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Serum biochemistry, fatty acids,
lipid metabolism, antioxidants,
and inflammation response were
significantly affected by feeding
different marine red yeast
supplementation in juvenile
tilapia (GIFT strain,
Oreochromis niloticus)
Yongqiang Liu †, Enhao Huang †, Ximiao Li, Yi Xie, Liuqing Meng,
Dongsheng Liu, Tong Tong, Jinzi Wang* and Qin Zhang*

Guangxi Key Laboratory for Polysaccharide Materials and Modifications, Guangxi Marine Microbial
Resources Industrialization Engineering Technology Research Center, School of Marine Sciences and
Biotechnology, Guangxi Minzu University, Nanning, China
Marine red yeast is a good feed additive for the aquaculture industry that can

promote the growth of aquatic animals, and significantly improve their

antioxidant capacity, survival rate, and nonspecific immune ability of the body.

Our hypothesis is that dietary supplementation with marine red yeast could affect

the serum biochemistry, muscle composition, muscle fatty acid composition,

lipid metabolism enzyme activity, and expression of antioxidant and

inflammatory genes in juvenile genetically improved farmed tilapia (GIFT,

Oreochromis niloticus). Five diets with different levels of marine red yeast (0 %,

0.25 %, 0.50 %, 0.75 %, and 1.00 %) were used to feed juvenile GIFT (initial weight:

21.12 ± 0.86 g) for 60 days. The main results are as follows: Compared with the

control group (0 % marine red yeast), the contents of total protein (TP), albumin

(ALB), high-density lipoprotein (HDL), and free fatty acid (FFA) in the serum of

juvenile GIFT tilapia significantly increased (P < 0.05), while the contents of

glucose (GLU), triglyceride (TG), total cholesterol (T-CHO), low-density

lipoprotein (LDL), alanine aminotransferase (ALT) significantly decreased (P <

0.05). The contents of crude protein, crude fat, and docosahexaenoic acid +

eicosapentaenoic acid (DHA+EPA) in the muscle significantly increased (P <

0.05), while the contents of moisture andmonounsaturated fatty acids (∑MUFAs)

significantly decreased (P < 0.05). The activities of acetyl CoA carboxylase a
(ACCa), glucose-6-phosphate dehydrogenase (G6PD), and stearoyl-CoA

desaturase (SCD) in the liver significantly increased (P < 0.05). The expression

levels of catalase (cat), alkaline phosphatase (alp), nuclear factor erythroid 2-

related factor 2 (nrf2), lysozyme (lyz), glutathione S-transferase (gst), glutathione

peroxidase (gsh-px), and superoxide dismutase (sod) genes in the liver

significantly increased (P < 0.05). The expression levels of tumor necrosis

factor a (tnf-a), interferon-g (inf-g), interleukin 6 (il-6), interleukin 8 (il-8),

interleukin 1b (il-1b), and transforming growth factor-b (tgf-b1) genes in the
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1426848/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1426848&domain=pdf&date_stamp=2024-06-21
mailto:wangjinzi@gxun.edu.cn
mailto:zhangqin@gxmzu.edu.cn
https://doi.org/10.3389/fmars.2024.1426848
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1426848
https://www.frontiersin.org/journals/marine-science


Liu et al. 10.3389/fmars.2024.1426848

Frontiers in Marine Science
liver, spleens, and head kidney significantly increased (P < 0.05), while the

expression level of interleukin 10 (il-10) gene significantly decreased (P < 0.05).

In conclusion, the addition of different levels of marine red yeast could

significantly affect the serum biochemistry, muscle composition, muscle fatty

acid composition, lipid metabolism enzyme activity, and expression of

antioxidant and inflammatory genes in juvenile GIFT tilapia. Based on the

results, the optimal dietary marine red yeast level was 0.50 %.
KEYWORDS
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1 Introduction

Aquaculture has developed rapidly in the past few decades and

has made significant contributions to meeting human demand for

aquatic organisms. However, with the improvement of productivity,

intensive aquaculture has exposed many shortcomings, such as the

need to improve the quality of fish fry and strengthen the supply of

feed nutrients. The most important problem is that the misuse of

antibiotics has led to the destruction of the aquaculture water

environment, excessive residue of chemical drugs in fish,

increased drug resistance among bacteria and viruses, and

frequent outbreaks of diseases resulting in numerous deaths of

aquatic animals and immeasurable economic losses (Dawood and

Koshio, 2016; Chen et al., 2019). Probiotics are considered a

powerful candidate for solving problems due to their ability to

colonize the intestines of aquatic animals, improve aquaculture

water quality, enhance the growth performance of aquatic animals,

and maintain stable aquaculture environments without generally

having negative effects on consumers (Dawood et al., 2017; Wang

et al., 2023). For example, probiotics can enhance the ability of

aquatic animals to produce digestive enzymes, increase their feed

utilization, and thus improve breeding efficiency (Hai, 2015).

Probiotics can stimulate the immune system of aquatic animals,

enhancing their immunity and producing antibacterial substances

themselves, thereby increasing aquatic animals’ resistance to

pathogenic bacteria (Zorriehzahra et al., 2016). Additionally,

probiotics can produce antibacterial substances and bioactive

compounds that reduce oxidative stress damage by inhibiting free

radical production and activating antioxidant enzyme activity in

fish bodies, ultimately improving fish health (Tseng et al., 2009).

Marine red yeast is a pigment yeast isolated from marine mud

and animal digestive tracts, containing abundant nutrients such as

proteins, vitamins, fatty acids, and carotenoids, mainly astaxanthin.

It is a good feed additive for the aquaculture industry that can

promote the growth of aquatic animals and significantly improve

their antioxidant capacity, survival rate, and non-specific immune

ability of the body (Zhang et al., 2014). Previous studies have shown

that red yeast could not only improve the growth performance of

aquatic organisms but also enhance their antioxidant capacity and
02
immune function while increasing resistance to fish diseases

(Wang et al., 2018), as well as improving the activity of digestive

enzymes by affecting the composition of intestinal microorganisms

in farmed fish (Waché et al., 2006).

Genetically improved farmed tilapia (GIFT, Oreochromis

niloticus) is globally recognized as an economically important fish

species. Over the past few decades, the population of GIFT has

steadily increased (Prabu et al., 2019). GIFT exhibits excellent

growth performance, rapid growth, tender meat, strong

environmental tolerance, high nutritional value, and easy

breeding characteristics (Richard et al., 2012). Currently, there is

limited research on the impact of red yeast on tilapia. Therefore, this

study aimed to investigate the effects of dietary marine red yeast

supplementation on serum biochemistry, muscle composition, fatty

acid profile, lipid metabolic enzyme activity, and antioxidant

and inflammatory gene expression in juvenile GIFT. This study

provides a reference for incorporating marine red yeast into the

commercialized breeding production of tilapia.
2 Materials and methods

2.1 Experimental diets

The freeze-dried powder of marine red yeast (Rhodotorula

mucilaginosa) was provided by China Guangzhou Xinhaili

Biotechnology Co., Ltd. The concentration of freeze-dried marine

red yeast cells exceeds 1 × 1010 cells per gram. Based on wet weight,

the nutritional components of marine red yeast are as follows:

moisture 81.17%, crude protein 9.27%, crude fat 4.45%, total sugar

4.2%, b-glucan 1.3%, b-carotene 1.4 mg/kg, astaxanthin 1.0 mg/kg,

and vitamin E 172 mg/kg.

