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The objective was to investigate the improvement of the flesh quality and nutritional value
of hybrid grouper (♀ Epinephelus fuscoguttatus × ♂ E. lanceolatu) by Lactobacillus
pentosus (BL-15). The two diets were prepared with 9% oxidized fish oil (OFO negative
control group) or 9% fresh fish oil (FFO positive control group) as the major lipid source,
and the OFO diet were sprayed with L. pentosus at 1.0×107, 1.0×108, 1.0×109 CFU/g,
respectively. Five kinds of diets were fed to hybrid grouper with initial weight of 21.36 ±
0.03 g for 60 days. The results showed that (1) consumption of OFO diet significantly
increased muscle crude lipid, total cholesterol, and total monounsaturated fatty acids
contents and significantly decreased muscle C20:5n3, C22:6n3, ∑PUFA levels of grouper
(p < 0.05), whereas the addition of L. pentosus to OFO diet significantly reduced muscle
crude lipid, malondialdehyde, reactive oxygen radicals, total cholesterol concentration,
increased C20:5n3, C22:6n3, ∑PUFA levels, increased muscle crude protein content, and
enhanced muscle hardness, gumminess, and chewiness compared with FFO or OFO
group (p < 0.05). (2) In addition, ingestion of OFO diet significantly increased muscle
phenylalanine content and significantly decreased aspartic acid content (p < 0.05), while
the addition of L. pentosus restored aspartic acid to the level not significantly different from
that of FFO group (p > 0.05). The addition of L. pentosus also increased tyrosine, lysine,
leucine, phenylalanine, arginine, and alanine content compared to FFO group at the same
time (p < 0.05). (3) Furthermore, the intake of OFO diet would lead to deterioration in
muscle flavor quality and increase in noxious odors in grouper, and the addition of
L. pentosus can mitigate or rectify these detrimental consequences. In further analysis,
consumption of OFO group significantly downregulated the mRNA expression of muscle
growth factors and caused serious damage to the muscle antioxidant system (p < 0.05),
which was protected against by the potent antioxidant properties of L. pentosus. We
recommend the supplementation level of L. pentosus to be 1.0×109 CFU/g under the
highly oxidized conditions of the present trial fish oil.
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INTRODUCTION

Lipid has the essential nutrients for aquaculture animals and is
an integral part of cells, providing essential fatty acids, energy
supply and storage, and protein conservation (Glencross, 2009).
Fish oil with high content of unsaturated fatty acids (HUFAs),
specifically docosahexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), has been widely consumed in the marine feed
industries (Zhu et al., 2012; Yan et al., 2020a; Yan et al.,
2020b). Nevertheless, HUFAs are highly sensitive to oxidation
and break down into harmful substances such as aldehydes,
ketones, and alcohols during the production, shelf-life, and
utilization, as they are sensitive to factors such as heat, light,
moisture, oxygen, and metals in feed additives. (Frankel, 1980).
Eventually, it would have serious implications for the quality and
health of the animals. Lipid content in marine aquaculture fish
diets is typically 12%–15% (Yoshii et al., 2010), and mariculture
objects are normally located in hot and humid subtropical or
tropical areas, providing favorable conditions for the oxidation of
fish oil in diets. As a result, the oxidation of fish oil in ocean fish
diets has become a serious problem for the sustainable
development of mariculture.

People demand better seafood with the improvement of the
world economy and life standards, and the decline in fish quality
and health due to oxidative rancidity of diets is one of the most
common challenges in aquaculture today. Recently, more and
more attention has been paid to the study of oxidized lipids of
diets in relation to oxidative stress (Long et al., 2021; Long et al.,
2022a; Long et al., 2022b). Zhang et al. (2017) demonstrated in a
study on mudskipper (Misgurnus anguillicaudatus) that oxidized
fish oil (OFO) diets can cause liver lipid deposition; growth
performance of juvenile hybrid tilapia (Oreochromis niloticus×
O. aureus) was reduced, and liver malondialdehyde (MDA)
levels were increased by consumption of OFO diets (Huang
and Huang, 2004). They mainly focused on the influence of OFO
on antioxidant capacity, biochemical parameters, and growth
performance (Chen et al., 2011; Yuan et al., 2014). Moreover,
OFO also can have a negative impact on the quality of fish meat
(fatty acid and amino acid composition, flavor, vitamin E
content, shelf life, etc.) in addition to decreasing the nutritional
value of the diet itself (Lewis-Mccrea and Lall, 2007; Gao et al.,
2012). Earlier works also showed that consumption of OFO diets
led to less n-3 polyunsaturated fatty acids (PUFAs) and more
MDA in the muscle of largemouth bass (Micropterus salmoides)
(Yuan et al., 2014), Atlantic cod (Gadus morhua) (Ying et al.,
2008), Japanese flounder (Paralichthys olivaceus) (Gao et al.,
2014), and Japanese sea bass (Lateolabrax japonicus) (Han et al.,
2012), which has severe impact on the nutritional value and
quality of the fish.

High growth rate, disease resistance, high nutritional value,
tasty flesh, and adaptability to the conditions have made hybrid
grouper (♀ Epinephelus fuscoguttatus × ♂ E. lanceolatu) become
a major culture species in Chinese southeast coast (Liu et al.,
2018; Liu et al., 2021). As a superior source of protein, grouper
production can be up to around 200,000 tons/year. However, our
preliminary study found that the consumption of OFO feeds
affected the flesh nutritional value and quality of grouper to some
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extent, which will seriously affect the sales market of grouper.
Lactobacillus has a variety of probiotic functions; it not only can
regulates the immune system and maintains the balance of
intestinal flora, but it also has a certain antioxidant capacity,
can remove reactive oxygen molecules, and the reactive oxygen
molecules in body can maintain a relatively stable state (Tiiu
et al., 2002; Jeongmin et al., 2005; Lin et al., 2020). In addition,
Lactobacillus can improve muscle brightness by inhibiting lipid
peroxidation and delaying the formation of methemoglobin,
while improving muscle tenderness by affecting fatty acid
metabolism (Li et al., 2014). Lactobacillus pentosus (BL-15) is
an important lactic acid bacterium with a variety of functions
including immune enhancement and antioxidant properties.
However, its improvement on the deterioration of flesh quality
caused by OFO needs to be explored. Hence, the aim of this
experiment was to investigate the regulation of flesh quality of
hybrid grouper by adding L. pentosus to OFO feeds, and the
study was expected to provide a reference for solving the
problems of decreased flesh quality of grouper caused by OFO.
MATERIALS AND METHODS

