taq Il
(TaKaRa, Dalian, P.R. China) and 7.8 uL of sterilized double-distilled
water. The real-time quantitative PCR conditions were the
following: denaturing at 95 °C for 30 s and 40 cycles of denaturing
at 95 °C for 5 s, annealing at 60 °C for 30 s and extension at 72 °C for
1 min. The melting curve was created after the extension (60 to
95 °C, 30 s, the plate was read every 0.5 °C). According to the mRNA
expression stability results of 4 internal reference genes (18SrRNA,
B-actin, GAPDH, EF1«) in muscle before quantitative gene expres-
sion detection, f-actin mRNA was used as the internal control and it
remained stable throughout our study. The primer sequences of
genes are shown in Table 4. The relative expression levels of genes
were calculated using the 2-2ACT method (Livak and Schmittgen,
2001).

2.16. Statistical analysis

All data are presented as mean =+ standard deviations
(mean + SD) and were tested for homogeneity of variance using
Levene's test. All data were evaluated by using SPSS 19.0 software
for one-way analysis of variance and Duncan's post-hoc test.
Orthogonal polynomial contrasts were used to determine the type
of regression analysis (Wei et al., 2019). A quadratic equation was
used to calculate the optimum BSFLM level for growth and feed
efficiency. R? (0.7 < R*> < 1) indicated a good fit of the regression
equation to the data (Xu et al., 2018). In addition, with the help of
SPSS 19.0 statistical analysis software, principal component anal-
ysis (PCA) was performed on the data results of texture parameters,
body and muscle colors using Covariance matrix. To explain the
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Table 4
Primers used for real-time quantitative PCR analysis.
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Genes Forward primer (5'—3’) Reverse primer (5'—3') Accession number
MyoG TTACGAAGGCGGCGATAACTT TGGTGAGGAGACATGGACAGA JQ793897
MyoD ATGGAGTTGTCGGATATTCCCTTC GCGGTCAGCGTTGGTTGTT MG544985
Mrf4 TCGCTCCTGTATTGATGTTGATGA GCTCCTGTCTCGCATTCGTT KT899334
Myf5 GTGCCTGTGCCTCATCTCCT AATGCGTGGTTCACCTTCTTCA GU290227
MyHC GACGCTCATCACCACCAACC TGCTCCTCACGCTGCTTCT EU414733
FGF6a CGCATACGAGTCTTCCAT CCTACGAGAACATCCAACA MK050993
FGF6b TCCAGTCCGCTTCCGAGTA AGATGAAACCCGATGCCTACA MK050992
MSTN CTGACGCCAAGTTCCACATACA CGACTCTGCTTCAAGTTCTTCTCT KP719016
TOR TCCCACTTTCCACCAACT ACACCTCCACCTTCTCCA ]X854449
B-Actin TATGTTGGTGACGAGGCTCA GCAGCTCGTTGTAGAAGGTG M25013

MyoG = myogenin; MyoD = myoblast determination protein; Mrf4 = myogenic regulatory factor 4; Myf5 = myogenic factor 5; MyHC = myosin heavy chain; FGF6a = fibroblast
growth factor 6a; FGF6b = fibroblast growth factor 6b; MSTN = myostatin; TOR = target of rapamycin.

effects of different contents of BSFLM in diet on the quality of grass
carp. Difference was considered significant at P < 0.05. Next, PCA
was used to evaluate the above indicators of each experimental
group. The graded weighted principal component analysis of
muscle texture parameters and body color with reference to the
method described by Guo et al. (2018). The brief steps: On the basis
of PCA results, the principal component weight function was con-
structed by using the score of principal component, eigenvalue and
variance contribution rate, and then the principal component
comprehensive weight function was constructed. Finally, the
comprehensive weight of the evaluation indicators of each exper-
imental group was calculated, and then the overall ranking of the
evaluation indicators was carried out.

3. Results
3.1. Growth, feed utilization and biological indices

Table 5 shows the growth, feed utilization and biological indices
of fish fed diets with graded levels of BSFLM. The final body weight
(FBW), weight gain, weight gain rate, specific growth rate, protein
efficiency ratio and protein retention efficiency of the BSFLM75 and
BSFLM100 groups were significantly lower compared to the SM
group (P < 0.05), and the FCR showed the opposite trend (P < 0.05).
There was no significant difference in the feed intake, condition
factor, viscera index, intraperitoneal fat index, kidney index and
spleen index among all groups (P > 0.05). Compared with the SM

group, the HSI values in the BSFLM60, BSFLM75 and BSFLM100
groups were significantly increased (P < 0.05). FBW and FCR
showed quadratic responses to dietary BSFLM levels
(Yepw = —3255.8x + 462.36x + 700, R? = 0.8114; Ygcg = 12.658x> —
1.7503x + 1.675, R? = 0.8584). Through quadratic regression anal-
ysis, it was found that the BSFLM levels in diets corresponding to
the maximum FBW was 71.0 g/kg diet and the minimum FCR was
69.1 g/kg diet (Fig. 1).

3.2. Antioxidant indexes of muscle

The antioxidant indexes in the muscle of fish fed diets with
graded levels of BSFLM are shown in Fig. 2. Compared with the SM
group, the H,0, contents of muscle in the BSFLM groups were not
notably different (P > 0.05) (Fig. 2B). However, the BSFLM30,
BSFLM45, BSFLM75 and BSFLM100 groups had lower MDA content
than that of the SM group (P < 0.05) (Fig. 2C). The T-SOD activity in
the BSFLM15, BSFLM30 and BSFLM75 groups were significantly
higher than that of the SM group (P < 0.05) (Fig. 2A).

3.3. Histomorphology of liver and mid-gut

The hepatocytes in all experimental groups were polygonal in
shape and had centrally located nuclei and clear cell boundaries
(Fig. 3). The SM, BSFLM30 and BSFLM45 groups had little debris of
villus, but in shape of villus were regular in all groups (Fig. 4A). The
mid-gut villus height in the BSFLM100 group was significantly

Table 5

Effects of BSFLM on the growth, feed utilization and biological indices of fish'.
Item Diets P-value

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

IBW, g 299.78 + 0.49 299.73 + 0.88 299.95 + 0.68 300.58 + 1.46 299.25 + 0.87 299.80 + 0.97 30042 + 0.38 0.88
FBW, g 71229 + 17.67° 706.99 + 6.68% 726.38 + 33.89° 729.41 + 14712 696.08 + 6.12% 663.91 + 16.65" 647.06 + 17.89" 0.00
F, g 669.51 + 31.46 667.38 + 21.84 662.51 + 15.61 685.04 + 7.35 669.50 + 7.73 659.42 + 6.97 656.22 + 11.98 0.51
FCR 1.62 + 0.09* 1.64 + 0.04* 1.56 + 0.06° 1.60 + 0.06" 1.69 + 0.03" 1.81 + 0.07° 1.90 + 0.06° 0.00
WG, g 412.50 + 17.65% 407.26 + 5.80° 426.43 + 33.97° 428.83 + 15.03° 396.83 + 6.97° 364.11 + 17.44° 346.64 + 17.79" 0.00
WGR, % 137.60 + 5.89° 135.87 + 1.54° 14217 + 11.412 142.67 + 5.24° 132,61 + 2.71° 121.46 + 6.16° 115.39 + 5.89" 0.00
SGR, %/d 1.07 + 0.03° 1.06 + 0.01° 1.09 + 0.06° 1.09 + 0.03% 1.04 + 0.01° 0.98 + 0.03° 0.95 + 0.03° 0.00
CF, g/cm® 2.07 +£0.10 2.05 + 0.02 2.08 + 0.04 2.04 + 0.03 2.12 + 0.04 2.03 +0.19 2.08 + 0.08 0.89
VSI, % 8.16 + 0.34 8.73 + 0.57 8.69 + 0.48 8.65 + 0.09 8.61 + 0.45 8.85 + 0.06 8.56 + 0.74 0.65
HSI, % 2.62 + 0.26° 2.97 + 0.09%° 2.92 +0.27% 2.85 + 0.22%° 3.08 +0.18° 3.01 +0.19% 3.00 + 0.09% 0.04
IFI, % 2.02 +0.51 2.17 + 0.40 217 + 045 1.89 + 0.25 2.15 + 0.06 2.15 + 0.40 238 +0.30 0.78
K1, % 0.42 + 0.04 0.44 + 0.02 0.44 + 0.03 0.48 + 0.03 0.43 + 0.06 0.41 + 0.02 0.46 + 0.03 033
SI, % 0.21 + 0.02 0.24 + 0.03 0.23 + 0.03 0.23 + 0.01 0.24 + 0.01 0.26 + 0.05 0.21 + 0.02 0.45
PER, % 199.94 + 6.95° 195.78 + 5.95° 197.43 + 10.40° 202.75 + 6.17% 194.6 + 1.76% 180.44 + 8.84° 173.77 + 4.53° 0.00
PRE, % 37.07 + 1.71° 36.97 + 0.61° 37.99 + 1.34° 38.11 + 1.49° 36.09 + 0.17° 33.18 + 0.68" 32.81 + 1.09° 0.00

BSFLM = black soldier fly larvae meal; SM = soybean meal; IBW = initial body weight; FBW = final body weight; FI = feed intake; FCR = feed conversion ratio; WG = weight
gain; WGR = weight gain rate; SGR = specific growth rate; CF = condition factor; VSI = viscera index; HSI = hepatosomatic index; IFI = intraperitoneal fat index; KI = kidney
index; SI = spleen index; PER = protein efficiency ratio; PRE = protein retention efficiency.

! Values are mean + SD (n = 3). Values with different superscripts in the same row are significantly different (P < 0.05) from each other.
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Fig. 1. Regression analysis of black soldier fly larvae meal (BSFLM) levels on growth performance of fish fed different experimental diets (mean + SD, n = 3). (A) The quadratic
regression analysis between the final body weight (FBW) and dietary BSFLM levels. (B) The quadratic regression analysis between the FCR and dietary BSFLM levels.

lower than that of the SM group (P < 0.05) (Fig. 4B), which may be
one of the inducers of lower growth and feed utilization. In addi-
tion, villus width and muscle layer thickness were not significantly
affected by dietary BSFLM level (P > 0.05) (Fig. 4C and D).