The number of viable bacteria in marine red yeast was determined

by the plate method (Nikoskelainen et al., 2003). One gram of freeze-

dried marine red yeast powder stored in a refrigerator (−80°C) was

added to 9 mL of sterile saline. To ensure uniform distribution, the

mixture was vortexed [Genie 2, SI-0246, Tuohe Electromechanical

Technology (Shanghai) Co., Ltd., Shanghai, China] at 2,800 rpm for

1 min. Subsequently, the diluent with a concentration of 10−3–10−9 g/
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mL was prepared using the gradient dilution method. The obtained

diluent was inoculated on a plate culture medium and activated at

30°C for 24 h. The plate culture medium contains 2.0% glucose, 1.0%

peptone, 0.5% yeast extract, 2.0% agar, and 100 mL of seawater with a

pH of 8.1. The number of live bacteria in the sample was determined

based on the counting of marine red yeast colonies on a flat plate

culture medium (Nikoskelainen et al., 2003). The count of live marine

red yeast = B × f, where “B” is the total number of colonies on the plate

medium and “f” is the dilution ratio. The results indicated that the

viable count of marine red yeast was 7.33 × 109 cfu/g.

Two colonies were isolated from the above plate medium and

transferred to a triangular conical flask with 80 mL of liquid

medium (the total volume of the triangular conical flask was 500

mL). The seed culture medium was prepared by stirring on a

constant temperature shaker (30°C, 160 rpm) for 24 h.

Subsequently, 4.8 mL of seed medium was inoculated into a new

conical flask containing 80 mL of liquid medium while keeping the

culture conditions unchanged in a constant temperature for 48 h.

The liquid culture medium contains 2.0% glucose, 1.0% peptone,

0.5% yeast extract, and 100 mL of seawater with a pH of 8.1. The

count of living bacteria was determined by hematology

(Nikoskelainen et al., 2003). The results indicated that the density

of marine red yeast was 6.38 × 108 cfu/mL. The rapid growth of

marine red yeast is the necessary condition for its application as a

feed additive for aquatic animals.

The commercial feed was produced by Nanning Haida Feed

Company in Nanning, China, and the feed formulas were unknown.

The content of crude protein, crude fat, moisture, and ash in the

commercial feed was determined according to the method of the

Association of Official Analytical Chemists (AOAC, 2005). The

proximate composition (dry basis) of the commercial feed was as

follows: dry matter 90.6%, crude protein 33.9%, crude lipid 7.4%,

and ash 7.0%.

Five dietary marine red yeast levels of 0% (control diet), 0.25%,

0.50%, 0.75%, and 1.00% were designed based on the study by Yang

et al. (2010). All experimental diets were finely ground into a 60-

mesh powder by a hammer mill. Then, the fine powder was

supplemented with five classification levels of marine red yeast

(0%, 0.25%, 0.50%, 0.75%, and 1.00%) and mixed in a drum mixer

for 15 min, respectively. To form the consistency of hard dough,

sterile distilled water (40% by mass) was added to the mixture. The

dough was manually separated into many small balls, and a screen

was used to select balls with a diameter of approximately 1.00–1.50

mm. All experimental diets were dried in airflow at 30°C until the

water content reached below 100 g/kg. Finally, the dry diet was put

into a sealed bag and stored at −20°C for later use. The experimental

diets were prepared every week to maintain the quality and vitality

of marine red yeast.
2.2 Experimental fish and culture

The same batch of 1,000 juvenile GIFT was produced by

Guangxi Angui Aquaculture Company in Nanning, China. Before

the start of the culture experiment, the juvenile GIFT was

disinfected with 20 mg/L of potassium permanganate solution for
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10 min, and then the juvenile GIFT was acclimatized in the culture

pond for 2 weeks. The juvenile GIFT used in this experiment was

approved by the Biomedical Ethics Committee of Guangxi

University for Nationalities (approval number: GXMZU-2022–

008). During the acclimatization, circulating water was used in

the culture pond, and the water temperature was adjusted by using a

heating rod to keep the water temperature at 26°C ± 1°C, the pH

value was 7.0–8.0, and the dissolved oxygen was ≥8 mg/L. The

juvenile GIFT was fed with the control diet at 9:00, 14:00, and 19:00

every day. Before feeding every morning, the feces from the

reproductive system was removed and replaced with one-third of

the total water.

After a 2-week acclimatization period, the juvenile GIFT was

subjected to a 24-h fasting regime. Subsequently, 450 juveniles

(initial body weight of 21.12 ± 0.86 g) were randomly assigned into

five groups with three replicates per group, resulting in a total of 15

breeding tanks. Each breeding tank had a capacity of 720 L (150 cm

× 60 cm × 80 cm, L ×W ×H) and accommodated 30 juvenile GIFT.

As described in the acclimatization process, the juvenile tilapia

was cultured in the same aquaculture system. The juveniles were fed

three times a day at 9:00, 14:00, and 19:00. The control diet was not

added with marine red yeast, and the other diets with different

marine red yeast levels of 0.25%, 0.50%, 0.75%, and 1.00% were used

as the experimental group diets, respectively. The daily feeding

amount was 5% of the total wet weight of the fish. To adjust the feed

quality, three fish were randomly weighed in each group every week.

The feeding period lasted for 60 days.
2.3 Sampling

At the end of the 60-day experiment, the juvenile GIFT was

starved for 24 h, and then nine fish were randomly selected from

each group (three fish were extracted from each tank), and then the

samples were anesthetized with 0.2 g/L of ethyl aminobenzoate

mesylate (MS-222, Shanghai Adamas Reagent Co., Ltd., Shanghai,

China). Blood was collected from the tail vein of the fish, and the

collected blood sample was placed in a sterile EP tube, allowed to

stand at 4°C for 24 h, and then centrifuged at 4°C and 3,000g for 15

min. The upper serum was taken, put in a new EP tube, and labeled

accordingly. Muscle, liver, spleen, and head kidney samples were

collected. All samples were put into labeled sample bags and stored

in liquid nitrogen. After all the sampling procedures were

completed, the samples were evenly stored in an ultra-low

temperature refrigerator set at −80°C for subsequent analysis.
2.4 Determination of serum biochemical
parameters and lipid metabolism
enzyme activity

According to the method of Liu et al. (2023), the serum

biochemical parameters and lipid metabolism enzyme activity

were determined using an enzyme-linked immunosorbent assay

(ELISA) analyzer (RT-6100, Rayto, Shenzhen, China) and assay

kits. The content of total protein (TP, g/L) in the serum of juvenile
frontiersin.org

https://doi.org/10.3389/fmars.2024.1426848
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Liu et al. 10.3389/fmars.2024.1426848
tilapia was determined using the Coomassie blue staining method.

The contents of albumin (ALB, g/L), triglyceride (TG, mmol/L),

high-density lipoprotein (HDL, mmol/L), low-density lipoprotein

(LDL, mmol/L), and free fatty acid (FFA, mmol/L) were determined

using the microplate method. The content of globulin (GLB, g/L)

was determined using the immunoturbidimetry method. The

content of glucose (GLU, mmol/L) was determined by the glucose

oxidase method. The content of total cholesterol (T-CHO, mmol/L)

was determined using the cholesterol oxidase (COD-PAP) method.

The activities of aspartate aminotransferase (AST, U/L), alanine

aminotransferase (ALT, U/L), and lactate dehydrogenase (LDH,

IU/L) were determined using the microplate method. The activities

of carnitine palmityl transferase 1 (CPT-1, U/mgprot), acetyl CoA

carboxylase a (ACCa, U/gprot), fatty acid synthase (FAS, U/

mgprot), lipoprotein lipase (LPL, U/gprot), glucose-6-phosphate

dehydrogenase (G6PD, U/gprot), malate dehydrogenase (MDH, U/

gprot), isocitrate dehydrogenase (IDH, U/mgprot), and stearoyl-

CoA desaturase (SCD, U/mgprot) were determined using the

colorimetric method. All the assay kits were produced by Nanjing

Jiancheng Bioengineering Research Institute (Nanjing, China), and

all instructions can be found and downloaded at http://

www.njjcbio.com/ (accessed on 1 April 2024).
2.5 Determination of muscle composition

The contents of crude fat, crude protein, moisture, and ash in

the muscle of juvenile tilapia were determined according to the

method of the Association of Official Analytical Chemists (AOAC,

2005). The crude fat was determined by Soxhlet extraction. The

crude protein was determined by Kjeldahl nitrogen determination.