Experimental Diets
Fish oil (fresh fish oil, FFO or OFO) was used as the main lipid
source to formulate two groups of iso-nitrogenous (48.92%) and
iso-lipid diets (11.96%). OFO was obtained by heating and
aeration, the peroxide value (POV) of the OFO was 122.85 ±
1.76 mmol/kg, and the malondialdehyde (MDA) content was
121 mg/kg. All ingredients were well crushed and mixed with
30%–40% distilled water. The diets were manufactured by a
twin-screw extruder (F–26, South China University of
Technology, Guangdong Province, China) to a diameter of 2.5
mm, then air-dried to a moisture content of about 10% at room
temperature, and crushed and sieved to the suitable size and held
at −20°C. Table 1 shows the diet formulation and nutritional
composition. L. pentosus (BL-15) at concentrations of 1.0×107,
1.0×108, and 1.0×109 CFU/g were added to OFO diet as
treatment groups and recorded as OFOM7, OFOM8, and
OFOM9. L. pentosus was added on the day of feeding, and the
dominant bacterium was isolated and identified from the starfish
by Guangdong Ocean University College of Food Science and
Technology (Tang, 2020). The bacteria were cultured in MRS
medium (Beijing Landbridge Technology Co.) under anaerobic
conditions at 37°C for 24 h. The suspensions were centrifuged at
5,000g for 10 min, rinsed twice with sterile saline, and stored in
sterile saline at 4°C. The number of bacterial cells in the
suspensions was determined by turbidimetric method.

Fish and Feeding Test
Guangdong Ocean University Institutional Animal Care and Use
Committee Ethics Review Committee approved (Zhanjiang,
China) the study. Groupers were obtained in local breeding
farms in the Donghai Island (Zhanjiang, China) and
temporarily cultured to trial size in outdoor concrete pools. A
total of 450 hybrid groupers (21.36 ± 0.03 g) were distributed
randomly into 15 fiberglass barrels (500 L) after 24 h of fasting.
June 2022 | Volume 9 | Article 926106
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FFO, OFO, OFOM7, OFOM8, and OFOM9 diets were fed twice
a day (8:00 and 16:00) on a full stomach, respectively. The
experiment was carried out in three replicates and cultured for
60 days. Approximately 70% of the water in the tank was
changed daily to keep the water environment. A 20.0-cm
diameter × 30.0 cm length of polyvinyl chloride (PVC) pipe
per tank served as a shelter for the groupers (Lin et al., 2007).
They were kept under natural illumination, pH 7.9 ± 0.1, water
temperature of 29 ± 1°C, salinity of 28, and dissolved oxygen
concentration maintained at ≥ 5.0 mg/L. Total ammonia and
nitrite concentrations were maintained at <0.05 mg/L, which
were tested by using a PTF-001B multiparameter water quality
detector (WBD Biotechnology Co., Ltd., China).

Sample Collection
Sampling was conducted after 24 h of starvation at the end of the
test. The skin of the fish was peeled off with bone forceps after
anesthesia with eugenol (1:10,000), and the dorsal muscles were
separated. The samples used to determine muscle compositions,
fatty acids, amino acids, and textural parameters were kept on
ice. Samples for the determination of texture parameters were cut
into 2 cm × 2 cm × 0.3 cm slices, and the same sampling method
was ensured for all samples. Volatile and enzyme activity samples
were stored in 2.0 ml lyophilized tubes in liquid nitrogen.
Samples of molecules were put into tubes containing RNA
later, kept overnight at 4°C, and then moved to a −80°C
refrigerator for mRNA expression detection. The samples
above were determined immediately after sample collection.

The Methods of Analysis
Hardness, springiness, cohesiveness, and other textural parameters
of muscle were measured using a textural instrumentation (S-
PRO, 175 Food Technology Corporation, Rockville, MD, USA).
Chinese standard methods determined the peroxide value (GB
Frontiers in Marine Science | www.frontiersin.org 3
5009.227-2016), malondialdehyde (MDA) (GB/T 28717-2012),
and amino acid (GB/T18246-2019) levels. Diets and muscle
proximate composition were analyzed using the AOAC
prescribed methods (Lee, 1995). Fatty acids were analyzed by a
gas chromatograph (7890A, Agilent Technologies Inc., USA)
according to Shantha and Ackman (1990). Muscle biochemical
indicators include reactive oxygen radicals (ROS), MDA, total
protein (TP), triglycerides (TG) and total cholesterol (TC) were
analyzed using Shanghai Enzyme-linked Biotechnology Co. Ltd.
ELISA kits. The samples were homogenized with saline at a ratio
of 1:9, the supernatant was taken after centrifugation, and then the
subsequent assay analysis was performed in strict accordance with
the kit instructions. Volatiles were identified by headspace solid-
phase microextraction (HS-SPME) and gas chromatography-mass
spectrometry (Agilent 7890A-5975C). It is based on a computer
search of the NIST08 spectral library, supported by manual
analysis of the spectra and qualitative analysis in conjunction
with published literature. The peak area was normalized to obtain
the relative percentages of each volatile constituent by using Excel
data handling system. TransGen Biotech (Beijing, China) RNA kit
and Accurate Biology Evo M-MLV kit (Hunan, China) were used
for RNA extraction and cDNA synthesis, respectively. The
quantitative real-time polymerase chain reaction (RT-qPCR) was
carried out on 384-well plates in a reaction volume of 10 µl (1 µl
cDNA, 0.8 µl primer, 3.2 µl RNse Free dH2O, and 5µl of SYBR®

Green Real-Time PCR Master Mix). Primers for the internal
reference gene (b-actin) and target genes were designed based
on previously reported grouper sequences (Table 2). Calculation
of relative expressions using the 2−DDCt method (Livak and
Schmittgen, 2001).

Statistical Analysis
The results of all data were analyzed by one-way ANOVA with
SPSS version 20.0 (SPSS Inc., USA) after homogeneity of
variance. Then, the Tukey test was used to test whether the
differences between groups were significant and was considered
statistically significant when p < 0.05. All results were given as
average ± standard error (SEM).
RESULTS

Muscle Composition
There was no significant difference in fish oil quality on muscle
moisture, crude lipid, and crude protein of grouper (p > 0.05), but
muscle moisture, crude protein, and crude lipid of grouper were
slightly increased after ingestion of OFO diet (Table 3). The
muscle moisture and crude protein content of grouper gradually
increased with the increase in L. pentosus concentration in OFO
feed, and both reached the maximum value at 1.0 × 109 CFU/g and
were significantly higher than those in the FFO group (p < 0.05).
Meanwhile, the addition of L. pentosus to OFO feed significantly
reduced muscle crude lipid content in grouper (p < 0.05).