3.4. Proximate compositions of whole body and muscle

Proximate compositions of the whole body and the muscle of
fish fed diets with graded levels of BSFLM are shown in Table 6. The
whole-body crude protein content in the BSFLM30 group was
significantly increased compared to the SM group (P < 0.05), but the
other proximate composition contents of the whole body and
muscle in all BSFLM groups exhibited no significant differences
compared to the SM group (P > 0.05).
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3.5. Amino acid and fatty acid composition of muscle

The amino acid and fatty acid composition of the muscle of fish
fed diets with graded levels of BSFLM are shown in Table 7 and
Table 8, respectively. Amino acid compositions of muscle were not
significantly influenced by dietary amino acid profile (Table 2), only
the glycine (Gly) content of the BSFLM100 group was significantly
higher compared to the other experimental groups (P < 0.05), while
the other amino acid contents of all BSFLM groups exhibited no
significant differences compared to the SM group (P > 0.05). The
fatty acid compositions of muscle were clearly influenced by the
dietary fatty acid profile (Table 3). Compared with the SM group,
the C12:0 and C16:1n-7 contents in all BSFLM groups and the
C20:1n-9 contents in the remaining BSFLM groups except the
BSFLM45 group were significantly increased (P < 0.05), and the
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Fig. 2. Effect of BSFLM on antioxidant indexes in the muscle of fish fed different experimental diets (mean + SD, n = 3). SM, BSFLM15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and
BSFLM100 represent diets in which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal. (A)
The total super oxide dismutase (T-SOD) activity in the muscle of fish fed different experimental diets (P = 0.04). (B) The hydrogen peroxide (H,0,) content in the muscle of fish fed
different experimental diets (P = 0.28). (C) The malonaldehyde (MDA) content in the muscle of fish fed different experimental diets (P = 0.00). Values marked with different letters
above the bars indicate significant difference (P < 0.05) from each other.
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Fig. 3. Histomorphology images in the liver of fish fed different experimental diets (Hematoxylin-eosin staining, magnification 100x ). The structures pointed by the one-way
arrows are the hepatocyte, cell nucleus and boundary. SM, BSFLM15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and BSFLM100 represent diets in which BSFLM replaced SM levels
of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal.

C14:0 contents in the BSFLM75 and BSFLM100 groups and the
C16:0 content in the BSFLM100 group were significantly increased
(P < 0.05). The contents of C18:2n-6 and C18:3n-6 gradually
decreased with the increment of BSFLM inclusion in diets. Mean-
while, the content of C20:3n-6 in the remaining the BSFLM groups
except the BSFLM75 group were significantly lower compared to
the SM group and C22:4n-6 contents of the BSFLM30, BSFLM60 and
BSFLM100 groups were significantly higher compared to the SM
group (P < 0.05). The content of C20:5n-3 significantly increased
with increasing dietary BSFLM levels (P < 0.05), while the C18:3n-3
content exhibited the opposite trend, and the C22:6n-3 content
was the highest in the BSFLM 100 group (P < 0.05). Furthermore, the
content of the total n-6 PUFA significantly decreased with the
increment of BSFLM inclusion in diets (P < 0.05), while the contents
of total n-3 PUFA and highly unsaturated fatty acids (HUFA) showed
the reverse trend and reached the highest level in the BSFLM100
group (P < 0.05), this also led to the significant trend of gradual
increase in the n-3:n-6 value (P < 0.05).
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3.6. Texture properties, pH, drip loss, and water- and salt-soluble
protein of muscle

The texture properties, pH, drip loss and water- and salt-soluble
protein contents of the muscle of fish fed diets with graded levels of
BSFLM are shown in Table 9. Compared with the SM group, the
adhesiveness of muscle in the BSFLM60, BSFLM75 and BSFLM 100
groups were significantly higher (P < 0.05). Meanwhile, the
springiness and chewiness of the remaining BSFLM groups, with
the exception of the BSFLM15 and BSFLM30 groups were signifi-
cantly increased compared to the SM group (P < 0.05). However, the
hardness, cohesiveness, gumminess and shear force of all BSFLM
groups exhibited no significant difference compared to the SM
group (P > 0.05). Through PCA, the score plot (Fig. 5A) indicated the
overall difference of the texture properties in the muscle of fish fed
diets with graded levels of BSFLM. In the score plot, the greater the
distance between points, the greater the difference, and the greater
the distance between solid circles, the greater the overall difference
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Fig. 4. Hematoxylin-eosin staining analysis of the mid-gut of fish fed different experimental diets. SM, BSFLM15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and BSFLM100 represent
diets in which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal. (A) Representative images
(magnification 40x , scale bar = 500 um), the structure pointed by the one-way arrows are the villus and muscle layer respectively, the distance between the two-way arrows
indicate are the villus height, villus width and muscle layer thickness respectively. (B) Villus height in the mid-gut of fish fed different experimental diets (P = 0.00). (C) Villus width
in the mid-gut of fish fed different experimental diets (P = 0.10). (D) Muscle layer thickness in the mid-gut of fish fed different experimental diets (P = 0.25). Values are means + SD
(n = 3) marked with different letters above the bars indicate significant difference (P < 0.05) from each other.

of the muscle texture characteristics between the experimental
groups. Therefore, we could see that PCA can effectively distinguish
the remaining BSFLM groups with the exception of the BSFLM15
group from the SM group based on the score plot (Fig. 5A). Com-
bined with the eigenvalue and weight analysis of the covariance
matrix loading for principal components of the muscle texture
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properties (Table 10). Muscle texture properties were evaluated
according to the total weight rank, it was found that the muscle
texture properties of the BSFLM30, BSFLM45, BSFLM60, BSFLM75
and BSFLM100 groups were better than that of the SM group. The
muscle pH of the remaining BSFLM groups, except for the BSFLM30
group, were significantly higher than that of the SM group (P < 0.05,
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Table 6

Effect of BSFLM on proximate compositions in the muscle and whole body of fish (% wet basis)'.
Item Diets P-value

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

Muscle
Moisture 77.21 + 0.07 77.36 + 0.07 77.13 + 0.04 77.39 + 0.02 76.87 + 0.06 77.28 + 0.05 77.35 + 0.01 0.79
Crude protein 19.26 + 0.60 19.44 + 0.17 19.27 + 0.06 19.12 £ 0.24 19.20 + 0.88 19.43 + 0.55 19.10 + 0.57 0.97
Crude lipid 143 +0.27 143 + 0.40 1.29 = 0.08 148 + 0.11 1.67 £ 0.21 148 + 0.12 1.20 = 0.10 0.25
Ash 1.21 + 0.07 1.28 + 0.07 1.33 +0.04 1.24 + 0.02 1.31 + 0.06 1.23 + 0.05 1.28 + 0.01 0.10
Whole body
Moisture 71.05 +0.78 7034 + 0.15 70.13 = 0.20 7042 + 1.52 70.03 + 1.32 70.93 + 0.46 7130 = 0.35 0.46
Crude protein 16.51 + 0.19° 16.67 + 0.17°° 16.90 + 0.16% 16.70 + 0.12%° 16.41 £ 0.27° 1633 +0.21° 16.52 + 0.23° 0.04
Crude lipid 8.31 £ 0.51 8.87 +0.25 9.24 +0.17 8.99 + 1.49 9.20 + 1.48 8.50 + 0.69 8.19 + 0.49 0.66
Ash 344 +0.22 3.31 +£0.09 3.37 £ 0.04 3.28 + 0.26 3.17 £ 0.09 3.28 + 0.06 3.15+0.15 0.30

BSFLM = black soldier fly larvae meal; SM = soybean meal.
! Values are mean = SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

Table 7

Effect of BSFLM on amino acid composition in the muscle of fish (g/100 g wet basis) .
Amino acids Diets P-value