The moisture was determined by oven drying at 105°C and by the

constant weight method. The ash was determined by muffle furnace

burning at 550°C.
2.6 Determination of fatty acid
composition in the muscle

According to the method of Liu et al. (2023), fatty acids in the

muscle were determined by gas chromatography (GC, Agilent

Technologies, Inc., Santa Clara, California, USA). The

determination of fatty acids was as follows: First, the lipids were

extracted and purified; second, the lipids were saponified; third, the

fatty acids were methylated; fourth, the extracted fatty acids

underwent methyl esterification; and fifth, fatty acids were

determined using a gas chromatograph. The mixed standard of

fatty acid methyl esterification (number GLC 455) comes from

China Shanghai Sigma-Aldridge (Shanghai) Trading Co., Ltd.
2.7 Determination of gene expression

The real-time quantitative polymerase chain reaction (RT-

qPCR) method of Zhang et al. (2023) was applied to determine

the expression of superoxide dismutase (SOD), catalase (CAT),
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glutathione peroxidase (GSH-PX), glutathione S-transferase

(GST), nuclear factor erythroid 2-related factor 2 (Nrf2), lysozyme

(LYZ), alkaline phosphatase (ALP), tumor necrosis factor a (TNF-

a), interleukin 1b (IL-1b), interleukin 6 (IL-6), interleukin 8 (IL-8),

interleukin 10 (IL-10), interferon-g (INF-g), transforming growth

factor b1 (TGF-b1), and b-actin in juvenile GIFT. b-Actin was used

as the internal reference gene. Forward and reverse primers for RT-

qPCR were designed using the primer design software Primer

Premier 6.0, based on the mRNA sequences of tilapia available in

the National Center for Biotechnology Information (NCBI)

database. These primers were synthesized by Shanghai Sangon

Bioengineering Technology Co., Ltd., Shanghai, China. Detailed

information about the primers can be found in Table 1. The brief

steps of the RT-qPCR method are as follows.

First, total RNA was extracted from the liver of a juvenile GIFT

by using the Takara MiniBEST Universal RNA Extraction Kit

(universal type) produced by Takara Biomedical Technology Co.,

Ltd., Beijing, China. The instructions provided in the toolkit gave

more information. The content and purity of RNA were determined

using the NanoDrop-2000 spectrophotometer (Thermo, Waltham,

MA, USA). The RNA content was determined by measuring the

absorbance of the RNA solution at 260 nm. The RNA content

ranged from 30 to 1,000 ng/mL. The purity of RNA was determined

by measuring the absorbance ratio of the RNA solution at 260:280

nm. The ratio of 260:280 in the range of 1.9–2.1 shows that RNA

purity is high and meets the experimental requirements. The

integrity of RNA was evaluated by gel electrophoresis on

1% (w/v) agarose TAE gel stained with gel RedTM nucleic acid

stain (UVP, Upland, CA, USA). Complete RNA usually shows three

different bands on agarose gel electrophoresis, of which the 28S

band is the brightest, followed by the 18S band, and the 5S band is

the least bright. The brightness ratio between 28S and 18S bands can

be used as a measure of RNA quality. When the brightness of the

28S band is more than twice that of the 18S band, it shows that the

integrity of RNA is the best.

Second, 1,000 ng of total RNA was reverse-transcribed into

cDNA using PrimeScript™ RT Master Mix (Perfect Real-Time)

reverse transcription kit produced by Takara Biomedical

Technology Co., Ltd., Beijing, China. According to the instructions

of the kit, a reaction mixture with a total volume of 50 mL per reaction
cycle was prepared, which contained the following components: 2×

Taqman PCR mixture (25 mL), upstream primer (10 mM) (2.5 mL),
downstream primer (10 mm) (2.5 mm), RNA template (1,000 ng), and

ddH2O (adjusted to a total volume of 50 mL). After the PCR reaction,

a cDNA sample was obtained. The process includes culturing at 30°C

for 10 min, then at 42°C for 15 min, and finally at 95°C for 5 min and

then cooling to 5°C for 5 min.

Third, the LightCycler 96 RT-qPCR detection system (Roche,

Basel, Switzerland) and the TB Green Premix Ex Taq™ II (Tli

RNase H Plus) RT-qPCR kit produced by Takara Biomedical

Technology (Beijing) Co., Ltd., Beijing, China, were used for RT-

qPCR determination. RT-qPCR reaction was carried out using 2 mL
of gDNA Clean Reaction Mix Ver.2, 4 mL of 5 × Evo M-MLVRT

Reaction Mix Ver.2, 1 mL of forward primer, 1 mL of reverse primer,

2 mL of cDNA, and 10 mL of RNase-free water, with a total reaction

volume of 20 mL. The thermal cycling conditions of RT-qPCR
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reaction include an initial denaturation step at 95°C for 10 s and

then amplification for 40 cycles, including denaturation at 95°C for

60 s and annealing at 60°C for 30 s and at 72°C for 90 s. The

specificity of the reaction was confirmed by analyzing the melting

curve obtained when heating to 95°C.

The 2−DDCT method (Schmittgen and Livak, 2008) was applied

to calculate the relative expression levels of SOD, CAT, GSH-PX,

GST, Nrf2, LYZ, ALP, TNF-a, IL-1b, IL-6, IL-8, IL-10, INF-g, and
TGF-b1 genes in juvenile GIFT.
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2.8 Data statistical analyses

The data underwent initial processing in Microsoft Excel 2023

(Version number: 16.78 [23100802], Microsoft Corporation,

Washington, WA, USA). Subsequently, a one-way analysis of

variance (ANOVA) was performed using the IBM SPSS 26

software package (International Business Machines Corporation,

Armonk, NY, USA). Normality and homogeneity of variances

among the groups were evaluated before conducting the statistical
TABLE 1 The primer sequences of detected genes for RT-qPCR.