Muscle Biochemical Indexes
Ingestion of OFO feed significantly reduced total protein (TP)
content of muscle in grouper (p < 0.05), and the addition of L.
TABLE 1 | Composition and nutrients levels of the test diets (air dry matter %).

Ingredients FFO OFO

Fish meal 40.00 40.00
Wheat gluten 14.00 14.00
Corn gluten meal 8.00 8.00
Soybean meal 9.00 9.00
Wheat flour 14.35 14.35
Fresh fish oil 9.00 0.00
Oxidized fish oila 0.00 9.00
a-starch 3.00 3.00
Calcium monophosphate 1.00 1.00
Choline chloride 0.50 0.50
Compound additivesb 1.00 1.00
Attractant 0.15 0.15
Total 100.00 100.00
Proximate compositionc

Crude protein 49.47 48.96
Crude lipid 10.42 10.53
aOxidized fish oil is made from fresh fish oil by heating and aeration. Its peroxide value is
122.85 ± 1.76 mmol/kg, and MDA content is 121 mg/kg. Significant differences in
peroxide values and MDA content between oxidized and fresh fish oils.
bCompound additives contenting a variety of vitamins and minerals were obtained from
Beijing Enhalor Biotechnology Co., Ltd.
cMeasured value.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Yan et al. Amelioration of Grouper Flesh Quality
pentosus can recover the TP level, which could be recovered to
the same level as FFO group when added at a concentration of
1.0 × 109 CFU/g. At the same time, ingestion of OFO feed
increased MDA, ROS, TG, and TC levels of grouper muscle to
different degrees. However, their contents were reduced by
adding L. pentosus to OFO diet, and the lowest values were
found in the OFOM9 group, which were significantly lower than
those in the OFO group except TG (p < 0.05). Muscle TG content
among groups had no significant difference (p > 0.05) (Table 4).

Muscle Texture Parameters
After 60 days, the muscle texture parameters of groupers are
shown in Table 5; the quality of fish oil and L. pentosus did not
affect the springiness, cohesiveness, and resilience of grouper
muscle (p > 0.05). Although hardness, gumminess, and
chewiness were not influenced by fish oil quality (p > 0.05), the
added 1.0 × 109 CFU/g L. pentosus to OFO diet significantly
improved muscle hardness, gumminess, and chewiness (p < 0.05).
Frontiers in Marine Science | www.frontiersin.org 4
Muscle Fatty Acids and Amino Acids
The fatty acid composition of grouper muscle is shown in Table 6;
compared to FFO group, the consumption of OFO diet significantly
increased the content of saturated fatty acids (SAFAs), such as C15:0,
C17:0, and C18:0, and total monounsaturated fatty acids (∑MUFA)
and C18:1n9 in the muscle, while it significantly decreased the
content of C20:5n3, C22:6n3, and total polyunsaturated fatty acids
(∑PUFA) (p < 0.05). The fatty acid composition of OFOM7 and
OFOM8 groups was similar to that of the OFO group, and the fatty
acid compositionof theOFOM9groupwas similar to that of the FFO
group, with no significant differences (except for C18:0) (p > 0.05).
Compared to the OFO group, muscle C17:0, C18:1n9, and C22:1n9
levels in the OFOM9 group were significantly reduced, and ∑PUFA
levels was significantly increased (p < 0.05).

The amino acid composition of grouper muscle is shown in
Table 7; consumption of OFO diet significantly upregulated
phenylalanine content and significantly reduced aspartic acid
content in grouper muscle (p < 0.05), and the content of other
TABLE 2 | Primers used RT-qPCR.

Primers names Forward and reverse primers sequence (5’ to 3’) GenBank accession No.

b-actin-F/R GGCTACTCCTTCACCACCACA/TCTGGGCAACGGAACCTCT AY510710.2
myog-F/R TTATCCCGTGGTCCAGAGGT/GGTGTCGGGTTCATGCAGTA XM_033625713.1
myod-F/R CTGAAAGTGTGGAGGCTCGT/GATGAACACTGTGCGAAGCG XM_033635008.1
myf5-F/R CCGTCCCAGGTCTACTACGA/GTACCCTCACATGCTCGTCC HM190249.1
mrf4-F/R GAGAGAGGGGCGCAACAATA/ACGGAACATTATCCTGGCCC HM190248.1
mstn-F/R ATTGTTTCCCGGGTGCTCAT/GTTGAAGGTCGCCTCCAGAA KR269829.1
igf1-F/R AGATGTACTGTGCACCTGCC/GTCCTACGCTCTGTGCCTTT AY776159.1
igf2-F/R GTTGTGGAAATAGCGTCGGC/TCCTCTACGATCCCACGGTT AY776158.1
col1a1-F/R CACTGAGGCATCCCAGAACC/TGTGTGACGTGCATCCATCT JN112557.1
col1a2-F/R GGAAGCACAGCCATATCCTGA/GGCATGGACAGTGTCAACAGA XM_033636413.1
hsp70-F/R CTTGCAAGAAGTGGCCAACA/AAAGCCATCTTCCTGCCTTGT EU816600.1
hsp90-F/R AACGACAAGGCTGTGAAGGAC/TTCTGTAGATGCGGTTGGAGTG HQ441094.1
cat-F/R CGCGGGAAGCAAAGATTCAG/CCGCAGTTTCCAGTGTGTTG KT884509.1
gpx-F/R TCCTCTGTGGAAGTGGCTGA/TCATCCAGGGGTCCGTATCT HQ441085.1
June 2022 |
myog, myogenin; myod, myogenic differentiation; myf5, myofactar5; mrf4, myogenic regulatory factor 4; mstn, myostatin; igf1, insulin-like growth factor 1; igf2, insulin-like growth factor 2;
col1a1, collagen type I alpha1; col1a2, collagen type I alpha2; hsp70, heat shock protein 70; hsp90, heat shock protein 90; cat, catalase; gpx, glutathione peroxidase.
TABLE 3 | The effect of different diet on muscle composition of grouper (air dry matter %).

Items FFO OFO OFOM7 OFOM8 OFOM9

Moisture 71.92 ± 0.44a 72.70 ± 0.07ab 72.48 ± 0.14ab 72.58 ± 0.17ab 73.21 ± 0.18b

Crude protein 80.58 ± 0.94a 82.26 ± 0.34ab 82.43 ± 0.25ab 83.33 ± 0.75ab 84.95 ± 0.72b

Crude lipid 6.14 ± 0.35ab 7.33 ± 0.56b 5.00 ± 0.43a 4.54 ± 0.39a 3.92 ± 0.45a
Volume 9 |
The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
TABLE 4 | The effect of different diet on muscle biochemical indexes of grouper.