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

EAA
Thr 0.91 + 0.01 0.88 + 0.05 0.88 + 0.06 0.88 + 0.06 0.90 + 0.01 0.88 + 0.04 0.93 + 0.05 0.69
Val 0.90 + 0.09 0.91 +0.03 0.90 + 0.02 0.89 +0.03 0.89 + 0.06 0.90 + 0.07 0.96 + 0.05 0.69
Met 0.57 + 0.01 0.55 + 0.02 0.56 + 0.04 0.56 + 0.03 0.56 + 0.01 0.55 + 0.02 0.59 + 0.03 0.35
Ile 0.87 + 0.03 0.87 + 0.02 0.87 +0.03 0.86 + 0.04 0.86 + 0.01 0.87 + 0.07 0.91 + 0.03 0.67
Leu 1.61 + 0.04 1.56 = 0.06 1.57 £ 0.08 1.56 + 0.09 1.57 £ 0.01 1.56 + 0.07 1.65 + 0.06 0.49
Phe 0.84 + 0.02 0.81 + 0.02 0.81 + 0.04 0.80 + 0.06 0.83 + 0.02 0.82 + 0.04 0.85 + 0.04 0.58
Lys 1.97 + 0.02 1.87 + 0.10 1.92 + 0.08 1.91 + 0.09 1.91 + 0.01 1.89 + 0.08 1.99 + 0.07 0.42
His 0.75 + 0.03 0.73 + 0.04 0.75 + 0.03 0.72 + 0.02 0.73 £ 0.05 0.70 + 0.04 0.74 + 0.05 0.61
Arg 1.22 + 0.04 1.18 £ 0.09 1.21 + 0.04 1.21 + 0.06 1.21 + 0.00 1.16 + 0.06 1.26 + 0.06 0.42
NEAA
Asp 2.10 + 0.02 2.04 +0.08 2.08 +0.11 2.07 £0.12 2.11 +£0.03 2.04 +0.08 2.16 £ 0.12 0.63
Ser 0.83 + 0.01 0.80 + 0.05 0.79 + 0.08 0.79 + 0.07 0.83 + 0.02 0.79 + 0.03 0.83 + 0.08 0.85
Glu 3.13 £ 0.06 3.01 £ 0.16 3.06 +0.15 3.08 +0.13 3.07 £ 0.01 299 +0.13 324 +0.13 0.30
Gly 0.90 + 0.02° 0.87 + 0.05" 0.87 + 0.02° 0.90 + 0.04° 0.92 + 0.03° 0.89 + 0.04° 1.00 + 0.07° 0.02
Ala 1.20 + 0.01 1.14 + 0.05 1.18 + 0.05 1.17 + 0.06 1.19 + 0.02 1.16 + 0.05 1.24 + 0.06 0.23
Cys 0.13 + 0.09 0.14 + 0.12 0.19 +0.13 0.18 + 0.12 0.05 + 0.02 0.06 + 0.03 0.13 + 0.11 0.56
Tyr 0.74 + 0.05 0.71 + 0.02 0.69 + 0.09 0.69 + 0.09 0.75 + 0.04 0.74 + 0.04 0.75 + 0.07 0.66
Pro 0.67 + 0.03 0.67 + 0.07 0.68 + 0.06 0.72 + 0.03 0.65 + 0.02 0.64 + 0.07 0.75 + 0.04 0.18
>"EAA 9.64 + 0.21 9.35 +0.39 9.49 + 0.38 9.38 + 043 9.46 +0.14 9.32 + 0.46 9.88 + 0.35 0.49
>-NEAA 9.69 + 0.12 9.37 £ 0.49 9.53 + 0.37 9.61 + 0.34 9.58 +0.13 9.30 + 0.40 10.09 + 0.37 0.20
>"EAA:>"NEAA 0.99 + 0.01 1.00 + 0.01 1.00 + 0.01 0.98 + 0.01 0.99 + 0.01 1.00 + 0.01 0.98 + 0.01 0.14
STEAA:S"AA 0.50 + 0.02 0.50 + 0.03 0.50 + 0.01 0.49 + 0.02 0.50 + 0.01 0.50 + 0.01 0.49 + 0.02 0.26
> AA 19.33 +0.29 18.73 + 0.87 19.00 + 0.72 18.97 + 0.76 19.07 + 0.25 18.63 + 0.83 19.97 + 0.70 0.32

BSFLM = black soldier fly larvae meal; SM = soybean meal; Thr = threomine; Val = valine; Met = methionine; Ile = isoleucine; Leu = leucine; Phe = phenylalanine;
Lys = lysine; His = histidine; Arg = arginine; Asp = aspartic acid; Ser = serine; Glu = glutamate; Gly = glycine; Ala = alanine; Cys = cystine; Tyr = tyrosine; Pro = proline;
EAA = essential amino acids; NEAA = nonessential amino acids; SEAA = total essential amino acids; SNEAA = total nonessential amino acids; SAA = total amino acids.

! Values are mean + SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

Table 9). The drip loss of muscle in the BSFLM75 group was lower
compared to the SM group (P < 0.05). The water-soluble protein
content of muscle in the remaining BSFLM groups, except for the
BSFLM75 and BSFLM100 groups, were significantly decreased
compared with the SM group (P < 0.05). Additionally, the BSFLM60
and BSFLM75 groups had higher salt-soluble protein content in all
groups (P < 0.05).

3.7. Body and muscle color

The body and muscle color of fish fed diets with graded levels of
BSFLM are shown in Table 11. In terms of dorsal color, L*, b* and C*
of dorsa exhibited no significant differences among all experi-
mental groups (P > 0.05), but dorsal a* in the remaining BSFLM
groups except for the BSFLM30 group were significantly higher
than that of the SM group (P < 0.05). Through the PCA, we could see
that the PCA effectively distinguished the remaining the BSFLM
groups except for the BSFLM15 and BSFLM30 groups from the SM
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group based on the score plot (Fig. 6A, Left). Combined with the
eigenvalue and weight analysis of the covariance matrix loading for
principal components of the dorsal color (Table 12), it was found
that the dorsal color of the BSFLM45, BSFLM60, BSFLM75 and
BSFLM100 groups were better than that of the SM group. In the
aspect of lateral line color, L*, b* and C* of lateral line showed no
significant differences among all experimental groups (P > 0.05),
but the lateral line a* of the BSFLM75 and BSFLM100 groups were
significantly higher compared to the SM group (P < 0.05). Through
the PCA of the lateral line color, we could see that the PCA can
effectively distinguish the remaining the BSFLM groups except for
the BSFLM30 group from the SM group based on the score plot
(Fig. 6B, Left). Combined with the eigenvalue and weight analysis of
the covariance matrix loading for principal components of the
lateral line color (Table 12), it was found that the lateral line color of
remaining the BSFLM groups except for the BSFLM30 group were
better than that of the SM group. In terms of the ventral color, the
ventral L* was not significantly affected by dietary BSFLM levels
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Table 8
Effect of BSFLM on fatty acid composition in the muscle of fish (% total fatty acids)".
Fatty acids Diets P-value
SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

C12:0 1.25 + 0.17¢ 1.78 + 0.29¢ 2.13 + 0.21°¢ 2.21 + 0.08" 3.49 + 0217 3.24 + 0.36% 253 + 0.29° 0.00
C14:0 1.60 + 0.25"° 1.54 + 0.33¢ 1.59 + 0.15"° 1.91 + 0.2135 2.02 + 0.25% 2.27 + 0262 2.16 + 0.212 0.01
C16:0 21.11 + 0.73% 20.40 + 0.44¢ 20.20 + 0.46° 2222 + 111 21.30 + 0.38%° 22.02 + 0.30% 22.45 + 0.64° 0.00
C18:0 6.21 + 0.74 5.22 + 0.50 6.03 + 0.89 5.59 + 0.19 5.95 + 0.41 5.81 + 0.54 529 + 0.43 0.32

S SFA 28.39 + 3.85% 28.83 + 1.27% 29.52 + 0.42° 3234 + 2,18 32.70 + 0.422 33.46 + 0372 32.45 + 1.25% 0.02
C16:1n-7 5.97 + 0.32° 7.16 + 0.56° 7.18 + 0.50° 735+ 0.27° 6.84 + 0.30° 7.54 + 0.20° 7.29 + 0.29° 0.00
C18:1n-7 2.88 + 1.06 2.03 +0.15 2.64 + 0.50 2.73 + 0.86 3.06 + 1.15 2.75 + 0.81 243 +0.75 0.80
C18:1n-9 31.12 + 2.40 33.65 + 0.84 31.14 + 2.84 3254 + 0.16 31.64 + 2.91 3142 +2.84 31.78 + 2.51 0.82
€20:1n-9 0.72 + 0.12¢ 0.92 + 0.04° 1.04 + 0.04> 0.69 + 0.10¢ 1.08 + 0.04" 1.09 + 0.05" 1.26 + 0.10° 0.00

S"MUFA 40.70 + 1.47 4375 + 1.21 42.00 + 2.85 4331+ 1.12 42,62 + 1.70 42.80 +2.31 42.77 + 2.07 0.59
C18:2n-6 1533 + 1.10%® 16.30 + 0.59% 14.25 + 0.54° 11.77 + 1.50° 11.73 + 0.57° 1137 + 0.74° 1041 + 1.39° 0.00
C18:3n-6 0.28 + 0.07° 0.19 + 0.03%" 0.24 + 0.04° 0.21 + 0.08° 0.19 + 0.05% 0.11 + 0.03" 0.07 + 0.03° 0.00
€20:2n-6 0.86 + 0.20 0.51 + 0.42 0.69 + 0.43 0.70 + 0.53 0.71 + 0.12 0.87 + 030 1.19 + 0.44 0.48
€20:3n-6 2.79 + 0.36° 1.51 + 0.15° 1.88 + 0.24> 2.00 + 0.15"¢ 2.24 + 0.36° 239 + 036 2.02 + 026 0.00
€20:4n-6 3.97 + 047 3.47 + 0.54 421+ 043 3.69 + 0.26 3.32 +0.38 3.36 + 0.50 420 +0.38 0.09
C22:4n-6 1.72 + 0.19° 1.65 + 0.19" 230 + 0.25° 1.93 + 033% 2.18 + 0.07% 1.98 + 0.19% 227 +0.19° 0.01

S°n-6 PUFA 24.94 + 1.03° 23.63 + 1.59° 23.57 + 0.64° 20.30 + 1.78° 20.37 + 0.20° 20.09 + 1.82° 2017 + 1.53° 0.00
C18:3n-3 1.74 + 0232 1.49 + 0.06*° 1.40 + 0.05%° 1.45 + 0.14% 1.48 + 0.04%° 1.13 +0.28° 1.14 + 0.28° 0.01
C20:5n-3 044 +0.11¢ 0.62 + 0.06° 0.96 + 0.13%° 0.99 + 0.17% 091 +0.12° 0.92 + 0.14° 1.20 + 0.25° 0.00
€22:5n-3 0.25 +0.10 0.23 + 0.06 0.25 + 0.09 0.19 + 0.08 0.38 +0.13 0.17 + 0.07 027 +0.12 0.23
C22:6n-3 1.67 + 0.06° 1.62 + 0.26%° 1.93 + 0.24%° 1.82 + 0.29% 1.87 + 0.22% 1.89 + 0.26%° 215+ 0.19° 0.04

>°n-3 PUFA 4.11 + 0.14°¢ 3.95 + 0.36° 454 + 0.33% 4.45 + 0.28%¢ 4,64 + 0.32% 4.32 + 0.38%¢ 4.77 +0.17° 0.04

S"PUFA 29.05 + 3.78 27.59 + 2.63 28.11 + 1.87 24.75 + 4.53 25.01 + 4.16 24.41 + 3.48 24.94 + 3.44 0.53

S HUFA 10.78 + 0.34° 9.10 + 1.21¢ 11.53 + 0.45%° 10.62 + 0.99° 10.90 + 0.20°° 10.72 + 0.73° 12.12 + 0.03% 0.00

n-3:n-6 0.16 + 0.01¢ 0.17 + 0.01¢ 0.19 + 0.01°¢ 0.22 + 0.02% 0.23 + 0.02% 0.22 + 0.04% 0.24 + 0.022 0.00