Gene Primer sequence Tm (°C) Product size (bp) GenBank

SOD-F 5′-GTCTGCTGTTACGGTGGCTGTAC-3′
60 82 XM_003449940.5

SOD-R 5′-ATCAATGCGAAGTCTTCCACTGTCC-3′

CAT-F 5′-TTGAAGGCTGTGCATCCAGACTATG-3′
60 129 XM_003447521.5

CAT-R 5′-TGAGGCGGTGATGGCTGAGG-3′

GSH-PX-F 5′-AAAATGTGGCGTCTCTCTGAGGAAC-3′
60 85 NM_001279711.1

GSH-PX-R 5′-AGACCTTCGGCGGAGTAGCG-3′

GST-F 5′-TTGCTGATGTGCTGCTTGTTGAATG-3′
60 125 XM_025897213.1

GST-R 5′-CCTGCTGATGGCGGGGATTTG-3′

Nrf2-F 5′-GGAAATGAAAGTGCTGCTGTGTC-3′
60 134 XM_003447296.5

Nrf2-R 5′-TCTGAGTCTGGCTGTTCTGTTATTAG-3′

LYZ-F 5′-GCCGCTGGTGGTGCAATGAC-3′
60 148 XM_013265574.3

LYZ-R 5′-CAGGCAACCCAGGCTGTGATG-3′

ALP-F 5′-ATGGAGGAGAGGATGTGGCTGTG-3′
60 128 XM_005469634.4

ALP-R 5′-GTGTTCCCTGTTCTGCCCGATAC-3′

TNF-a-F 5′-TCGTCGTCGTGGCTCTTTGTTTAG-3′
60 100 NM_001279533.1

TNF-a-R 5′-AGTGCTTCTGGCTGTCCTAATTGTG-3′

IL-1b-F 5′-ACAAGGATGACGACAAGCCAACC-3′
60 147 XM_019365844.2

IL-1b-R 5′-GGACAGACATGAGAGTGCTGATGC-3′

IL-6-F 5′-GATGCTGGCCGCTCTGCTTC-3′
60 100 XM_019350387.2

IL-6-R 5′-CATCTCCGCCTCCTCTGTCTCC-3′

IL-8-F 5′-CTGTGAAGGCATGGGTGTGGAG-3′
60 136 NM_001279704.1

IL-8-R 5′-CAGTGTGGCAATGATCTCTGTCTCC-3′

IL-10-F 5′-TGGAGAGCAGAGGTCTATACAAGGC-3′
60 117 XM_013269189.3

IL-10-R 5′-TCAGCAGGTCTTCGAGCAGAGG-3′

INF-g-F 5′-GAAACAACTGCCCACTCCGAGTC-3′
60 110 NM_001287402.1

INF-g-R 5′-TGCCTGGTAGCGAGCCTGAG-3′

TGF-b1-F 5′-TGCCTCCTCTCCACTGAGTGATTC-3′
60 80 NM_001311325.1

TGF-b1-R 5′-CTCCTCCGACTTCCCTTTCAATGC-3′

b-actin-F 5′-AAGGACCTGTACGCCAACAC-3′
60 196 KJ126772.1

b-actin-R 5′-ACATCTGCTGGAAGGTGGAC-3′
F, forward primer; R, reverse primer; SOD, superoxide dismutase; CAT, catalase; GSH-Px, glutathione peroxidase; GST, glutathione S-transferase; Nrf2, nuclear factor erythroid 2-related factor 2;
LYZ, lysozyme; ALP, alkaline phosphatase; TNF-a, tumor necrosis factor a; IL-1b, interleukin 1b; IL-6, interleukin 6; IL-8, interleukin 8; IL-10, interleukin 10; INF-g, interferon-g; TGF-b1,
transforming growth factor-b-1; b-actin, internal reference gene.
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tests. For comparisons between groups, Duncan’s multiple-range

test was utilized. Statistical significance was set at P <0.05 level, and

the results were reported as mean ± standard error (mean ± SE).
3 Results

3.1 Effects of dietary marine red yeast
supplementation on serum biochemistry
parameters of juvenile GIFT

The contents of TP, ALB, HDL, and FFA in the serum of

juvenile GIFT fed different dietary marine red yeast

supplementation (0.25%, 0.50%, 0.75%, and 1.00% marine red

yeast) were significantly higher (P < 0.05) than those fed with the

control diet (0% marine red yeast). Among the groups, the highest

TP was in the 1.00% dietary marine red yeast group, the highest

ALB and HDL were in the 0.50% dietary marine red yeast group,

and the highest FFA was in the 0.75% dietary marine red yeast

group, as shown in Table 2.

The contents of GLU, TG, T-CHO, and LDL in the serum

of juvenile GIFT fed different dietary marine red yeast

supplementation (0.25%, 0.50%, 0.75%, and 1.00% marine red

yeast) were significantly lower (P < 0.05) than those fed with the

control diet (0% marine red yeast). Among the groups, the lowest

GLU, TG, and T-CHO were in the 1.00% dietary marine red yeast

group, and the lowest LDL was in the 0.75% dietary marine red

yeast group, as shown in Table 2.

The content of GLB in the serum of juvenile GIFT fed different

dietary marine red yeast supplementation (0.50%, 0.75%, and 1.00%

marine red yeast) was significantly higher (P < 0.05) than those fed
Frontiers in Marine Science 06
with the control diet (0% marine red yeast). The highest GLB was in

the 1.00% dietary marine red yeast group. However, there was no

significant difference (P > 0.05) in GLB between the 0.25% marine

red yeast group and the control group, as shown in Table 2.

The activity of ALT in the serum of juvenile GIFT fed 0.75%

marine red yeast supplementation was significantly lower (P < 0.05)

than those fed with the control diet (0% marine red yeast).

However, there was no significant difference (P > 0.05) in ALT

between the 0.25%, 0.50%, and 1.00% marine red yeast groups and

the control group, as shown in Table 2.

The AST/ALT in the serum of juvenile GIFT fed 0.75% marine

red yeast supplementation was significantly higher (P < 0.05) than

those fed with the control diet (0% marine red yeast). However,

there was no significant difference (P > 0.05) in AST/ALT among

the 0.25%, 0.50%, and 1.00% marine red yeast groups and the

control group, as shown in Table 2.

There was no significant difference (P > 0.05) in the activities of

AST and LDH in the serum of juvenile GIFT among the different

dietary marine red yeast supplementation groups (0.50%, 0.75%,

and 1.00% marine red yeast) and the control group, as shown

in Table 2.
3.2 Effects of dietary marine red yeast
supplementation on muscle composition
of juvenile GIFT

The contents of crude protein and crude fat in the muscle of

juvenile GIFT fed different dietary marine red yeast

supplementation (0.25%, 0.50%, 0.75%, and 1.00% marine red

yeast) were significantly higher (P < 0.05) than those fed with the
TABLE 2 Effect of dietary marine red yeast supplementation on serum biochemistry parameters of juvenile genetically improved farmed tilapia (GIFT).

Index
Marine red yeast levels (%)

F-value P-value
0 0.25 0.50 0.75 1.00

TP (g/L) 0.59 ± 0.01e 0.66 ± 0.02d 0.69 ± 0.01c 0.73 ± 0.02b 0.76 ± 0.02a 58.172 0

ALB (g/L) 0.24 ± 0.01b 0.30 ± 0.02a 0.31 ± 0.01a 0.29 ± 0.02a 0.29 ± 0.02a 13.660 0

GLB (g/L) 0.35 ± 0.01c 0.36 ± 0.01bc 0.39 ± 0.02b 0.44 ± 0.02a 0.46 ± 0.02a 26.803 0

GLU (mmol/L) 5.67 ± 0.27a 4.89 ± 0.16b 4.54 ± 0.44bc 4.49 ± 0.19bc 4.31 ± 0.17c 12.592 0.001

TG (mmol/L) 1.31 ± 0.19a 0.98 ± 0.08b 0.77 ± 0.05bc 0.88 ± 0.03b 0.65 ± 0.12c 15.485 0

T-CHO (mmol/L) 4.45 ± 0.10a 4.13 ± 0.15b 3.80 ± 0.18c 3.69 ± 0.18c 3.59 ± 0.16c 15.462 0

HDL (mmol/L) 1.10 ± 0.06c 1.36 ± 0.04b 1.68 ± 0.09a 1.48 ± 0.05ab 1.43 ± 0.09b 9.247 0.002

LDL (mmol/L) 2.81 ± 0.24a 2.41 ± 0.06b 2.27 ± 0.11b 2.19 ± 0.22b 2.22 ± 0.14b 6.873 0.006

FFA (mmol/L) 480.50 ± 28.47b 537.97 ± 29.51a 553.71 ± 34.34a 577.65 ± 20.06a 562.83 ± 13.89a 6.118 0.009

AST (U/L) 79.24 ± 4.77 82.52 ± 1.69 81.53 ± 5.67 83.01 ± 4.92 85.18 ± 3.63 0.742 0.585

ALT (U/L) 70.62 ± 3.02a 67.96 ± 2.03ab 69.71 ± 7.13ab 62.52 ± 1.94b 66.41 ± 3.65ab 1.887 0.189

AST ALT 1.12 ± 0.07b 1.22 ± 0.06ab 1.17 ± 0.09ab 1.33 ± 0.10a 1.29 ± 0.12ab 2.701 0.092

LDH (U/L) 9.60 ± 0.27 9.50 ± 0.23 9.11 ± 0.46 9.12 ± 0.36 9.43 ± 0.21 1.526 0.267
All the above data are the mean ± SE (n = 3). Different superscript letters in the same row indicate significant differences among the data (P < 0.05).
TP, total protein; ALB, albumin; GLB, globulin; GLU, glucose; TG, triglyceride; T-CHO, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FFA, free fatty acid; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.
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control diet (0% marine red yeast). Among the groups, the highest

crude protein was in the 0.50% dietary marine red yeast group, and

the highest crude protein was in the 0.75% dietary marine red yeast

group, as shown in Table 3.