Items FFO OFO OFOM7 OFOM8 OFOM9

TP mg/ml 0.60 ± 0.02b 0.50 ± 0.02a 0.55 ± 0.02ab 0.55 ± 0.01ab 0.61 ± 0.03b

MDA nmol/mg.pro 17.61 ± 0.51ab 18.31 ± 0.78b 18.24 ± 1.21b 15.60 ± 0.48ab 15.00 ± 0.94a

ROS U/mg.pro 444.38 ± 29.89bc 476.46 ± 22.06c 414.96 ± 26.04bc 360.67 ± 7.17ab 304.68 ± 27.22a

TC µmol/mg.pro 15.23 ± 0.46b 18.52 ± 0.84c 14.61 ± 0.17ab 12.78 ± 0.49ab 11.92 ± 1.39a

TG µmol/mg.pro 13.24 ± 1.50 15.92 ± 0.88 15.16 ± 2.03 15.72 ± 0.27 12.80 ± 1.47
The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
TP, total protein; MDA, malondialdehyde; ROS, reactive oxygen radicals; TC, total cholesterol; TG, triglycerides.
Article 926106
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amino acidswas not affectedbyfish oil quality (p>0.05). Compared
with the OFO group, there was no significant effect of L. pentosus
addition on amino acid composition of grouper muscle (p > 0.05).
In addition, there was also no significant effect offish oil quality and
L. pentosus addition on muscle indispensable amino acid (IAA)/
total amino acids (TAAs). However, the content of tyrosine, lysine,
leucine, phenylalanine, arginine, IAA, and alanine in grouper
muscle was significantly increased by the addition of appropriate
amount of L. pentosus to OFO diet compared with FFO group
(p < 0.05).

Muscle Volatile Compounds
A total of 154 volatile compounds were identified in grouper muscle
(Figure 1), including 88 compounds identified in the FFO group, 65
in theOFOgroup, 82 in theOFOM7group, 87 in theOFOM8group,
and 83 in the OFOM9 group, of which 37 volatile compounds were
identified in all groups. These 154 volatile compounds are mainly
composed of alcohols, acids, ketones, amines, aldehydes, alkenes,
alkanes, aromatic, esters, etc. (Table 8). Compared to the FFO group,
Frontiers in Marine Science | www.frontiersin.org 5
muscle amine and esters were significantly lower after ingestion of
OFO diet (p < 0.05) and recovered to the level that was not
significantly different from the FFO group after the addition of
appropriate amounts L. pentosus to the OFO diet (p > 0.05). The
OFO group had significantly higher aromatics than the FFO group
(p< 0.05), while therewas no significant differencewith other groups
(p > 0.05). Although aldehydes, ketones, and other (unclassified)
compoundsdidnotdiffer significantlybetweenFFOandOFOgroups
(p>0.05), the addition ofL. pentosus significantly increased the levels
of these substances (p < 0.05). Nevertheless, alcohols, acids, alkanes,
and alkenes were not significantly different among groups (p > 0.05).
In addition, we performed stacked of volatile compounds with an
average of over 1% for all groups (Figure 1). The most abundant
volatile compounds identified in grouper muscle included oxime-
methoxy-phenyl-, nonanal, 2,4-di-tert-butylphenol, and 1-decene,
and the composition of volatile compounds in the muscle is
significantly influenced by the ingestion of diet. Compared with the
FFO group, ingestion of OFO feed can cause a reduction or even the
disappearance of compounds in the muscle such as 1,2-
TABLE 5 | The effect of different diet on muscle texture parameters of grouper.

Items FFO OFO OFOM7 OFOM8 OFOM9

Hardness/g 412.82 ± 92.29a 307.51 ± 43.15a 460.18 ± 50.44ab 451.03 ± 3.45ab 696.19 ± 90.44b

Springiness/mm 0.10 ± 0.00 0.14 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.12 ± 0.00
Cohesiveness 0.07 ± 0.00 0.08 ± 0.00 0.09 ± 0.00 0.10 ± 0.01 0.10 ± 0.02
Gumminess/mJ 40.20 ± 10.29ab 29.19 ± 7.57a 42.82 ± 5.05ab 42.30 ± 2.81ab 63.09 ± 7.09b

Chewiness/mJ 4.13 ± 0.98a 4.19 ± 1.32a 6.31 ± 0.77ab 6.33 ± 0.19ab 8.22 ± 1.07b

Resilience 0.03 ± 0.00 0.04 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.00
June 2022 | Volume 9
The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
TABLE 6 | Muscle fatty acids of grouper fed different diet (%).

Fatty acids FFO OFO OFOM7 OFOM8 OFOM9

C14:0 2.03 ± 0.11a 2.81 ± 0.57ab 3.43 ± 0.18b 3.00 ± 0.04ab 2.07 ± 0.05a

C15:0 0.26 ± 0.01a 0.44 ± 0.09bc 0.48 ± 0.02c 0.45 ± 0.01bc 0.3 ± 0.01ab

C16:0 17.71 ± 0.37a 23.98 ± 4.05ab 29.73 ± 1.20b 26.39 ± 0.03b 18.49 ± 0.16a

C17:0 0.68 ± 0.01a 0.87 ± 0.07c 0.86 ± 0.00bc 0.86 ± 0.01bc 0.73 ± 0.02ab

C18:0 6.61 ± 0.13a 8.52 ± 0.54b 10.07 ± 0.23c 9.37 ± 0.14bc 8.21 ± 0.24b

C20:0 0.47 ± 0.02 0.65 ± 0.11 0.65 ± 0.01 0.63 ± 0.02 0.49 ± 0.01
C21:0 0.14 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.08 ± 0.08 0.00 ± 0.00
C22:0 0.24 ± 0.01 0.30 ± 0.05 0.30 ± 0.01 0.30 ± 0.01 0.15 ± 0.08
∑SAFA 28.15 ± 0.39a 37.55 ± 5.46ab 45.51 ± 1.64b 41.06 ± 0.23b 30.45 ± 0.22a

C15:1n7 0.15 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.09 0.28 ± 0.03
C16:1n7 3.37 ± 0.16a 4.28 ± 0.70ab 5.02 ± 0.20b 4.50 ± 0.01ab 3.26 ± 0.02a

C18:1n9 18.99 ± 0.25a 25.84 ± 2.70b 29.26 ± 0.70b 27.03 ± 0.55b 20.33 ± 0.46a

C20:1n9 2.65 ± 0.02a 3.71 ± 0.63ab 4.02 ± 0.17b 3.59 ± 0.04ab 2.55 ± 0.05a

C22:1n9 0.52 ± 0.01ab 0.81 ± 0.16bc 0.91 ± 0.02c 0.82 ± 0.03c 0.51 ± 0.01a

C24:1n9 0.86 ± 0.01 1.21 ± 0.20 1.19 ± 0.03 1.17 ± 0.02 0.89 ± 0.02
∑MUFA 26.53 ± 0.41a 35.84 ± 4.32bc 40.38 ± 0.95c 37.17 ± 0.47c 27.83 ± 0.38ab