BSFLM = black soldier fly larvae meal; SM = soybean meal; Y SFA = total saturated fatty acids; > MUFA = total monounsaturated fatty acid; >-PUFA = total polyunsaturated
fatty acid; >"HUFA = total highly unsaturated fatty acids; n-3:n-6 = the ratio of >~n-3 PUFA to Y n-6 PUFA.
! Values are mean + SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

Table 9

Effects of BSFLM on the texture properties, pH, drip loss, and water- and salt-soluble protein in the muscle of fish'.
Item Diets P-value

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100
Texture properties
Hardness, N 19.41 + 3.05 16.89 + 1.44 17.95 + 1.95 18.99 + 2.99 18.60 + 1.32 17.90 + 2.38 18.43 + 3.97 0.93
Adhesiveness, N-mm 0.121 +0.027°  0.108 +0.013°  0.117 +0.011°  0.123+0.011°  0.161 + 0.029°  0.183 + 0.023°  0.250 + 0.022*  0.00
Cohesiveness ratio 0.151 £ 0.014® 0136 + 0.013®>  0.159 + 0.012%®  0.168 + 0.012*  0.167 + 0.015*  0.174 + 0.006*  0.176 + 0.020°  0.03
Springiness, mm 222 +0.16° 2.29 + 0.16° 2.46 + 0.18" 2.68 + 0.28% 2.79 + 0.132 271 + 0.12%° 2.73 + 0.17% 0.01
Gumminess, N 2.61+025 2.38 +0.38 291 +023 3.02 + 0.42 3.09 + 0.12 3.07 + 047 3.19 + 045 0.13
Chewiness, mJ 5.87 + 0.42° 5.56 + 1.16" 7.24 £ 1.04%° 8.27 + 1.78° 8.69 + 0.68° 834 + 1.41° 8.76 + 1.53° 0.02
Shear force, N 9.19 + 0.64 7.70 + 1.12 7.48 + 0.72 936 + 1.19 7.75 + 1.04 7.99 + 1.61 8.05 + 1.92 0.42
pH 6.47 + 0.07° 6.56 + 0.04°° 6.51 + 0.04" 6.56 + 0.04" 6.56 + 0.06°° 6.59 + 0.07° 6.54 + 0.07%" 0.03
Drip loss, % 2.34 + 023 234 + 025 2.52 + 0.04% 242 +0.11% 228 + 0.14%"¢ 2.02 + 0.05° 2.16 + 0.15" 0.03
Water-soluble protein, ~ 58.07 + 2.38? 54.23 + 1.08° 53.69 + 1.00° 52.76 + 2.91° 53.73 + 1.03° 5534 + 148 5578 +2.96%  0.04
mg/g wet basis

Salt-soluble protein, 35.85 + 3.72° 37.68 + 1.95° 36.24 + 4.13° 35.21 + 1.64° 45.17 + 2.03? 45.07 + 3.23° 38.23 + 2.54° 0.00

mg/g wet basis

BSFLM = black soldier fly larvae meal; SM = soybean meal.

! Values are mean + SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

(P > 0.05), but the ventral a* in the BSFLM100 group was signifi-
cantly higher than that of the SM group (P < 0.05). Compared with
the SM group, both the BSFLM60 and BSFLM100 groups had higher
ventral b* and C* (P < 0.05). Through the PCA of the ventral color,
we could see that the PCA can effectively distinguish the BSFLM 100
groups from the SM group based on the score plot (Fig. 6C, Left).
Combined with the eigenvalue and weight analysis of the covari-
ance matrix loading for principal components of the ventral color
(Table 12), it was found that the ventral color of BSFLM100 group
was better than that of the SM group. According to the results of
muscle color found that the L*, a* and C* of all BSFLM groups
showed no significant differences compared to the SM group
(P > 0.05), but the b* of these groups were significantly higher
(P < 0.05). Through the PCA of the muscle color, we could see that

the PCA effectively distinguished the BSFLM60 and BSFLM75
groups from the SM group based on the score plot (Fig. 6D, Left).

3.8. TMAO, TMA and nucleotide contents of muscle

The TMAO, TMA, and nucleotide contents in the muscle of fish
fed diets with graded levels of BSFLM are respectively shown in
Table 13. Compared with the SM group, the contents of the TMAO,
TMA, adenosine triphosphate, adenosine diphosphate, AMP, ino-
sine monophosphate, inosine and values of K and K; (fish freshness
indicator) were not significantly different (P > 0.05). However, the
hypoxanthine (Hx) content of the BSFLM75 group was significantly
lower than that of the SM group (P < 0.05).
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Fig. 5. PCA score plot and loading plot for effect of BSFLM on muscle texture properties of fish. SM, BSFLM 15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and BSFLM 100 represent diets
in which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal. PCA score plot and loading plot
were generated based on texture properties variables (Table 9) obtained by analyzing the texture properties in the muscle of fish under different BSFLM levels treatment. (A) Score
plot of the first 2 principal components (PCA1 and PCA2) of muscle texture properties. Solid circle represents samples from different BSFLM treatments used in the analysis are
indicated in different color. (B) Loading plot used to construct the principal components from muscle texture properties (Table 9).
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Table 10

Animal Nutrition 14 (2023) 425—449

Eigenvalue and weight analysis of the covariance matrix loading for principal components of muscle texture properties.

Item PCA1 PCA2 Weight on PCA1 Weight on PCA2 Total weight Total weight rank (no.)'?

Diets
SM —0.90 —0.55 —0.86 -0.13 —0.99 6
BSFLM15 -1.40 -0.24 -1.34 —0.06 -1.40 7
BSFLM30 -0.31 -0.29 -0.29 —0.07 —-0.36 5
BSFLM45 0.33 -0.26 0.32 —0.06 0.26 4
BSFLM60 0.63 0.00 0.61 0.00 0.61 3
BSFLM75 0.60 0.53 0.58 0.12 0.70 2
BSFLM100 1.05 0.83 1.00 0.19 1.19 1

Eigenvalue 3.56 1.36

Eigenvalue square 1.89 1.17

Variance percentage 50.78 19.43

BSFLM = black soldier fly larvae meal; SM = soybean meal.

1 Total weight = PCA1 x Eigenvalue square x Variance percentage/100 (Weight on PCA1) + PCA2 x Eigenvalue square x Variance percentage/100 (Weight on PCA2).
2 Numbers represent the grades of muscle texture characteristics in each experimental group in all groups, and the smaller the number, the better the texture

characteristics.

Table 11

Effects of BSFLM on body and muscle color of fish'.
Item Diets P-value

SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100

Dorsal
L* 2521 + 1.67 23.14 + 1.56 24.78 + 2.60 23.67 + 0.86 23.35 + 2.00 26.31 + 1.38 2522 +2.19 035
a* ~1.66 + 0.29¢ -1.06 + 0.11% —~1.41 + 0.27<¢ —0.90 + 0.32% —~1.00 + 0.33% —0.61 + 0.05® —0.51 + 0.16% 0.00
b* 7.74 + 0.77 723 +1.43 7.10 + 0.58 7.52 +0.31 7.67 +0.29 8.06 + 0.69 8.25 + 0.84 0.56
c* 7.86 + 0.80 731 + 1.41 721 +0.55 7.59 + 0.29 7.74 + 0.26 8.10 + 0.67 8.27 + 0.80 0.62
Lateral line
L* 60.79 + 1.75 58.35 + 1.21 61.01 + 1.42 60.19 + 2.64 59.31 + 2.13 59.81 + 0.87 59.70 + 1.44 0.56
a* 0.78 + 0.17°¢ 1.13 +0.23° 0.74 + 0.16° 0.92 + 0.22"¢ 1.13 + 0.15° 1.59 + 0.132 1.54 + 0.26% 0.00
b* 13.25 + 0.51 14.08 + 0.76 13.65 + 1.62 13.93 + 0.26 14.51 + 0.96 13.63 + 1.08 14.18 + 1.19 0.78
C* 13.28 + 0.48 14.14 + 0.75 13.78 + 1.48 13.94 + 031 14.59 + 0.94 13.71 + 1.12 1424 + 1.18 0.75
Ventral
L* 77.82 + 1.94 76.77 + 1.00 76.74 + 0.25 77.35 + 1.53 76.14 + 1.02 77.39 + 1.14 75.47 + 0.29 0.28
a* —0.70 + 0.20° —-0.41 +0.11° —0.60 + 0.05° —0.66 + 0.31° ~0.36 + 0.19° —0.33 +0.37° 0.57 + 0.08% 0.00
b* 1221 £ 0.31° 13.39 + 0.37%° 12.85 + 0.75% 12.31 + 0.40° 13.62 + 0.70° 13.08 + 1.29%° 13.80 + 0.19% 0.04
C* 12.18 + 0.38" 13.45 + 0.34%° 12.88 + 0.77%° 12.34 + 0.39° 13.66 + 0.74° 13.09 + 1.28% 13.85 + 0.21° 0.04
Muscle
L* 39.40 + 0.55 39.75 + 0.17 39.15 + 1.17 39.32 + 0.62 39.66 + 1.49 39.74 + 0.04 39.37 + 1.62 0.98
a* ~3.89 +0.13% ~3.77 + 0.08% —-3.63 +£0.13° ~-3.77 £ 0.13% ~3.81 +0.12% —4.05 + 0.20" —4.03 + 022" 0.04
b* —~1.59 + 0.28¢ -1.09 + 0.33° —0.74 + 0.08%® —-0.64 +0.17° —0.55 + 0.317 —0.78 + 0.22%° —0.41 + 0.05° 0.00
C* 414+ 030 3.65 + 0.57 3.83 + 0.34 401 +0.35 3.89 + 0.05 413 +£0.10 4.06 +0.21 0.50

BSFLM = black soldier fly larvae meal; SM = soybean meal; L* = luminance value; a* = red value; b* = yellow value; C* = chroma value.
1 Values are mean + SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