The content of moisture in the muscle of juvenile GIFT fed

different dietary marine red yeast supplementation (0.25%, 0.50%,

0.75%, and 1.00% marine red yeast) was significantly lower (P <

0.05) than those fed with the control diet (0%marine red yeast). The

lowest moisture was in the 0.50% dietary marine red yeast group, as

shown in Table 3.

There was no significant difference (P > 0.05) in the content of

ash in the muscle of juvenile GIFT among the different dietary

marine red yeast supplementation groups (0.25%, 0.50%, 0.75%,

and 1.00% marine red yeast) and the control group, as shown

in Table 3.
3.3 Effects of dietary marine red yeast
supplementation on muscle fatty acid
composition of juvenile GIFT

The content of ∑MUFAs in the muscle of juvenile GIFT fed

different dietary marine red yeast supplementation (0.25%, 0.50%,

0.75%, and 1.00% marine red yeast) was significantly lower (P <

0.05) than those fed with the control diet (0%marine red yeast). The

lowest ∑MUFA was in the 0.50% dietary marine red yeast group, as

shown in Table 4.

The content of DHA+EPA in the muscle of juvenile GIFT fed

different dietary marine red yeast supplementation (0.25%, 0.50%,

0.75%, and 1.00% marine red yeast) was significantly higher (P <

0.05) than those fed with the control diet (0%marine red yeast). The

highest DHA+EPA was in the 0.50% dietary marine red yeast

group, as shown in Table 4.

The content of ∑SFAs in the muscle of juvenile GIFT fed 0.25%

dietary marine red yeast supplementation was significantly higher (P

< 0.05) than those fed with the control diet (0% marine red yeast).

The content of ∑SFAs in juvenile GIFT fed 0.50% dietary marine red

yeast supplementation was significantly lower (P < 0.05) than those

fed with the control diet. However, there was no significant difference

(P > 0.05) in ∑SFAs among the 0.75% and 1.00% marine red yeast

groups and the control group, as shown in Table 4.

The content of ∑n−6 PUFAs in the muscle of juvenile GIFT fed

0.50% and 0.75% dietary marine red yeast supplementation was

significantly lower (P < 0.05) than those fed with the control diet
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(0% marine red yeast). However, there was no significant difference

(P > 0.05) in ∑n−6 PUFAs among the 0.25% and 1.00% marine red

yeast groups and the control group, as shown in Table 4.

The contents of C20:5n−3 (EPA) and ∑n−3 PUFAs in the

muscle of juvenile GIFT fed different dietary marine red yeast

supplementation (0.50%, 0.75%, and 1.00% marine red yeast) were

significantly higher (P < 0.05) than those fed with the control diet

(0% marine red yeast). The highest C20:5n−3 and ∑n−3 PUFAs

were in the 0.50% dietary marine red yeast group. However, there

was no significant difference (P > 0.05) in C20:5n−3 and ∑n−3

PUFAs between the 0.25% marine red yeast group and the control

group, as shown in Table 4.

The content of C22:6n−3 (DHA) in the muscle of juvenile GIFT

fed 0.50% and 0.75% dietary marine red yeast supplementation was

significantly higher (P < 0.05) than those fed with the control diet

(0% marine red yeast). The highest C22:6n−3 was in the 0.50%

dietary marine red yeast group. However, there was no significant

difference (P > 0.05) in C22:6n−3 among the 0.25% and 1.00%

marine red yeast groups and the control group, as shown in Table 4.

The content of ∑PUFAs in the muscle of juvenile GIFT fed

0.50% dietary marine red yeast supplementation was significantly

higher (P < 0.05) than those fed with the control diet (0% marine

red yeast). However, there was no significant difference (P > 0.05) in

∑PUFAs between the 0.25%, 0.75%, and 1.00% marine red yeast

groups and the control group, as shown in Table 4.
3.4 Effects of dietary marine red yeast
supplementation on lipid metabolism
enzyme activity of juvenile GIFT

The activities of ACCa, G6PD, and SCD in the liver of juvenile

GIFT fed different dietary marine red yeast supplementation

(0.25%, 0.50%, 0.75%, and 1.00% marine red yeast) were

significantly higher (P < 0.05) than those fed with the control diet

(0% marine red yeast). The highest ACCa, G6PD, and SCD were in

the 0.50% dietary marine red yeast group, as shown in Table 5.

The activity of CPT-1 in the liver of juvenile GIFT fed different

dietary marine red yeast supplementation (0.50%, 0.75%, and 1.00%

marine red yeast) was significantly higher (P < 0.05) than those fed

with the control diet (0% marine red yeast). The highest CPT-1 was

in the 0.50% dietary marine red yeast group. However, there was no

significant difference (P > 0.05) in CPT-1 between the 0.25% marine

red yeast group and the control group, as shown in Table 5.
TABLE 3 Effects of dietary marine red yeast supplementation on muscle composition of juvenile GIFT (%/wet basis).

Index
Marine red yeast levels (%)

F-value P-value
0 0.25 0.50 0.75 1.00

Crude protein 18.28 ± 0.21c 19.23 ± 0.20b 20.36 ± 0.82a 20.04 ± 0.38ab 19.76 ± 0.37ab 9.643 0.002

Crude fat 1.46 ± 0.06c 1.55 ± 0.02b 1.63 ± 0.05ab 1.69 ± 0.05a 1.60 ± 0.03b 11.983 0.001

Ash 1.24 ± 0.02 1.23 ± 0.03 1.23 ± 0.02 1.22 ± 0.01 1.24 ± 0.01 0.578 0.686

Moisture 79.02 ± 0.25a 77.98 ± 0.20b 76.79 ± 0.79c 77.05 ± 0.39c 77.40 ± 0.37bc 11.721 0.001
All the above data are the mean ± SE (n = 3). Different superscript letters in the same row indicate significant differences among the data (P < 0.05).
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The activities of FAS and MDH in the liver of juvenile GIFT fed

0.50% and 0.75% dietary marine red yeast supplementation were

significantly higher (P < 0.05) than those fed with the control diet (0%

marine red yeast). The highest FAS and MDH were in the 0.50%

dietary marine red yeast group. However, there was no significant

difference (P > 0.05) in FAS and MDH among the 0.25% and 1.00%

marine red yeast groups and the control group, as shown in Table 5.

The activity of LPL in the liver of juvenile GIFT fed 0.50%

dietary marine red yeast supplementation was significantly higher
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(P < 0.05) than those fed with the control diet (0% marine red

yeast). However, there was no significant difference (P > 0.05) in

LPL among the 0.25%, 0.75%, and 1.00% marine red yeast groups

and the control group, as shown in Table 5.

There was no significant difference (P > 0.05) in the activity of

IDH in the liver of juvenile GIFT among the different dietary

marine red yeast supplementation groups (0.25%, 0.50%, 0.75%,

and 1.00% marine red yeast) and the control group, as shown

in Table 5.
TABLE 4 Effects of dietary marine red yeast supplementation on muscle fatty acid composition of juvenile GIFT.