C18:2n6 10.34 ± 0.32 10.93 ± 1.75 8.58 ± 0.99 10.90 ± 1.14 11.86 ± 0.95
C18:3n3 0.94 ± 0.01b 0.65 ± 0.23ab 0.39 ± 0.05a 0.61 ± 0.04ab 0.93 ± 0.02b

C20:2n6 0.50 ± 0.01 0.51 ± 0.08 0.41 ± 0.04 0.48 ± 0.03 0.54 ± 0.01
C20:3n6 0.26 ± 0.01 0.13 ± 0.13 0.00 ± 0.00 0.08 ± 0.08 0.26 ± 0.01
C20:4n6 1.29 ± 0.02b 0.77 ± 0.35ab 0.38 ± 0.08a 0.60 ± 0.04a 1.33 ± 0.05b

C20:3n3 0.16 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.06
C20:5n3 15.74 ± 0.30c 7.03 ± 3.62ab 2.42 ± 0.77a 4.67 ± 0.63a 12.45 ± 0.40bc

C22:6n3 15.87 ± 0.32c 6.63 ± 3.64ab 1.96 ± 0.72a 4.44 ± 0.62a 14.23 ± 0.69bc

∑PUFA 45.29 ± 0.82c 26.62 ± 9.78ab 14.12 ± 2.59a 21.78 ± 0.24a 41.72 ± 0.47c
|

The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
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benzenedicarboxylic acid, bis(2-methylpropyl) ester, acetic acid,
butyl ester, caprolactam, cedrol, decane, 4-methyl-, dibutyl
phthalate, dodecane, 2,6,11-trimethyl-, ethanol, 2-(tetradecyloxy)-,
hexadecane, 2,6,10,14-tetramethyl-, hexadecanoic acid, methyl ester,
hexanal, hexanedioic acid, bis(2-ethylhexyl) ester, propanoic acid, 2-
methyl-, butyl ester, tridecanoic acid, and methyl ester; however, the
addition of a certain level of L. pentosus to OFO diet
Frontiers in Marine Science | www.frontiersin.org 6
increased the content of partial volatile compounds such as 1,2-
benzenedicarboxylic acid, bis(2-methylpropyl) ester, cedrol, decane,
4-methyl-, dibutyl phthalate, dodecane, 2,6,11-trimethyl-, ethanol, 2-
(tetradecyloxy)-, hexadecane, 2,6,10,14-tetramethyl-, hexadecanoic
acid, methyl ester, hexanal, tridecanoic acid, and methyl ester. In
addition, the ingestion of OFO diet increased the content of some
volatile compounds such as 11-dodecenol, 1-octanol, 1-octen-3-ol,
TABLE 7 | Muscle amino acids of grouper fed different diet.

Amino acids FFO OFO OFOM7 OFOM8 OFOM9

Tyrosine 2.65 ± 0.01a 2.75 ± 0.04ab 2.79 ± 0.04b 2.81 ± 0.02b 2.81 ± 0.02b

Lysine 7.24 ± 0.05a 7.51 ± 0.13ab 7.50 ± 0.04ab 7.46 ± 0.05ab 7.60 ± 0.03b

Valine 3.14 ± 0.07 3.30 ± 0.08 3.25 ± 0.03 3.26 ± 0.03 3.33 ± 0.05
Methionine 2.35 ± 0.02 2.41 ± 0.04 2.4 ± 0.01 2.44 ± 0.02 2.48 ± 0.01
Leucine 6.13 ± 0.03a 6.32 ± 0.11ab 6.34 ± 0.01ab 6.39 ± 0.05ab 6.46 ± 0.02b

Isoleucine 3.05 ± 0.07 3.25 ± 0.09 3.19 ± 0.03 3.20 ± 0.03 3.26 ± 0.06
Phenylalanine 3.13 ± 0.01a 3.39 ± 0.06b 3.48 ± 0.10b 3.49 ± 0.02b 3.41 ± 0.05b

Histidine 1.89 ± 0.02 1.89 ± 0.03 1.93 ± 0.01 1.93 ± 0.01 1.96 ± 0.01
Arginine 4.68 ± 0.03a 4.86 ± 0.08ab 4.89 ± 0.03ab 5.01 ± 0.08b 4.98 ± 0.03b

Threonine 3.63 ± 0.08 3.76 ± 0.06 3.91 ± 0.09 3.79 ± 0.02 3.83 ± 0.04
Indispensable amino acid (IAA) 37.89 ± 0.30a 39.45 ± 0.70ab 39.70 ± 0.16ab 39.80 ± 0.31b 40.11 ± 0.21b

Alanine 4.93 ± 0.06a 5.10 ± 0.08ab 5.02 ± 0.01ab 5.13 ± 0.08ab 5.28 ± 0.04b

Aspartic acid 9.08 ± 0.05b 8.67 ± 0.16a 8.67 ± 0.07a 8.75 ± 0.06ab 8.85 ± 0.03ab

Serine 3.32 ± 0.03 3.33 ± 0.02 3.44 ± 0.16 3.34 ± 0.02 3.42 ± 0.04
Glutamic acid 12.48 ± 0.11 12.73 ± 0.17 12.78 ± 0.11 12.84 ± 0.11 13.02 ± 0.05
Glycine 4.36 ± 0.10 4.39 ± 0.10 4.47 ± 0.06 4.69 ± 0.05 4.61 ± 0.06
Proline 3.93 ± 0.08 3.92 ± 0.02 3.26 ± 0.55 4.51 ± 0.93 3.85 ± 0.03
Dispensable amino acid (DAA) 38.1 ± 0.39 38.14 ± 0.51 37.64 ± 0.29 39.25 ± 0.68 39.04 ± 0.14
Total amino acids (TAA) 75.99 ± 0.62 77.59 ± 1.21 77.34 ± 0.13 79.05 ± 0.77 79.15 ± 0.11
IAA/TAA 0.50 ± 0.00 0.51 ± 0.00 0.51 ± 0.00 0.50 ± 0.01 0.51 ± 0.00
June 2022 | Volume 9 |
The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
FIGURE 1 | Muscle volatile compounds species of grouper fed different diets.
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2,4-di-tert-butylphenol, 2-tetradecene (E)-, dodecanal, heptanal,
nonanal, octadecanal, and tridecane of muscle. The addition of L.
pentosus to OFO diet regulates volatile compounds in grouper
muscle, particularly reducing levels of 2,4-di-tert-butylphenol,
nonanal, octadecanal, tridecane, etc. compared with the OFO
group. In addition, L. pentosus also contributed to the appearance
Frontiers in Marine Science | www.frontiersin.org 7
ofnewvolatile compounds suchashexadecanoic acid, ethyl ester, and
octanal in muscles of groupers.