3.9. Histomorphology and ultrastructure of muscle fiber

Fig. 7 shows the myofiber structure of the transversal section of
white muscle. The area, diameter, density and size ratio of the
myofiber are shown in Table 14. The area, diameter, density and size
ratio of the myofiber were significantly influenced by the levels of
BSFLM in diets. The area and diameter of myofiber were first
significantly decreased and then increased with the increment of
BSFLM inclusion in diets (P < 0.05), while the myofiber density
showed the reverse trend (P < 0.05). The area and diameter of
myofiber in the BSFLM groups were significantly lower compared
to the SM group (P < 0.05), and myofiber density of the remaining
BSFLM groups except for the BSFLM15 group were significantly
higher than that of the SM group (P < 0.05). The percentage of
myofiber of less than 20 um in the remaining BSFLM groups except
for the BSFLM45 and BSFLM100 groups were significantly higher
than that of the SM group (P < 0.05). The percentage of myofiber of
20 to 50 um in the BSFLM45, BSFLM60 and BSFLM100 groups were
significantly higher compared to the SM group (P < 0.05). Addi-
tionally, the percentages of myofiber of large diameter (>50 um) in
the BSFLM60 and BSFLM75 groups were significantly lower than
that of the SM group (P < 0.05). Fig. 8 shows the ultrastructure of
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the muscle myofibril. The Table 14 shows that the sarcomere length
of the BSFLM60 group was significantly lower than that of the SM
group (P < 0.05), however the BSFLM75 and BSFLM 100 groups had
higher sarcomere length than that of the other groups (P < 0.05).

3.10. Gene expression of development and protein synthesis in
muscle

The relative expression levels of muscle development-related
genes MyoG (A), MyoD (B), Mrf4 (C), Myf5 (D), MyHC (E), FGF6a
(F), FGF6b (G), MSTN (H) and protein synthesis-related genes TOR (I)
are showed in Fig. 9. The relative expression levels of MyoG, Mif4,
FGF6a, MSTN, TOR genes were not significantly different compared
to the SM group (P > 0.05) (Fig. 9A, C, F, H and I). The MyoD relative
gene expression level was gradually increased with the increment
of BSFLM inclusion in diets (Fig. 9B). The BSFLM60 and BSFLM75
groups had higher the Myf5 gene relative expression level than that
of the SM group and the relative expression level of the MyHC gene
reached the highest in the BSFLM100 group (P < 0.05) (Fig. 9D and
E). Additionally, the relative expression level of FGF6b gene in the
remaining BSFLM groups except for the BSFLM30 and BSFLM75
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groups were significantly higher compared to the SM group
(P < 0.05) (Fig. 9G).

4. Discussion

4.1. Effects of dietary BSFLM levels on the growth performance and
biological indices of grass carp

This study showed that the growth performance of large grass
carp fed diets with BSFLM replacing no more than 60% of SM (the
basal content was 24%) were not significantly different compared
to the SM group (the control group). Similar results have been
found in Jian carp (C. carpio var. Jian) (Li et al., 2017; Zhou et al.,
2018), Atlantic salmon (Belghit et al., 2019) and European sea-
bass (Magalhaes et al., 2017) and juvenile grass carp (Lu et al.,
2020). However, in this study, the growth performance of grass
carp was significantly decreased when the BSFLM substitute for
SM reached the 75% level and above. A similar phenomenon was
observed in the juvenile turbot (Scophthalmus maximus) (Kroeckel
et al,, 2012) and Atlantic salmon (Fisher et al., 2020), the growth
performance of turbot and Atlantic salmon decreased significantly
when the BSFLM inclusion levels in the diet exceeded 33% and
reached 30%, respectively. Common point of discussion to explain
the negative effects on growth has been on the presence of chitin
in the insect meal, including BSF. Increasing the chitin content
from 1% to 2% or 5% significantly reduced growth rate in Atlantic
salmon, and the apparent digestibility coefficients of nutrients
like protein and lipid were negatively correlated with dietary
chitin content, which suggests that chitin is an energy sink with a
probably low digestibility (Karlsen et al., 2017). The decreased
protein retention efficiency of BSFLM75 and BSFLM100 groups
may be related to the chitin of BSFLM in the experimental diets of
this study. The present study also showed a significant increase in
the HSI in the BSFLM60, BSFLM75 and BSFLM100 groups. Belghit
et al. (2018) found in a previous study that insect-based diets
fed to fresh-water salmon increased the HSI compared to fish fed
without BSFLM, which was consistent with the results of the
present study. However, other studies demonstrated a significant
reduction of growth performance but no effect on the HSI with
BSFLM replacement in juvenile Siberian sturgeon (Caimi et al.,
2020). The difference in growth performance between different
trials might have been due to the different compositions of BSFLM
nutrients, different tolerance levels for BSFLM components such
as chitin among different fish species, the different life stages of
fish used in the trials and different BSFLM protein processing
methods.

4.2. Effects of dietary BSFLM levels on the antioxidant status and
tissue structure of grass carp

4.2.1. Effect of dietary BSFLM levels on the antioxidant capacity of
grass carp muscle

Oxidative stress occurs to control the damaging effects when
there is an imbalance between reactive oxygen species (ROS) pro-
duction and the volume of antioxidant systems (Monaghan et al.,
2009). Free radical scavenging enzymes (such as SOD and CAT)
protect cells from ROS damage. In the current study, the appro-
priate level of BSFLM significantly increased the T-SOD activity and
decreased the MDA content in grass carp muscle. However, in 2
previous studies, the BSFLM level did not affect the T-SOD activity
and MDA content in the liver of grass carp (Lu et al., 2020) and Jian
carp (Li et al., 2017), but the activity of CAT was increased. In the
present study, there was no significant difference in the content of
hydrogen peroxide in muscle compared to the SM group, which
suggested that the CAT activity might neither be significantly
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different. The exoskeleton of insects is known to be an abundant
source of chitin with potential antioxidant activity (Makkar et al.,
2014; Zielinska et al., 2017). Chitin and its derivatives have been
reported to have antioxidant properties that can prevent the
deleterious effects of various diseases (Khoushab and Yamabhai,
2010; Ngo and Kim, 2014). The data obtained from this experi-
ment demonstrated that BSFLM could boost the muscle antioxidant
capacity when given to grass carp in a formulated diet. It has been
shown that muscle antioxidant status affects meat quality, and
researches on grass carp (Wu et al., 2014) and pork (Chen et al,,
2010) have shown that the enhanced antioxidant status improves
the WHC of muscle. The inconsistency between this study and the
above results may be related to fish species, tissue type, chitin and
derivative contents.

4.2.2. Effects of dietary BSFLM levels on the liver and intestine
structure of grass carp

Hepatocytes are highly sensitive to the nutritional status of the
fish and to the quality of the diet (Brusle and Anadon, 1996).
However, in the present study, no pathological features were found
in the liver morphology of all the experimental groups, and their
hepatocytes were polygonal in shape and had centrally located
nuclei and clear cell boundaries. A similar phenomenon was
observed in juvenile grass carp (Lu et al., 2020) and Jian carp (Li
et al,, 2017) fed experimental diets with SM and FM substitutions
of 25%, 50% and 100% by BSFLM, respectively. However, in these
previous studies, when BSFLM completely replaced SM or FM in the
diet, a negative impact was observed on the hepatocyte
morphology of grass carp and Jian carp, resulted in irregular he-
patocyte morphology and unclear cell boundaries. This means that
a BSFLM diet might have a minor effect on liver morphology.
These differences may be related to the basic content of dietary SM
(360 g/kg diet) in the study of Lu et al. (2020). The basic content of
dietary SM affected the addition level of BSFLM, the highest sup-
plemental level of BSFLM in the study of Lu et al. (2020) was 25.5%,
while in the present study was only 22.7%. Additionally, differences
in fish species, life stages and feed formulas are also potential
reasons for differences in the findings. Intestinal health and func-
tion can be assessed by measuring villus height (Swatson et al.,
2002). In the present study, the villus height in the BSFLM75
group and the BSFLM100 group were slightly decreased and
significantly decreased, respectively, compared with the SM group.
As the primary site of feed digestion, nutrient uptake, and nutrient
transformation, the intestine is central to physiological functioning,
and the optimum utilization of dietary nutrients depends on their
functional effectiveness (Caballero et al., 2003). The lower intestinal
villi height might be related to the decrease of growth performance
and feed utilization of experimental fish in this study. Dumas et al.
(2018) found that feeding rainbow trout with a diet containing
26.4% BSFLM shortened the villi in the anterior intestine and
decreased the rainbow trout growth performance and feed utili-
zation. Similar results were reported in juvenile grass carp, Lu et al.
(2020) found that the intestinal villus length of grass carp
decreased with the increase of BSFLM inclusion in diets, but BSFLM
did not have negative effects on the growth performance and feed
utilization of experimental fish. In the present study, BSFLM in-
clusion levels of more than 17% had the negative effect. This
inconsistency could be related to different diet formulations, BSFLM
nutrient composition, the life stages of fish, and the experimental
cycle. Furthermore, protein nutrients could also affect the con-
struction of intestinal villi (Caballero et al., 2002; Ostaszewska et al.,
2010). A partial amino acid deficiency in plant protein-based diets
has been found to adversely affect fish intestinal epithelium
(Ostaszewska et al., 2010). The amino acid compositions of the
experimental diets showed slight differences among groups. Even
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Table 12
Eigenvalue and weight analysis of the covariance matrix loading for principal components of body color.

Item PCA1 PCA2 Weight on PCA1 Weight on PCA2 Total weight Total weight rank (no.)'?