Fatty acid
Marine red yeast levels (%)

F-value P-value
0 0.25 0.50 0.75 1.00

C14:0 1.74 ± 0.02ab 1.84 ± 0.07a 1.68 ± 0.04b 1.77 ± 0.02ab 1.71 ± 0.03ab 2.238 0.137

C16:0 12.14 ± 0.14bc 13.06 ± 0.32a 11.77 ± 0.06c 12.35 ± 0.17bc 12.49 ± 0.16ab 6.093 0.009

C17:0 0.73 ± 0.08a 0.57 ± 0.05b 0.75 ± 0.05a 0.66 ± 0.01ab 0.64 ± 0.01ab 2.474 0.112

C18:0 4.79 ± 0.18 4.70 ± 0.15 4.58 ± 0.13 4.42 ± 0.13 4.86 ± 0.06 1.653 0.236

∑SFAs1 19.41 ± 0.17bc 20.25 ± 0.21a 18.78 ± 0.05d 19.20 ± 0.03cd 19.69 ± 0.17b 14.769 0.000

C16:1n−7 3.72 ± 0.26a 3.07 ± 0.10b 3.33 ± 0.04ab 3.23 ± 0.05b 3.02 ± 0.02b 4.680 0.022

C18:1n−9 18.92 ± 0.13a 17.75 ± 0.50b 17.13 ± 0.06b 17.86 ± 0.18b 18.08 ± 0.41ab 4.495 0.025

∑MUFAs2 22.64 ± 0.14a 20.81 ± 0.40b 20.46 ± 0.09b 21.10 ± 0.19b 21.10 ± 0.39b 9.389 0.002

C20:2n−9 0.36 ± 0.00 0.35 ± 0.00 0.36 ± 0.01 0.37 ± 0.00 0.36 ± 0.01 1.250 0.351

C18:2n−6 27.58 ± 0.67a 27.49 ± 0.36a 25.16 ± 0.47c 25.62 ± 0.18bc 26.65 ± 0.26ab 6.584 0.007

C18:3n−6 0.16 ± 0.02c 0.18 ± 0.01bc 0.25 ± 0.01a 0.21 ± 0.01b 0.19 ± 0.00bc 10.559 0.001

C20:3n−6 0.26 ± 0.01 0.28 ± 0.01 0.25 ± 0.01 0.26 ± 0.01 0.26 ± 0.01 1.290 0.337

C20:4n−6 0.68 ± 0.04b 0.66 ± 0.02b 0.66 ± 0.02b 0.79 ± 0.02a 0.70 ± 0.05ab 3.142 0.065

C22:4n−6 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.14 ± 0.00 0.250 0.903

∑n−6 PUFAs3 29.19 ± 0.71a 29.09 ± 0.37a 26.81 ± 0.47c 27.38 ± 0.21bc 28.29 ± 0.22ab 5.765 0.011

C18:3n−3 3.60 ± 0.20a 3.18 ± 0.06b 3.66 ± 0.12a 3.23 ± 0.02b 3.08 ± 0.04b 5.688 0.021

C20:5n−34 10.99 ± 0.48c 11.70 ± 0.18bc 13.25 ± 0.18a 12.82 ± 0.11a 11.97 ± 0.07b 13.066 0.001

C22:5n−3 1.36 ± 0.09c 1.42 ± 0.06bc 1.71 ± 0.02a 1.68 ± 0.03a 1.59 ± 0.03ab 8.717 0.003

C22:6n−35 5.95 ± 0.20c 6.32 ± 0.37bc 7.33 ± 0.19a 7.00 ± 0.19ab 6.65 ± 0.15abc 5.486 0.013

∑n−3 PUFAs6 21.90 ± 0.41d 22.62 ± 0.46cd 25.96 ± 0.15a 24.73 ± 0.27b 23.29 ± 0.25c 24.980 0

∑PUFAs7 51.09 ± 0.45b 51.72 ± 0.70ab 52.77 ± 0.33a 52.11 ± 0.13ab 51.58 ± 0.21ab 2.283 0.132

n−3/n−6 0.75 ± 0.03c 0.78 ± 0.02bc 0.97 ± 0.02a 0.90 ± 0.01a 0.82 ± 0.01b 18.865 0.000

DHA+EPA 16.94 ± 0.47c 18.02 ± 0.51b 20.58 ± 0.02a 19.82 ± 0.25a 18.62 ± 0.19b 18.018 0.000

∑FAI8 93.14 ± 0.46a 92.78 ± 0.10ab 92.01 ± 0.20b 92.41 ± 0.07ab 92.29 ± 0.06b 3.578 0.046

∑FANI9 6.86 ± 0.46b 7.22 ± 0.10ab 7.99 ± 0.20a 7.59 ± 0.07ab 7.63 ± 0.08ab 3.409 0.053
All the above data are mean ± SE (n = 3). Different superscript letters in the same row indicate significant differences among the data (P < 0.05).
1∑SFA: saturated fatty acid.
2∑MUFA: monounsaturated fatty acid.
3∑n−6 PUFA: n−6 polyunsaturated fatty acids.
4C20:5n−3: EPA, eicosapentaenoic acid.
5C22:6n−3: DHA, docosahexaenoic acid.
6∑n−3 PUFA: n−3 polyunsaturated fatty acids.
7∑PUFA: Polyunsaturated fatty acids.
8∑FAI: identified fatty acids.
9∑FANI: unidentified fatty acids.
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3.5 Effects of dietary marine red yeast
supplementation on the expression of
antioxidant gene of juvenile GIFT

The relative expression levels ofNrf2, SOD, CAT, GSH-PX, GST,

ALP, and LYZ genes in the liver of juvenile GIFT fed different

dietary marine red yeast supplementation (0.25%, 0.50%, 0.75%,

and 1.00% marine red yeast) were significantly higher (P < 0.05)

than those fed with the control diet (0% marine red yeast). The

highest Nrf2 and LYZ were in the 1.00% dietary marine red yeast

group, the highest SOD and GSH-PX were in the 0.75% dietary

marine red yeast group, and the highest CAT, GST, and ALP were in

the 0.50% dietary marine red yeast group, as shown in Figure 1.
3.6 Effects of dietary marine red yeast
supplementation on the expression of
inflammatory response gene of
juvenile GIFT

The relative expression levels of TNF-a, INF-g, IL-6, IL-8, IL-1b,
and TGF-b1 genes in the liver, spleen, and head kidney of juvenile

GIFT fed different dietary marine red yeast supplementation

(0.25%, 0.50%, 0.75%, and 1.00% marine red yeast) were

significantly higher (P < 0.05) than those fed with the control diet

(0% marine red yeast). The highest TNF-a in the liver and spleen

was in the 0.75% dietary marine red yeast group, and the highest

TNF-a in the head kidney was in the 1.00% dietary marine red yeast

group. The highest IL-1b in the liver was in the 1.00% dietary

marine red yeast group, and the highest IL-1b in the spleen and

head kidney was in the 0.75% dietary marine red yeast group. The

highest IL-6 in the liver was in the 0.50% dietary marine red yeast

group, and the highest IL-6 in the spleen and head kidney was in the

0.75% dietary marine red yeast group. The highest IL-8 in the liver

was in the 1.00% dietary marine red yeast group, and the highest

IL-8 in the spleen and head kidney was in the 0.75% dietary marine

red yeast group. The highest TGF-b1 in the liver and spleen was in
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the 1.00% dietary marine red yeast group, and the highest TGF-b1
in the head kidney was in the 0.75% dietary marine red yeast group,

as shown in Figure 2.