Relative mRNA Expression
Figures 2A, B show the relative expression ofmuscle growth factor
mRNA in grouper; myogenin (myog) andmyogenic differentiation
TABLE 8 | Muscle volatile compounds composition of grouper fed different diets (%).

Volatiles FFO OFO OFOM7 OFOM8 OFOM9

Total Amine 13.3 ± 1.01b 4.94 ± 2.02a 4 ± 1.42a 4.45 ± 0.34a 7.08 ± 1.41ab

Total Alcohols 9.24 ± 0.3 11.38 ± 0.46 10.59 ± 0.7 11.05 ± 1.82 10.24 ± 1.55
Total Aldehyde 11.27 ± 0.41a 29 ± 2.13ab 40.91 ± 0.36b 26.19 ± 5.41ab 28.64 ± 9.74ab

Total Acids 9.15 ± 5.44 0.83 ± 0.31 0.08 ± 0.08 1.69 ± 1.27 0.27 ± 0.27
Total Ketones 1.45 ± 0.2a 1.24 ± 0.39a 5.09 ± 0.62b 0.86 ± 0.33a 1.72 ± 0.9a

Total Alkanes 20.96 ± 8.28 12.88 ± 3.01 8.47 ± 1.25 14.69 ± 3.69 15.96 ± 3.56
Total Alkenes 14.94 ± 3.35 14.77 ± 3.95 14.77 ± 5.33 18.18 ± 7.7 12.89 ± 2.9
Total Esters 12.63 ± 0.38b 4.41 ± 0.45a 5.7 ± 0.07a 16.84 ± 1.9b 5.07 ± 0.32a

Total Aromatic 3.19 ± 1.16a 10.93 ± 1.13b 6.64 ± 0.63ab 9.39 ± 0.98b 6.62 ± 0.95ab

Total Other 3.24 ± 1.65a 11.48 ± 1.48a 6.65 ± 0.4a 8.11 ± 0.35a 23.51 ± 3.87b
June 2022 | Volume 9 |
The results are presented as the means ± SEM (n = 3). Values with different superscripts in the same row are significantly different (p < 0.05).
A
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C

FIGURE 2 | Relative mRNA expression of muscle growth factors (A, B) and antioxidant-related genes (C) of grouper fed different diets. myog, myogenin; myod,
myogenic differentiation; myf5, myofactar5; mrf4, myogenic regulatory factor 4; mstn2, myostatin type 2; igf1, insulin-like growth factor 1; igf2, insulin-like growth
factor 2; col1a1, collagen type I alpha1; col1a2, collagen type I alpha2; cat, catalase; gpx, glutathione peroxidase; hsp70, heat shock protein 70; hsp90, heat shock
protein 90. Different lowercase letters represent significant differences between groups (P < 0.05).
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(myod) were significantly downregulated when ingesting OFO diet
comparedwith the FFO group (p < 0.05), whereas the addition ofL.
pentosus toOFOdiet could upregulate themRNAexpression levels
ofmyog andmyod, whichwere significantly higher than in theOFO
andOFOM9groups (p<0.05), but still lower than in theFFOgroup.
Although ingestion of OFO diet had no significant effect on the
mRNA expression of myofactar5 (mrf5) and myogenic regulatory
factor 4 (mrf4) of groupermuscle, the addition of 1.0×109 CFU/g L.
pentosus to OFO diet significantly upregulated the mRNA
expression levels of mrf5 and mrf4 (p < 0.05). The mRNA
expression of myostatin (mstn) was significantly downregulated
after ingesting OFO diet (p < 0.05). In addition, ingestion of OFO
diet can significantly upregulate the mRNA expression of insulin-
like growth factor 1 (igf1) and collagen type I alpha1 (col1a1) in
grouper muscle, while the addition of L. pentosus to OFO diet can
significantly downregulate their expression (p < 0.05). While the
mRNA expression of insulin-like growth factor 2 (igf2) was
significantly lower in the OFO group than in the FFO group (p <
0.05), there was no significant difference among L. pentosus-treated
groups andFFOgroup (p>0.05).ThemRNAexpressionofcollagen
type I alpha2 (col1a2) was not significantly different between FFO
and OFO groups (p > 0.05), but the addition of L. pentosus to the
OFO diet significantly downregulated the expression of col1a2 (p <
0.05). Figure 2 showed the relative mRNA expression of muscle
antioxidant-related genes; consumption of OFO diet significantly
reduced themRNA expression ofmuscle gpx, cat, hsp70, and hsp90
in grouper compared to the that in the FFO group (p < 0.05);
moreover, themRNAexpression of gpx, cat, hsp70, andhsp90 in the
musclewas significantly upregulatedwhenL. pentosuswas added to
OFO diet, and the expression was highest and significantly higher
than those in theOFOgroupwhen supplemented at 1.0×109CFU/g
(p < 0.05).
DISCUSSION

The muscle constitutes the most vital component of fish for
human consumption, and its nutritional content is particularly
important. The nutritional value is highly dependent on its
biochemical composition, including crude protein and crude
lipid, which is also considered to be a marker for evaluating
the flesh quality (Vijayavel and Balasubramanian, 2006). A
previous study (Yu et al., 2022) has demonstrated that
consumption of OFO diet reduces muscle crude protein and
crude lipid of Amur sturgeon (A. schrenckii), which was
consistent with the trend in this study. The addition of 1.0×109