Dorsal
SM —-0.90 —0.55 —0.86 -0.13 -0.99 6
BSFLM15 -1.40 -0.24 -1.34 —0.06 -1.40 7
BSFLM30 -0.31 -0.29 -0.29 -0.07 -0.36 5
BSFLM45 0.33 —0.26 032 —0.06 0.26 4
BSFLM60 0.63 0.00 0.61 0.00 0.61 3
BSFLM75 0.60 0.53 0.58 0.12 0.70 2
BSFLM100 1.05 0.83 1.00 0.19 1.19 1
Eigenvalue 3.56 1.36
Eigenvalue square 1.89 1.17
Variance percentage 50.78 19.43

Lateral line
SM -0.87 -0.69 -0.77 -0.16 -0.94 7
BSFLM15 0.42 0.09 0.38 0.02 0.40 3
BSFLM30 -0.52 -1.01 —0.46 -0.24 -0.70 6
BSFLM45 -0.12 -0.56 -0.11 -0.13 -0.24 5
BSFLM60 0.66 -0.20 0.59 —-0.05 0.54 2
BSFLM75 -0.04 1.37 -0.04 0.32 0.29 4
BSFLM100 0.47 1.01 0.42 0.24 0.65 1
Eigenvalue 2.34 0.96
Eigenvalue square 1.53 0.98
Variance percentage 58.39 23.96

Ventral
SM -1.04 0.04 -1.45 0.00 -1.44 7
BSFLM15 0.25 —0.54 035 —0.06 0.30 3
BSFLM30 -0.25 -043 -0.34 —0.05 -0.39 5
BSFLM45 -0.82 0.01 -1.14 0.00 -1.14 6
BSFLM60 0.58 —0.65 0.81 -0.07 0.74 2
BSFLM75 -0.09 0.03 -0.13 0.00 -0.12 4
BSFLM100 1.36 1.54 1.89 0.16 2.05 1
Eigenvalue 3.14 0.56
Eigenvalue square 1.77 0.75
Variance percentage 78.38 14.09

BSFLM = black soldier fly larvae meal; SM = soybean meal.
1 Total weight = PCA1 x Eigenvalue square x Variance percentage/100 (Weight on PCA1) + PCA2 x Eigenvalue square x Variance percentage/100 (Weight on PCA2).
2 Numbers represent the grades of body color characteristics of each experimental group in all groups, and the smaller the number, the better the color characteristics.

Table 13
Effect of BSFLM on TMAO, TMA and nucleotide contents in the muscle of fish (ug/g wet basis) *.
Item Diets P-value
SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100
TMAO 11.01 + 032 10.63 = 0.68 10.62 + 0.40 10.46 + 0.19 11.18 = 0.50 10.71 = 0.08 11.18 £ 0.23 0.20
TMA 2.76 + 0.02%° 2.71 +0.11° 2.67 + 0.05° 2.63 + 0.09° 2.78 + 0.13% 2.70 + 0.04° 2.87 + 0.072 0.04
Nucleotide
ATP 76.83 + 15.73 101.69 + 3.97 91.30 + 15.01 83.93 + 23.26 97.67 + 7.82 75.03 + 12.25 68.63 +9.81 0.08
ADP 68.93 + 5.40 79.09 + 1.52 72.71 + 15.49 69.51 + 9.28 7428 + 2.36 66.02 + 3.63 61.93 + 10.24 0.29
AMP 94.70 + 13.96 101.60 + 8.44 101.83 + 18.81 11042 + 1523 107.73 £ 9.20 108.99 + 8.15 91.67 + 10.33 0.48
IMP 2861.89 + 620.28 2993.54 + 514.32  3363.75 + 215.10  3024.65 + 495.45 2802.32 + 45227 3100.33 + 659.01 2707.48 + 378.67 0.74
Ino 254.95 + 54.57 262.06 + 20.74 238.78 + 33.66 276.83 + 27.56 319.56 + 32.42 262.10 + 53.42 320.49 + 8.03 0.09
Hx 32.67 +2.18° 32.50 + 2.50% 28.33 + 4.21%° 29.33 + 3.79% 30.83 + 2.52% 24.40 + 2.55° 28.04 + 4.84% 0.04
Kvalue?, % 872 +2.72 8.42 + 1.87 6.89 + 1.10 8.66 + 1.60 10.39 +2.25 8.16 + 1.70 10.74 + 1.42 0.25
K value®, % 9.42 +2.21 9.18 £ 2.19 739 + 1.12 936 + 1.79 11.33 = 2.58 8.79 + 1.56 11.53 + 1.61 0.19

BSFLM = black soldier fly larvae meal; TMAO = trimethylamine oxide; TMA = trimethylamine; SM = soybean meal; ATP = adenosine triphosphate; ADP = adenosine
diphosphate; AMP = adenosine monophosphate; IMP = inosine monophosphate; Ino = inosine; Hx = hypoxanthine.

! Values are mean + SD (n = 3). Values with different superscript letters in the same row are significantly different (P < 0.05) from each other.

2 Fish freshness indicator, K value represents the ratio (%) of the total amount of Ino and Hx to that of ATP-related compounds. The specific definition is referred to Hamada-
Sato et al. (2005).

3 The simplified form of K value of fish freshness indicator and represented as the ratio (%) of total amount of Ino and Hx to that of IMP, Ino and Hx. The specific definition is
referred to Hamada-Sato et al. (2005).

Fig. 6. PCA score plot and loading plot for effects of BSFLM on body and muscle color of fish. SM, BSFLM 15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and BSFLM100 represent diets in
which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal. PCA score plot and loading plot
were generated based on color variables (Table 11) obtained by analyzing the color in the body and muscle of fish under different BSFLM levels treatment. (A) Score plot (Left) and
loading plot (Right) of dorsal color of fish fed different experimental diets. (B) Score plot (Left) and loading plot (Right) of lateral line color of fish fed different experimental diets. (C)
Score plot (Left) and loading plot (Right) of ventral color of fish fed different experimental diets. (D) Score plot (Left) and loading plot (Right) of muscle color of fish fed different
experimental diets. The left part of Fig. 6: Score plot of the first 2 principal components (PCA1 and PCA2) of color of dorsal, lateral line, ventral and muscle. Solid circle represents
samples from different BSFLM treatments used in the analysis are indicated in different colors (Only the BSFLM groups that could completely separate from the control samples
were circled). The right part of Fig. 6: Loading plot used to construct the principal components from color of dorsal, lateral line, ventral and muscle (Table 11).
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Fig. 7. Photomicrographs of transversal sections of the white muscle of fish fed different experimental diets, Hematoxylin-eosin staining (magnification 100x , scale bar = 100 pum).
The morphology of muscle fiber is irregular polygons. SM, BSFLM 15, BSFLM30, BSFLM45, BSFLM60, BSFLM75 and BSFLM100 represent diets in which BSFLM replaced SM levels of
0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal.

so, the amino acid balance of the experimental diets also showed
varying degrees of difference. It is speculated that these slight
differences may have a significant effect on the intestinal structure
of the experimental animals over the long term.

4.3. Effect of dietary BSFLM levels on the flesh quality of grass carp

4.3.1. Effects of dietary BSFLM levels on the proximate composition,
amino acid composition and fatty acid composition of grass carp
muscle

Fish muscle is the main edible portion of fish, and its main
nutritional value is reflected in wealthy protein, amino acids and
PUFA in fish muscle (Jiang et al., 2016; Periago et al., 2005). In this
study, no significant effect of dietary BSFLM levels on the content of
muscle crude protein was found in grass carp. Similar results were
reported in rainbow trout (Gasco et al., 2014; Mancini et al., 2018)
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and Jian carp (Li et al., 2017; Zhou et al., 2018). Meanwhile, BSFLM
replacement had no significant effect on muscle amino acid con-
tents except Gly in grass carp, similar to previous studies in Jian
carp (Zhou et al., 2018), juvenile barramundi (Lates calcarifer)
(Katya et al,, 2017) and juvenile grass carp (Lu et al., 2020). How-
ever, in this study, the muscle Gly content of BSFLM100 group was
the highest, which was inconsistent with the studies in Jian carp
(Zhou et al., 2018), juvenile barramundi (Katya et al., 2017) and
grass carp (Lu et al., 2020). The amino acid compositions of in-
gredients and diets were detected in this study. It was found that
the Gly content of BSFLM100 diet was slightly higher than that of
the SM group, which might be the reason for the significant in-
crease of Gly content in muscle. The ideal protein standard was
proposed by the FAO/WHO in 1973. The ratios of essential amino
acid to total amino acid (EAA:TAA ratio) and essential amino acid to
non-essential amino acid (EAA:NEAA ratio) of protein with good
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Table 14
Effects of BSFLM on histological characterization and sarcomere length in the muscle of fish’.
Item Diets P-value
SM BSFLM15 BSFLM30 BSFLM45 BSFLM60 BSFLM75 BSFLM100
Myofiber area, ~ 3187.68 + 190.78% 2640.26 + 212.95” 2549.38 + 135.55"° 2354.48 + 34.09" 1527.48 + 160.85° 1858.80 + 120.45¢ 2276.69 + 276.80° 0.00
2
pwm
Myofiber 56.67 + 2.54° 50.94 + 3.07° 50.30 + 2.47° 49.41 + 1.09° 40.46 + 2.67° 43.47 + 1.55¢ 48.58 + 3.48° 0.00
diameter, pm
Myofiber 259.41 + 34419 238.03 + 12229 392.98 + 20.43° 42478 + 6.12° 659.44 + 67.96%  364.56 + 54.56™  324.33 + 2.02¢ 0.00
density? /mm?
Myofiber size
ratio, %
<20 um 3.96 + 1.04¢ 9.73 + 2.82° 11.06 + 2.72%° 6.34 + 0.97°¢ 9.18 + 0.66™ 14.55 + 3.07° 5.32 + 1.12¢ 0.00
20 — 50 pm 4423 + 4.73¢ 42.22 + 6.69¢ 44.97 + 1.83% 51.12 + 1.02"¢ 65.23 + 2.14° 47.99 +2.05b¢  53.17 + 2.20° 0.00
>50 um 51.81 + 4.82° 48.05 + 8337 4410 + 6.73% 4254 + 1.37% 25.59 + 2.79¢ 37.46 + 2.97° 42.63 + 4.45%° 0.00
Sarcomere 1.64 + 0.03¢ 1.70 + 0.03¢ 1.67 + 0.02¢ 1.70 + 0.06° 1.52 + 0.01¢ 2.10 + 0.07° 1.79 + 0.01° 0.00
length, pm

BSFLM = black soldier fly larvae meal; SM = soybean meal.