The relative expression level of the IL-10 gene in the liver,

spleen, and head kidney of juvenile GIFT fed different dietary

marine red yeast supplementation (0.25%, 0.50%, 0.75%, and

1.00% marine red yeast) was significantly lower (P < 0.05) than

those fed with the control diet (0% marine red yeast). The lowest IL-

10 in the liver, spleen, and head kidney was in the 1.00% dietary

marine red yeast group, as shown in Figure 2.
4 Discussion

Serum biochemical indicators are one of the standards used to

measure the health and organ function of aquatic animals, and they

are easily influenced by feed components (Dossou et al., 2018).

Therefore, studying the changes in serum biochemical indicators in

fish can help evaluate the nutritional value of marine red yeast

added to feed. In this study, the levels of TP, GLB, and ALB in the

serum of juvenile GIFT were significantly increased. This suggested

that dietary marine red yeast supplementation could improve the

metabolic rate, accelerate protein synthesis, and enhance immune

function through the synthesis of astaxanthin and mannan-

oligosaccharides in vivo. These compounds could improve

nutrient utilization, rebalance intestinal flora microecology,

promote nutrient absorption and utilization, and enhance fish

resistance against pathogenic bacteria (Chen et al., 2019). In this

study, the levels of HDL and FFA in the serum of juvenile GIFT

were significantly increased, while the levels of LDL, TG, and T-

CHO were significantly decreased. This indicated that marine red

yeast could promote cholesterol metabolism and improve its lipid

profile. The reasons may be as follows: First, marine red yeast could

increase lipase activity and accelerate lipid metabolism (Castillo

et al., 2014). Second, astaxanthin had a significant effect on

increasing HDL concentration and reducing LDL concentration,

thereby preventing arteriosclerosis and cardiovascular disease
TABLE 5 Effects of dietary marine red yeast supplementation on lipid metabolism enzyme activity of juvenile GIFT.

Index
Marine red yeast levels (%)

F-value P-value
0 0.25 0.50 0.75 1.00

CPT-1 (U/mgprot) 99.17 ± 1.55c 106.89 ± 0.90bc 125.57 ± 6.46a 116.65 ± 4.27ab 111.77 ± 2.38b 7.448 0.005

ACCa (U/gprot) 33.38 ± 1.30b 34.55 ± 0.98a 46.63 ± 2.98a 45.21 ± 3.50a 44.02 ± 2.26a 6.831 0.006

FAS (U/mgprot) 1,982.70 ± 178.68b 2,728.46 ± 259.78ab 2,995.06 ± 266.12a 2,834.30 ± 280.97a 2,718.98 ± 218.66ab 2.564 0.104

LPL (U/gprot) 559.37 ± 32.77b 643.83 ± 22.15b 846.51 ± 86.67a 709.50 ± 52.30ab 712.96 ± 29.62ab 4.384 0.026

G6PD (U/gprot) 14.61 ± 0.36b 18.65 ± 0.44a 19.07 ± 0.17a 17.53 ± 0.84a 18.56 ± 0.68a 10.841 0.001

MDH (U/gprot) 41.41 ± 1.32c 52.26 ± 3.59bc 77.00 ± 2.76a 61.28 ± 6.00b 51.92 ± 1.72bc 14.464 0.000

IDH (U/mgprot) 165.38 ± 6.33 171.06 ± 4.51 183.17 ± 4.19 174.58 ± 6.04 172.29 ± 8.79 1.094 0.411

SCD (U/mgprot) 362.64 ± 16.12b 442.14 ± 4.14a 495.40 ± 6.65a 481.22 ± 30.86a 464.74 ± 20.66a 8.043 0.004
All the above data are the mean ± SE (n = 3). Different superscript letters in the same row indicate significant differences among the data (P < 0.05).
CPT, carnitine palmityl transferase; ACCa, acetyl CoA carboxylase; FAS, fatty acid synthase; LPL, lipoprotein lipase; G6PD, glucose-6-phosphate dehydrogenase; MDH, malate dehydrogenase;
IDH, isocitrate dehydrogenase; SCD, stearoyl-CoA desaturase.
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(Yoshida et al., 2009). Third, previous studies have shown a

correlation between intestinal flora and plasma HDL levels,

indicating that intestinal flora plays an important role in HDL

metabolism (Hooman and Hazen, 2015). Therefore, the reason why

marine red yeast could increase HDL content in this study may be
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due to its improvement of intestinal flora in juvenile GIFT, thereby

promoting HDL metabolism within their bodies and increasing

serum concentrations. In this study, the level of GLU in the serum

of juvenile GIFT was significantly decreased, indicating that marine

red yeast could improve glucose utilization in the body. This may be

attributed to changes in intestinal microbial flora caused by marine

red yeast, thereby promoting sugar substance absorption and

utilization (Cheeranan et al., 2023). Additionally, mannan-

oligosaccharides present in marine red yeast may stimulate

insulin release and reduce blood glucose levels (Wang et al.,

2022). In this study, the levels of ALT, AST, and LDH in the

serum of juvenile GIFT were not significantly different among the

marine red yeast supplementation groups and the control group,

indicating that marine red yeast did not affect liver permeability or

impact liver cells in juvenile GIFT. Similar findings were

reported by Van et al., where adding marine red yeast to feed did

not influence AST and ALT levels in juvenile GIFT serum

(Van et al., 2022).

In this study, the contents of crude protein and crude fat in the

muscle of juvenile GIFT were significantly increased. This may be

because probiotics produce or improve nutrient absorption in the

digestive tract endocrine system, which helps accumulate protein

and fat in the body (Wu et al., 2021). It may also be due to a large

amount of mannan-oligosaccharides in marine red yeast that could

directly interact with intestinal cells, increasing nutrient exchange

rate and improving digestibility of nutrients, feed utilization, and

intestinal absorption of amino acids and minerals leading to

changes in crude protein and crude fat content for juvenile GIFT

(Chen et al., 2019). Similar results were found by Mukherjee et al.

who believed Bacillus had a significant effect on crude protein, crude

fat, and ash content of Rohu (Labeo rohita) (Mukherjee et al., 2019).

Chen et al. found that adding 1% marine red yeast to feed could

increase the crude protein content of tilapia (Chen et al., 2019).

However, there were conflicting reports on the effect of probiotics

on the muscle composition of aquatic animals. Some studies

have shown that adding probiotics to feed did not significantly

affect the crude protein, crude fat, and crude ash content of

olive flounder (Paralichthys olivaceus) (Niu et al., 2019) and

Javanese carp (Puntius gonionotus, Bleeker 1850) (Allameh et al.,

2016). Inconsistent results from these studies may relate to

different probiotic strains used as well as differences among fish

species’ feeding environments and experimental periods among

other factors.

Fatty acids are essential nutrients in fish feed, playing a

significant role in the growth, development, and reproduction of

fish (Xu et al., 2017). The lipid metabolism process in fish is

influenced by various factors, such as breeding conditions,

breeding modes, and nutrient levels in their feed (Zhao et al.,

2018). In this study, the content of n−6 PUFAs in the muscle of

juvenile GIFT was significantly decreased, while the content of n−3

PUFAs and the n−3/n-6 PUFAs ratio were significantly increased.