CFU/g L. pentosus to the OFO diet significantly increased the
muscle crude protein content and significantly reduced the crude
lipid content compared to the FFO group. Similar studies
(Amoah et al., 2019) have also shown that probiotics can
increase the crude protein content of Pacific white shrimp
(Litopenaeus vannamei). Lactobacillus can remove reactive
oxygen molecules from cells to reduce lipid peroxidation due
to its strong antioxidant capacity, which may be one of the
reasons why L. pentosus reduces muscle crude lipid level (Tiiu
et al., 2002; Jeongmin et al., 2005).
Frontiers in Marine Science | www.frontiersin.org 8
Muscle biochemical parameters are also important indicators of
the quality of fish muscle. MDA is the end product of lipid
peroxidation, and its level reflects the extent of oxidative damage
to the body by free radicals and reactive oxygen species (Yan et al.,
2021) and is also highly biotoxic and can lead to damage to cell
structure and function (Ming et al., 2012). Although fish oil quality
did not significantly affect muscle MDA and ROS content, the
addition ofL. pentosus significantly reducedmuscleMDAandROS
content,meaning thatL. pentosusplays akey regulatory character in
the prevention ofmuscle lipid peroxidation.Whereas consumption
ofOFOdiet significantly increasedmuscle TC content, the addition
of L. pentosus to OFO diet significantly reduced TC content, and
these variations were consistent with variations in muscle crude
lipid. These variations were attributed to the oxidation of highly
unsaturated fatty acids to harmful substances such as alcohols,
aldehydes, acids, and ketones, which affected the absorption and
conversion of lipids by the organs, resulting in lipid deposition, and
the additionofL. pentosus,whichhas strongantioxidant capacity, to
OFO diet can improve the intestinal flora by inhibiting harmful
microorganisms andpromoting the growthof probiotics (Sun et al.,
2015), thus promoting the metabolism of harmful substances and
reducing lipid deposition and lipid peroxidation.

Texture is an important indicator of fish quality and can
significantly affect the organoleptic properties of fish products.
Hardness, springiness, cohesiveness, gumminess, chewiness, and
resilience reflected the textural properties of the muscle. To a
certain extent, the firmer the muscle, the higher the chewing
power and the better the taste (Han et al., 2021). The quality of
dietary fish oil consumed in this study did not have a significant
effect on the hardness, cohesiveness, gumminess, chewiness, and
resilience of grouper, but the addition of 1.0×109 CFU/g L.
pentosus to OFO diet significantly increased muscle hardness,
gumminess, and chewiness, which implied that L. pentosus
rather than fish oil quality can make the muscles more
compact and gelatinous to improve hardness and further
improve the chewiness of muscles. Furthermore, the addition
of L. pentosus significantly increased the crude protein and TP
content of muscle, so we suspected that the addition of L.
pentosus may have helped to preserve the texture of fish by
slowing down the degradation of muscle proteins and
maintaining the binding between muscle cells (Zhou et al., 2011).

Previous studies have shown that the fatty acid composition
of fish muscle was influenced not only by the type of dietary lipid
source consumed (Yan et al., 2020a) but also by the quality of the
dietary lipid (Yu et al., 2022). In the present study, consumption
of OFO diet significantly increased SUFAs (C15:0, C17:0, C18:0,
and C18:1n9) and MUFAs (C18:1n9) content and significantly
decreased PUFAs (C20:5n3, C22:6n3) content of grouper
muscle. This was primarily because marine fish lacked the
ability to synthesize LC-PUFAs themselves (Ghioni et al., 1999;
Tocher and Ghioni, 1999), and the oxidation of LC-PUFA in FA
to substances such as alcohols, aldehydes, acids, and ketones
reduced the amount of LC-PUFA in diet and thereby reducing
the amount of deposition in muscle (Chen et al., 2019), which
suggested that lipid type plays a critical role in muscle nutritional
quality. Previous studies have reported that L. pentosus had
June 2022 | Volume 9 | Article 926106
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antimicrobial (Guerreiro et al., 2014; Zheng et al., 2016), immune
enhancing (Izumo et al., 2010; Izumo et al., 2011), and heavy
metal detoxifying properties (Osadolor et al., 2013).
Furthermore, the addition of 1.0×109 CFU/g of L. pentosus to
the OFO diet significantly increased muscle ∑PUFA levels and
significantly decreased C17:0, C18:1n9, and C22:1n9 levels, and
its fatty acid composition was similar to that of the FFO group.
We hypothesize that L. pentosus or its secretions promote the
uptake and conversion of oxidation products in OFO by the
grouper intestine and may have the potential to restore oxidation
products to LC-PUFA, or L. pentosus can synthesize LC-PUFA
or improve the intestinal bacterium profile, which can lead to an
increase in LC-PUFA production by the bacterium. Of course,
these are all speculations, and the exact reasons need to be
further verification.

The leucine, lysine, and arginine were the main IAA in the
muscles of grouper, and the glutamic acid and aspartic acid were
the main dispensable amino acids in this study. This was
consistent with existing research findings (Yang et al., 2022).
IAA/TAA represents an essential indicator for the nutritional
value of aquatic proteins, and the IAA/TAA for high-quality
proteins is generally thought to be about 0.4 (Yuan et al., 2020).
The IAA/TAA of grouper muscle was about 0.5 in the present
study, which indicated that it was a high-quality protein supplier.
Phenylalanine was approved by the Food and Agriculture
Organization (FAO) and the Joint Committee of Experts of the
World Health Organization (WHO) as a sweet amino acid; serine
plays a character in the lipid and fatty acids metabolism and
growth of muscle, manufacture and processing of cell membranes,
and synthesis of muscle tissue and sheaths that surround nerve
cells. In this study, the consumption of OFO diet significantly
increased the muscle phenylalanine acid content and significantly
decreased the aspartic acid content of grouper. Therefore, OFO
inhibits the normal growth of grouper muscle cells and the
metabolic transport and deposition of fatty acids, which is an
important reason for the decrease in muscle LC-PUFA content.
While phenylalanine, an aromatic amino acid, may be associated
with the odor of OFO, we also identified volatile compounds in the
muscle. The addition of L. pentosus to OFO diet had no significant
effect on the grouper muscle amino acid profile compared to that
in the OFO group but significantly increased the levels of tyrosine,
lysine, leucine, phenylalanine, arginine, IAA, and alanine
compared to that in the FFO group, which also indicated the
plasticity of L. pentosus in amino acid deposition, but the exact
mechanism needs to be further investigated.