! Values are mean = SD (n = 3). Values with different superscripts in the same row are significantly different (P < 0.05) from each other.

2 Total number of myofibers per square millimeters.

quality were considered to be about 40% and over 60%, respectively
(FAO/WHO, 1993). In this study, the EAA:TAA ratio of muscle in
grass carp was about 50%, and the EAA:NEAA ratio was 98% to 100%,
which fully satisfied the ideal protein standard proposed by the
FAO/WHO. Furthermore, in the present study, it was observed that
the crude protein content of the whole body in the BSFLM30 group
was significantly higher than that of the SM group. However,
studies in Atlantic salmon (Belghit et al., 2018) and turbot (Kroeckel
et al,, 2012) found that compared to the control group, the crude
protein content of the whole body was not significantly different
following BSFLM inclusion in the diet. This inconsistency could be
related to different diet formulations, BSFLM nutrient composition
and fish species. Although the crude lipid content of the whole
body and muscle were not affected significantly by the dietary
BSFLM level, lipid nutritional value is largely dependent on the type
and number of fatty acids, especially unsaturated fatty acid content
(Jiang et al., 2016). Interestingly, in this study, several modifications
were found in the fatty acid profile of grass carp muscle as a
consequence of the experimental diets. The trends detected in the
grass carp muscle fatty acid profiles could be ascribed to the fatty
acid profiles of the experimental diets. However, C20:2n-6, C20:4n-
6 and C22:4n-6 were not detected in the experimental diets. The
increase of C22:4n-6 might have originated from endogenous
synthesis, while C20:2n-6 and C20:4n-6 might have originated
from the grass carp muscle itself. After the SM was completely
replaced by BSFLM in this study, the >"n-3 PUFA content in the
experimental diet was decreased, while the Y n-3 PUFA content in
the muscle of the BSFLM100 group was significantly increased,
which might have been due to the significant increase of docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA) in the
muscle. Among the long chain-PUFA, EPA and DHA are the most
valued fatty acids for their benefits to human health (Rosenlund
et al., 2010). In the present study, the EPA and DHA contents were
significantly respectively increased when BSFLM replaced more
than 15% of SM and completely replaced SM, respectively, which
significantly improved the nutritional value of grass carp muscle.
However, the opposite trend was observed in rainbow trout
(Mancini et al., 2018; Renna et al., 2017), where dietary BSFLM
reduced DHA and EPA levels. This might have been influenced by
the fatty acid composition of the experimental diets. Replacing FM
with BSFLM in rainbow trout diet would reduce the amount of fish
oil and PUFA provided by FM. A higher ratio of n-3 to n-6 PUFA is
generally to be an index of high nutritional value (Zhao et al., 2018).
In this study, the >"n-3 PUFA to Y n-6 PUFA ratios in the BSFLM45,
BSFLM60, BSFLM75 and BSFLM100 groups were higher than 0.2.
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The fatty acid results of this study showed that the BSFLM diet
improved the nutritional value of grass carp muscle.

4.3.2. Effects of dietary BSFLM levels on the muscle texture
properties, muscle fiber and the gene expression of muscle
development in grass carp

The texture property is a technologically important and multi-
parameter sensory attribute of fish muscle. In fish, firmness is
regarded as a primary muscle quality property (Brinker and Reiter,
2011). Generally, the enhanced fish muscle firmness represents an
improvement of the muscle quality (Johnston et al., 2006). However,
in the present study, there was no significant effect of BSFLM levels in
diets on muscle hardness. In addition, studies have shown that the
higher hardness, chewiness and springiness of fish, the better the
flesh quality and mouth feel (Monaco et al., 2008). With the increase
of the BSFLM level in diets, the muscle springiness and chewiness of
grass carp increased gradually. This indicated a beneficial influence
of dietary BSFLM on springiness and chewiness, which resulted in
the improvement of muscle quality. In addition, muscle fiber prop-
erties are a useful quantitative indicator of muscle quality, including
muscle fiber diameter, muscle fiber density, muscle fiber type, and
sarcomere length (Choi and Kim, 2009). The diameter and density of
muscle fiber are important determinative factors for the textural
characteristics of fish muscle (Johnston et al., 2000), and there was
evidence that fish flesh firmness was negatively correlated with
muscle fiber diameter and positively correlated with fiber density
(Valente et al., 2011). In this study, dietary BSFLM significantly
affected the muscle fiber properties of grass carp. Compared with the
SM group, the muscle fiber diameter in all BSFLM groups were
significantly decreased, and the muscle fiber density in the
remaining BSFLM groups, with the exception of the BSFLM 15 group,
were significantly increased. No relationship between muscle hard-
ness and fiber properties was found in this study, but the relation-
ship described above was found between the muscle chewiness,
springiness and fiber properties. Additionally, the hardness of muscle
is mainly determined by connective tissue and muscle fiber, and the
influence of connective tissue on the hardness is higher than that of
muscle fiber (Hagen et al., 2007). Therefore, the differences in the
composition, content and distribution of connective tissue in the
muscle may reduce the change of muscle hardness caused by the
change in muscle fiber characteristics, and ultimately muscle hard-
ness showed no significant change in the present study. Moreover,
compared with the SM group, fish fed BSFLM15, BSFLM30, BSFLM60
and BSFLM75 diets had an increased frequency of smaller fibers
(diameter <20 pm), and BSFLM60 and BSFLM75 groups had a



Z. Hu, H. Li, S. Liu et al.

.sarcomere length

Z line

»

b (o}
sarcomerexlength

i

@
®

Z line -,

%
L

sdreomere length

Animal Nutrition 14 (2023) 425—449

&

Fig. 8. Transmission electron microscope images of the white muscle of fish fed different experimental diets. Photomicrographs (magnification 25,000x , scale bar = 500 nm). The
distance between the two-way arrows indicates is the sarcomere length. The line pointed by the one-way arrow is the Z line. SM, BSFLM15, BSFLM30, BSFLM45, BSFLM60, BSFLM75
and BSFLM100 represent diets in which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly larvae meal; SM = soybean meal.
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Fig. 9. The relative expression levels of development and protein synthesis genes in the muscle of fish fed different experimental diets (mean + SD, n = 3). SM, BSFLM15, BSFLM30,
BSFLM45, BSFLM60, BSFLM75 and BSFLM 100 represent diets in which BSFLM replaced SM levels of 0%, 15%, 30%, 45%, 60%, 75% and 100% respectively. BSFLM = black soldier fly
larvae meal; SM = soybean meal. The relative gene expression levels of MyoG (A, P = 0.23), MyoD (B, P = 0.02), Mrf4 (C, P = 0.04), Myf5 (D, P = 0.04), MyHC (E, P = 0.01), FGF6a (F, P =
0.28), FGF6b (G, P < 0.01), MSTN (H, P = 0.02) and TOR (I, P = 0.03) in muscle of fish fed different experimental diets. Bars with different letters indicate significant difference

(P < 0.05) from each other.
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decreased frequency of larger fibers (diameter >50 um). In addition,
the large part of muscle fibers was less than 20 um in diameter,
which indicated that an active hyperplastic growth process occurred
in the stage of development (Rowlerson and Veggetti, 2001).
Therefore, the results regarding muscle fibers in this study confirmed
that BSFLM might increase the white muscle fiber hyperplasia. A
study in blunt snout bream (Megalobrama amblycephala) found that
the DHA supplementation promoted the muscle hyperplasia (Wang
et al., 2020). Similarly, a study in pigs also found that linseed (-
linolenic acid, C18:3n-3, an n-3 PUFA) supplements promoted the
muscle hypertrophy (Huang et al., 2008). Combined with the results
of this study, we infer that the occurrence of muscle fiber hyperplasia
might be related to the increase of DHA and the decrease of C18:3n-3
in the feed supplemented with BSFLM. It was also observed that
BSFLM increased muscle DHA and decreased the accumulation of
C18:3n-3, which might provide evidence of the occurrence of muscle
fiber hyperplasia. The sarcomere is the basic contractile unit of
muscle and is closely related to tenderness and WHC (Ertbjerg and
Puolanne, 2017). Previous researches found that the longer sarco-
mere lengths usually resulted in higher muscle tenderness in cattle
(Herring et al., 2006) and chickens (Wang et al., 2014). In this study,
the muscle tenderness (measured by shear force) of grass carp was
not affected by dietary BSFLM. However, tenderness is mainly
determined by muscle chemical composition and fiber structure.
Additionally, DHA has been found to promote the increase of
sarcomere length in blunt snout bream (Wang et al., 2020). There-
fore, we concluded that the increase of sarcomere length promoted
by BSFLM might be related to the higher DHA content in diets and
muscle. Previous studies showed that the differential expressions of
myogenic regulatory factors (including MyoG, MyoD, Mrf4 and Myf5)
and myostatin (MSTN) might be related to the skeletal muscle
development in fish (Valente et al., 2016; Zhu et al., 2014). MyoD and
Myf5 mainly act in specifying myoblasts during the initial growth
phases, and MyoG and Mrf4 are mainly involved in the differentiation
and fusion of myotubes in the late stage (Johansen and Overturf,
2005; Wright et al.,, 1989). MSTN is a potent negative regulator of
muscle development, which includes MSTNa and MSTNb in
M. amblycephala (Zhu et al., 2014). A study on Solea senegalensis re-
ported that the up-regulation of Mrf4 was related to the increasing
fiber area in sole early stages (Campos et al., 2013). In this study,
significant up-regulations of MyoD gene in the BSFLM60, BSFLM75
and BSFLM100 groups compared to the SM group, and the relative
expression levels of Myf5 gene in BSFLM60 and BSFLM75 groups
were significantly higher than that of the SM group. These findings
were in accord with the increased fiber density and the frequency of
small fibers (diameter <20 pm). Additionally, it has been demon-
strated that nascent fibers might repeat the MyHC transitions
observed in other fibers during development (Dix and Eisenberg,
1990; Kennedy et al., 1988, 1989). In the present study, it was
observed that the BSFLM100 diet significantly up-regulated the
expression of MyHC gene, which was in accord with the increased
frequency of small (diameter <20 um) and medium fibers (20 to
50 um diameter). Fibroblast growth factor 6 (FGF6) plays a role in
myogenesis and can promote muscle regeneration and accelerate the
proliferation and differentiation of myocytes (Armand et al., 2006).
Surprisingly, compared with the SM group, the expression levels of
FGF6b gene in the remaining BSFLM groups other than the BSFLM30
and BSFLM75 groups were significantly up-regulated. These results
indicated that appropriate BSFLM levels could promote continued
muscle fiber recruitment. A previous study showed that the addition
of 0.8% DHA to the diet could up-regulate the expression of myogenic
regulatory factors (including MyoG, MyoD, Mrf4 and Myf5), increased
muscle fiber density, and induced the hyperplasia muscle fiber in
blunt snout bream (Wang et al., 2020). Therefore, we infer that the
increase of DHA content in diets caused by BSFLM addition activates
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the expression of muscle development factors such as myogenic
regulatory factors, and then affects the changes of muscle fiber
structure.