The reason for this may be that n−3 and n−6 PUFAs shared a

variety of fatty acid synthase enzymes, and there was a metabolic

competition between them. These enzymes had a higher affinity for

n−3 PUFAs. When excess n−3 PUFAs were ingested, they

competed with n−6 PUFAs for △6 desaturase enzymes to inhibit
B

C D

E F

G

A

FIGURE 1

Effects of dietary marine red yeast supplementation on the relative
expression levels of superoxide dismutase [SOD,(A)], catalase [CAT,
(B)], glutathione peroxidase [GSH-PX, (C)], glutathione S-transferase
[GST, (D)], nuclear factor erythroid 2-related factor 2 [Nrf2, (E)],
lysozyme [LYZ, (F)], and alkaline phosphatase [ALP, (G)] genes in the
liver of juvenile GIFT. All the above data are the mean ± SE (n = 3).
Different superscript letters in the figure indicate significant
differences among the data (P < 0.05).
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arachidonic acid (C20:4n−6, AA) production, thereby reducing the

total amount of n−6 PUFAs (Karapanagiotidis et al., 2007; Chen

et al., 2011). Previous studies have shown the potential role of n−3

LC-PUFA in alleviating lipid deposition in fish such as grass carp

(Ctenopharyngodon idellus) (Ji et al., 2011) and Atlantic salmon

(Salmo salar) (Todorčević et al., 2008). Therefore, an increase in the

concentration of n−3 LC-PUFA observed in this study indicated
Frontiers in Marine Science 11
that red yeast promoted lipid accumulation in fish. In this study,

unsaturated fatty acid content significantly increased in the muscle

of juvenile GIFT. This could be attributed to marine red yeast being

a lipid-rich probiotic containing various unsaturated fatty acids,

which increased unsaturated fatty acid content after feeding it to

fish (Gupta et al., 2012). Another possible reason was that

astaxanthin prevented oxidation and reduction of unsaturated
B

C

D

E

F

G

A

FIGURE 2

Effects of dietary marine red yeast supplementation on the relative expression levels of tumor necrosis factor a (TNF-a, [TNF-a, (A)], interleukin 1b
[IL-1b, (B)], interleukin 6 [IL-6, (C)], interleukin 8 [IL-8, (D)], interleukin 10 [IL-10, (E)], interferon-g [INF-g, F], and transforming growth factor-b [TGF-b,
(G)] genes in the liver, spleen, and head kidney of juvenile GIFT. All the above data are the mean ± SE (n = 3). Different superscript letters in the
figure indicate significant differences among the data (P < 0.05).
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acids leading to an increase in their content within fish (Nakano

et al., 1999). Additionally, the DHA+EPA content significantly

increased may be due to marine red yeast providing large

amounts of linoleic acid and linolenic acid promoting DHA and

EPA production within fish (Chen et al., 2018). Studies have shown

that the levels of EPA and DHA could directly affect the growth,

molting, gonadal development, and immune capacity of aquatic

organisms (Wu et al., 2011). Therefore, the increase in EPA and

DHA observed in this study indicated that marine red yeast could

promote the growth, antioxidant capacity, and immune response of

tilapia. Additionally, it had been demonstrated that elevated levels

of EPA and DHA facilitated the oxidation and utilization of certain

fatty acids within tissue organs (Nakano et al., 1999). So, the results

from this study suggested that marine red yeast played a role in

promoting lipid accumulation in juvenile GIFT.

In this study, the activities of ACCa, FAS, G6PD, MDH, SCD,

and IDH significantly increased in the liver of juvenile GIFT, while

the activities of LPL and CPT-1 significantly decreased. The possible

reason was that marine red yeast could improve the activity of

digestive enzymes in tilapia, enhance nutrient digestion and

utilization, and promote fish fat synthesis (Wang et al., 2015).

Duan et al. fed the Pacific white shrimp with a diet supplemented

with Clostridium butyricum for 56 days and found that the short-

chain fatty acid content and digestive enzyme activity in the gut of

the probiotic group increased (Duan et al., 2017). Zhao et al.

discovered that adding 1 × 109 cfu/kg Clostridium butyricum to

broiler chicken feed increased intramuscular fat content in the

breast and leg muscles by affecting fatty acid synthase enzyme

activity and lipid synthesis-related gene expression (Zhao et al.,

2013). Similar results have also been observed in pigs, where long-

term feeding with probiotic Lactobacillus reuteri could significantly

affect its fatty acid metabolism level (Tian et al., 2020).

Fish have natural antioxidant and non-specific immune

systems, in which SOD, CAT, GSH-PX, and other enzymes are

the main antioxidant enzymes that scavenge free radicals in the

body (Fattman et al., 2003). Nrf2 is an important transcription

factor that regulates the expression of various antioxidant-related

genes, such as SOD, CAT, and GSH-PX (Yuan et al., 2018). LYZ and

ALP are important components of fish resistance to pathogen

infection in the environment and can be used to reflect the

strength of the immune function (Siti et al., 2015). In this study,

the expression levels of CAT, Nrf2, GST, GSH-PX, SOD, ALP, and

LYZ genes in the liver of juvenile GIFT were significantly increased,

indicating that marine red yeast could improve the antioxidant and

immune performance of tilapia. The reasons may be due to its

ability to produce b-glucan, carotenoids, astaxanthin, and other

substances with strong antioxidant activity. These substances could

clear excess reactive oxygen species and free radicals in the body

while protecting tissues against oxidative damage and enhancing

immune performance in aquatic animals (Dou et al., 2023). Similar

studies have shown that supplementing tilapia feed with yeast

hydrolyzate increased GSH-PX, SOD, and CAT activities in tilapia

while enhancing ALP gene expression (Andriamialinirina et al.,

2020). In sea cucumbers (Apostichopus japonicus), adding red yeast
Frontiers in Marine Science 12
significantly improved the SOD, LYZ, ACP, and AKP activities

(Wang et al., 2015).

Probiotics can regulate immune response by stimulating

cytokines, which in turn stimulate host resistance and promote

the elimination of potential pathogens (Nayak, 2010). Inflammatory

factors include IL-1b, IL-6, IL-8, and TNF-a. These factors are

important inflammatory mediators in animals and play a significant

role in immune regulation. Their expression levels are often used as

indicators of the body’s inflammatory response (Liu et al., 2023). In

this study, adding marine red yeast to feed significantly increased

the expression of inflammatory response genes and improved the

immune response of juvenile GIFT. The results may be attributed to

marine red yeast acting as a probiotic, producing bactericidal

substances such as bacteriocins and lysozymes, which had

inhibitory effects on typical pathogenic bacteria in aquatic

animals and stimulated cytokine expression (Verschuere et al.,

2000). Red yeast contained b-glucan, which enhanced the body’s

immunity by increasing lysozyme activity and phagocytic cell count

and activating the complement pathway. It also stimulated cytokine

expression to improve immune response (Liu et al., 2021). Nguyen

et al. feeding b-glucan enhanced carp’s immune ability and

increased LYS and IL-8 gene expression (Nguyen et al., 2019).

Jami et al. found that adding b-glucan to salmon (Salmo trutta

caspius) feed significantly increased TNF-a, IL-1, and IL-8 gene

expression (Jami et al., 2019). The increase in inflammatory factor

expression observed in tilapia during this experiment may also be

due to improved antioxidant capacity leading to reduced ROS levels

within their bodies. This enhancement strengthens non-specific

immune capacity while stimulating gene expressions of TNF-a, IL-
1b, IL-8, IL-6, and INF-g (Siti et al., 2015). Similar studies have

shown that in the study of tilapia, the addition of yeast hydrolysate

to feed could significantly increase the expression of TNF-a, TGF-b,
IL-1b, IL-10, and other genes in the liver (Andriamialinirina

et al., 2020).
5 Conclusion

In conclusion, the addition of different levels of marine red yeast

(R. mucilaginosa) to the diet could significantly affect the serum

biochemistry, muscle composition, muscle fatty acid composition,

lipid metabolism enzyme activity, and the expression of antioxidant

and inflammatory genes in juvenile GIFT. Based on the results,

marine red yeast could be used as an aquatic animal feed additive,

and the optimal dietary marine red yeast level was 0.50%. This study

can provide a reference for incorporating marine red yeast into the

commercialized breeding production of tilapia.
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