The sensory characteristics, other than the nutritional quality of
themuscle, also decide the level of consumptionof aquatic products
by consumers, in which an important factor affecting the sensory
characteristics is the flavor (Hardy and Lee, 2010). Volatile odor
substances in muscles are associated with the odor of fresh fish,
which determines consumer acceptability. Volatile compound
diversity in grouper muscle fed OFO diet was substantially
reduced and restored by the addition of L. pentosus, which
suggested a disruptive effect of OFO on muscle flavor of grouper
and a promising application of L. pentosus in antioxidation of fish
oil.Muscle differential volatile compounds aremainly composed of
Frontiers in Marine Science | www.frontiersin.org 9
esters, aldehydes, amines, and aromatic compounds. Sulfur- and
nitrogen-containing compounds are considered to be important
odor-active components; the amines are generally considered to be
related to the freshness and fishy taste of aquatic products, and
appropriate amines can improve the freshness of aquatic products.
In this study, muscle amines were greatly reduced after
consumption of OFO diet and were restored after the addition of
L. pentosus, so FFO and L. pentosus can promote the accumulation
of freshness in grouper muscle at a certain level. Low-threshold
aldehydes have an important function for the formation of flavor
substances in aquatic animals, which were produced rapidly in the
process of lipid oxidation (Wang et al., 2016). Previous reports have
shown that aldehydes are associated with fishy, greasy (Wang and
Chen, 2005), and grassy (Wang et al., 2016) flavors of aquatic
products andmake up themajority of volatile substances.Whereas
theOFO group in this study had a large increase in aldehydes, these
aldehydesmainly included benzaldehyde, dodecanal, heptanal, and
nonanal, which may be related to the oxidation of LC-PUFA to
alcoholic aldehydes (Frankel, 1980). Most aldehydes can lead to
unpleasant, irritating, earthy, pungent, and fishy odors (Long et al.,
2013). The aldehydes of L. pentosus-treated groups were again
dramatically reduced, which may be related to the strong
antioxidative properties of L. pentosus, and it may facilitate the
metabolismofharmful substancesby accelerating the breakdownof
substances suchas aldehydesandketones inorder to reducedamage
to host. Most esters bring a fruity or floral taste to food, and they
were formed by the esterification of alcohols and carboxylic acids
(Yang et al., 2012). There was a significant decrease in total esters in
the muscle of OFO group, implying deterioration of muscle flavor.
The addition of L. pentosus restores the esters flavor of the muscle,
which is also associated with a reduction in aldehydes that reduces
the fishy and pungent taste. The most important reason may be
attributed to the fact that the metabolites of Lactobacillus lactis are
predominantly 1,2-benzenedicarboxylic acid bis(2-methylpropyl)
ester and 1,2-benzenedicarboxylic acid dibutyl ester, which were
identified in the previous study (Pan et al., 2011). The increase in
total aromatics of muscle in the OFO group was mainly due to the
increase in the level of 2,4-di-tert-butylphenol, which itself has
strong antioxidant properties. The reason for the increase in 2,4-di-
tert-butylphenol maybe to alleviate or repair oxidative stress or
damage to the body caused by the ingestion of OFO diet, but the
long-term or large amount intake of such fish by humans has the
risk of causing deformities and cancer (Zhao et al., 2020).
Ultimately, the intake of OFO diet can cause a deterioration in
muscle flavor quality and an increase in noxious odors in grouper,
and the addition of L. pentosus can mitigate or rectify these
detrimental consequences.

Muscle growth and quality are under the control of multiple
molecular mechanisms (Salem et al., 2013). Muscle growth and
catabolism determine the physical nutritional status, and the
molecular response of muscle to various diets can be determined
by analyzing the expression of genes associated with myogenic
signaling pathways (Johansen and Overturf, 2006). Myogenic
regulatory factors growth-related factors (myf5, mrf4, myog,
myod, mstn 2, col1a-1 and col1a-2, igf1, and igf2) belong to the
intrinsic factors controlling the progression, activation, and
June 2022 | Volume 9 | Article 926106
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derivatization of myogenic cells (Watabe, 1999). Myog has
essential functions in myogenic cell differentiation, while myod
and myfs constitute the majority of myogenic factors (Kassar-
Duchossoy et al., 2004). In addition, the muscle modulates the
muscle and usually inhibits the growth of the skeletal muscle
(McPherron et al., 1997). Igf1 in fish muscle has abundant
receptors as an important positive regulatory growth factor. It
can promote cell activation, proliferation, and differentiation
(Castillo et al., 2006), whereas igf2 is a negative regulator
(Snijders et al., 2015). In addition, col1a-1 and col1a-2 regulate
the muscle fibers stiffness and diameter (Zhao et al., 2018).
Muscle myog, myod, and mstn were all downregulated
significantly by consumption of OFO diet, and these changes
further demonstrated the detrimental impact of OFO on muscle
growth. These adverse effects are fortunately eliminated by the
addition of L. pentosus, so we thought that L. pentosusmight also
have a role in muscle growth and development. Compared with
the FFO group, the expression of igf2 was downregulated, and
igf1, col1a1 were significantly upregulated. This may be
attributed to the increased muscle MDA and TG levels in
grouper fed OFO diets. Furthermore, the deposition of lipid
and harmful substances had a stimulating impact on muscle
growth, which was expressed as a negative feedback regulation.
L. pentosus, a probiotic with strong antioxidative properties, was
able to eliminate the damage caused by lipid peroxidation
products, ultimately showing similar results to FFO group.

A previous study had identified antioxidant-related factors (gpx,
cat, hsp70, and hsp90) in vivo and play a critical function in the
protectionofantioxidant system.GPXhelpsmaintain the structural
and functional components of cell membranes by catalyzing the
destruction of peroxides (Yan et al., 2021). CAT can reduce
oxidative damage by bringing free radical synthesis and
elimination into dynamic balance (Li et al., 2007). hsps could
prevent protein denaturation, refold damaged proteins, or
prevent irreversible degradation of damaged proteins to regulate
stress tolerance (Sung et al., 2018). OFO diet ingestion
downregulated muscle cat, gpx, hsp70, and hsp90 expression
compared to FFO diet ingestion. The results provide further
evidence that OFO caused damage to muscle antioxidant system
of grouper, which was consistent with the above findings that OFO
caused increased muscle TC and MDA contents in grouper (Long
et al., 2022c). Furthermore, all of these antioxidant factors genes
were significantly upregulated by adding a certain amount of L.
pentosus to OFO diet, which was also attributed to the strong
antioxidant capacity of L. pentosus to mitigate lipid peroxidation
product damage in an organism. The result that L. pentosus
improved the mRNA expression of antioxidant factor genes was
also confirmed in a previous study (Gao et al., 2018) on abalone
(Haliotis discus hannai Ino).
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CONCLUSION

Overall, the peroxidation products of LC-PUFA in fish oilmay cause
oxidative damage to grouper muscle to increase the deposition of
harmful substances and lipids, ultimately leading to deterioration of
muscle nutritional value and flavor. L. pentosus, as a powerful
antioxidant probiotic, can reduce the damage of lipid peroxidation
productsofmuscle ingrouperbypreventingoxidativedamage, andL.
pentosusor itsmetabolitesmayhave apotential role in the absorption
and transformationoffatty acids and lipid peroxidation products; the
detailed mechanism needs to be further explored. Therefore, L.
pentosus can be used as a probiotic additive to improve the
nutritional value, taste, and flavor of aquatic animal muscle, and
under the conditions of the present experiment, we recommend the
supplementation level of L. pentosus to be 1.0×109 CFU/g.
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