4.3.3. Effects of dietary BSFLM levels on the WHC, pH, and water-
and salt-soluble protein contents of grass carp muscle

The WHC is an important factor affecting the color, flavor,
tenderness, processing, and storage of meat and is usually evaluated
based on characteristics including the drip loss, freezing seepage
rate, centrifugal water loss rate. In general, the lower the muscle drip
loss, the higher the WHC of muscle (Srikanchai et al., 2010). However,
in this study, the BSFLM75 diet significantly reduced the muscle drip
loss of grass carp, indicated the improvement of muscle WHC.
Additionally, fish muscle was demonstrated to be easily attacked by
reactive oxygen species (Archile-Contreras and Purslow, 2011). Pre-
vious studies showed that the oxidation of lipid and protein in
muscle led to a reduction in the WHC in pigs (Asghar et al., 1991) and
chickens (Wang et al., 2009), respectively. Chen et al. (2010) reported
that the antioxidant capacity was negatively correlated with drip loss
in pork. Similar results also occurred in grass carp. Through corre-
lation analysis, it was found that the antioxidant capacity of muscle
was negatively correlated with the drip loss, so it was speculated that
adding the appropriate level of zinc in feed could improve muscle
quality through the enhancement of antioxidant status (Wu et al.,
2014). However, dietary BSFLM had no significant effect on fillet
WHC in rainbow trout (Bruni et al., 2020; Secci et al., 2019). This
inconsistency may be related to the antioxidant status of fish muscle
caused by the addition of dietary BSFLM. In this study, BSFLM might
have improved the WHC by enhancing the muscle antioxidant ca-
pacity, thereby enhancing muscle quality. In addition to the texture
property and WHC, the muscle pH is also an important muscle
quality parameter (Periago et al., 2005). The pH has an important
effect on muscle quality and directly affects the storage, WHC, and
processability of meat. In general, grass carp post-mortem muscle pH
values vary from 6.2 to 6.7 (Li et al., 2013). The present study showed
that the post-mortem muscle pH of grass carp in the SM group was
6.47 and increased to 6.51—6.59 in the BSFLM groups, which indi-
cated that BSFLM could increase the muscle pH. However, no similar
phenomenon was observed in rainbow trout (Bruni et al., 2020; Secci
etal., 2019). Muscle proteins are highly charged compounds and thus
absorb large amounts of water. The muscle pH can change the charge
status of muscle proteins, which has a great influence on the WHC. At
higher pH levels, protein molecules carry more net negative charge
and can absorb a large amount of water; the protein molecules repel
each other, leaving voids for water, and at this time the muscle WHC
is higher. After slaughter, due to glycolysis and the accumulation of
lactic acid, the pH of muscle decreases, the balance between positive
and negative charges changes, the net negative charge of protein
decreases, and the ability to absorb water decreases. The degradation
rate of muscle protein is significantly reduced, and the shelf life of
meat or meat products is significantly prolonged when the muscle
has a strong WHC. In contrast, when muscle WHC is lower, water loss
is accompanied by a decrease in soluble protein and flavor sub-
stances in muscle. Water-soluble and salt-soluble proteins have also
been used to evaluate fish muscle quality (Einen et al., 1999; Mgrkere
et al,, 2010). Muscle water-soluble proteins are mainly composed of
sarcoplasmin, while salt-soluble proteins are mainly composed of
myofibrin (Haard, 1992). Studies have shown that high levels of salt-
soluble protein reduced muscle fluid loss (Merkere et al,, 2010). In
this study, the water-soluble protein contents of the BSFLM15,
BSFLM30, BSFLM45 and BSFLM60 groups and the salt-soluble pro-
tein contents of the BSFLM75 and BSFLM100 groups were signifi-
cantly lower and higher, respectively, compared to the SM group.
This showed that the loss of muscle fluid was reduced and the WHC
was improved, which was conducive to food processing.
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4.3.4. Effects of dietary BSFLM levels on the body and muscle color
of grass carp

Body and muscle color are intuitive characteristics that reflect
the quality of aquatic products. Changes in the skin and muscle
color of fish depend on the intake of carotenoids. Like other ani-
mals, fish cannot synthesise carotenoids spontaneously, and ca-
rotenoids are one of the color-forming substances of red pigment
cells and yellow pigment cells (Urban et al., 2012). This study found
that the a* of the dorsa and lateral line, the a* and b* of the ventral,
and the b* of the muscle of grass carp gradually increased with the
increase of dietary BSFLM level. This finding may be due to the fact
that BSFLM contains carotenoids that grass carp can metabolize,
thereby affecting the color of the fish body and muscle. The coloring
effect of carotenoids is also affected by the amount and source of fat
in the feed, which may also be caused by changes in the compo-
sition and content of fatty acids in the feed. In a study of rainbow
trout, BSFLM had no effect on muscle color (Renna et al., 2017).
Mancini et al. (2018) also found that BSFLM had no effect on muscle
L*, a*, and C*, but decreased the b*. Additionally, this study found
that BSFLM had no effect on the dorsa, lateral line, and muscle C* of
grass carp, which was similar to the above study, but the ventral C*
of the BSFLM60 and BSFLM100 groups was significantly increased.
These inconsistencies may be related to the species of fish, the
types of alternative protein sources, and the pigment compositions
of BSFLM. In addition, it was found that the ventral L* of grass carp
was slightly reduced when SM was completely replaced by BSFLM.
According to the study of Hearing (2005), increased melanin
resulted in a darker body surface. Tyrosinase as a rate-limiting
enzyme that controls melanin synthesis. Tyrosinase activity is
positively proportional to the content of melanin (Kogaetal, 1999).
In this study, the activity of tyrosinase in grass carp was not
measured, and it was speculated that the tyrosinase activity was
affected when BSFLM was added in a higher proportion. At present,
there are few studies on the effects of insect protein replacement on
the body and muscle color of fish. In this study, the internal
mechanism of body and muscle color changes in grass carp needs to
be further discussed.

4.3.5. Effects of dietary BSFLM levels on TMAO, TMA and nucleotide
content in grass carp muscle

TMAQO is a flavour substance with an umami taste (Timm and Bo,
2002). TMAO can be reduced to TMA under the action of microor-
ganisms, and TMA has a strong fishy taste (Heising et al., 2014).
Therefore, TMA is widely used to evaluate the quality and freshness
of fish. In this study, compared with the SM group, dietary BSFLM
had no effect on the muscle TMAO and TMA contents of grass carp.
This might have been related to the fresh fish muscle used in this
study, without shelf-life testing. TMAO is not directly synthesized
in most teleost fish and must be ingested. This suggests that BSFLM
contributes less to the TMAO and TMA of grass carp. It is widely
accepted that nucleotides can influence fish taste and flavor; ino-
sine monophosphate is related to umami taste and AMP can play a
role as a flavor enhancer (Shirai and Kikuchi, 2002; Tejada, 2009).
However, nucleotide quantification showed that only the Hx con-
centration was significantly affected by the BSFLM diets compared
to the SM group. Hx can produce unpleasant bitterness and its
accumulation leads to a decrease in fish flavor (Kuda et al., 2008;
Morkere et al., 2010). In this study, the Hx concentration of muscle
in the BSFLM75 group was significantly lower than that of the SM
group. This suggested that BSFLM could reduce bitterness in the
muscle and improve the overall taste. The K and K; values are
important indicators to reflect the freshness of fish, and the smaller
the value, the fresher the fish (Hamada-Sato et al., 2005). However,
dietary BSFLM had no effect on the muscle freshness of grass carp
compared with the control group. Similar findings were reported in
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rainbow trout (Mancini et al., 2018), but diets supplemented with
BSFLM reduced the AMP content in rainbow trout muscle, in
contrast to the findings of this study. Additionally, the decrease of
specific compounds associated with the decrease of AMP could
modify sensory perception and evaluation, as reported by Borgogno
et al. (2016), where fish fed diets with BSFLM showed an increased
intensity of metallic flavor.

5. Conclusion

This study demonstrated that the replacement of dietary SM
with BSFLM up to the 60% level (BSFLM level at 136 g/kg diet) had
no adverse effect on growth performance and improved the flesh
quality of grass carp. The BSFLM contents were 71.0 g/kg diet
(substituting 31.28% SM) and 69.1 g/kg diet (substituting 30.44%
SM), corresponding to the optimal values of FBW and FCR,
respectively, based on the quadratic regression analysis. Addition-
ally, an appropriate level of BSFLM could also improve muscle
antioxidant status and promote the growth and development of
muscle fibers. The muscle texture properties, nutritional value and
body color of grass carp were optimal among all groups when di-
etary SM was completely replaced with BSFLM (227 g/kg diet).
Combined with previous studies, we infer that the improvement of
muscle quality in this study is related to the improvement of
muscle antioxidant status. In addition, BSFLM may affect muscle
fiber structure by activating the expression of muscle development
related factors, and then contribute to muscle physical properties.
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