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Comparative energy metabolism
in red and white muscles of
juvenile yellowfin tuna,
Thunnus albacore
Zhiyuan Lu1,2*†, Qian Li1†, Edwine Yongo1, Juan Xiao3

and Zhiqiang Guo1,2*

1School of Life and Health Sciences, School of Marine Science and Engineering, Hainan University,
Haikou, China, 2State Key Laboratory of Marine Resources Utilization in South China Sea, Hainan
University, Haikou, China, 3School of Food Science and Engineering, Hainan University, Haikou, China
The musculature of yellowfin tuna (Thunnus albacares) exhibits distinct functional

specialization, with slow-twitch oxidative red muscle and fast-twitch glycolytic

white muscle demonstrating marked disparities in energy metabolic

characteristics. To elucidate the molecular mechanisms underlying these

functional divergences, this study implemented an integrated approach

incorporating ultrastructural analysis via transmission electron microscopy (TEM),

transcriptomic profiling, and enzymatic activity assays of key metabolic regulators.

TEM imaging revealed that red muscle fibers contain larger mitochondria and

prominent lipid droplets compared to white muscle fibers. Our transcriptome

analysis identified 3,162 genes with significant expression differences-1,515 were

up-regulated, and 1,647 were down-regulated. Functional enrichment analysis

demonstrated significant association of red muscle DEGs with oxidative

phosphorylation, tricarboxylic acid cycle, and fatty acid b-oxidation, while white

muscle preferentially enriched glycolysis/gluconeogenesis pathways. Enzymatic

validation revealed red muscle exhibited higher citrate synthase activity (2.3-fold)

and elevated b-hydroxyacyl-CoA dehydrogenase levels (1.8-fold), whereas white

muscle showed greater hexokinase activity (4.7-fold) and increased lactate

dehydrogenase activity (3.2-fold). These findings provide novel insights into the

physiological adaptations underlying the distinctive swimming strategies of

scombroid fishes, revealing evolutionary optimization of muscle metabolic

pathways corresponding to their sustained cruising capacity and burst

swimming performance.
KEYWORDS
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Introduction

In vertebrates, skeletal muscle is a crucial tissue that maintains

body movement and metabolism. In fish, red muscle (RM) and white

muscle (WM) are the main types of skeletal muscle located in different

anatomical regions based on their function (Frontera andOchala, 2015;

Wu et al., 2018). Red muscle, mainly found near the lateral line,

contains large amounts of mitochondria, lipid droplets, glycogen

granules, and myoglobin, mainly energized by lipid and carbohydrate

oxides and used for sustained muscle contraction (Shibata et al., 2016).

The white muscle, which occupies most of the body, has few

mitochondria and lacks myoglobin (Wakeling and Johnston, 1999).

It primarily relies on anaerobic glycolysis to provide energy for short

bursts of exercise (Ciciliot et al., 2013). Over the past few decades,

scientists have studied fish skeletal muscle from several perspectives,

including the observation of the muscle tissue’s ultrastructure (Guppy

et al., 1979), the classification, structure, and function of muscle fibers

(Houssard et al., 2017), and the biochemical characteristics of different

muscle tissue (Pillai and Alexander, 1982). In recent years, research on

the metabolic mechanisms of the growth of hard-skeletal fish has been

focused on weak swimming abilities and smaller species, such as

Piaractus mesopotamicus (Mareco et al., 2015), Pseudocaranx dentex

(Wang et al., 2022), Schizothorax prenanti (Li et al., 2019), and

Takifugu rubripes (Gao et al., 2017). Despite previous investigations,

a detailed molecular characterization of energy metabolism in high-

speed fish remains limited, which our study addresses. Therefore,

studying these fishes to understand the molecular metabolic

regulatory mechanisms of different muscle types is essential.

Animals get their energy mostly frommetabolizing three nutrients:

carbohydrates, lipids, and protein (Churova et al., 2015). Carbohydrate

metabolism, comprising glycolysis, glycogen synthesis, pentose

phosphate pathway, and the citric acid cycle (TCA), is regulated by

key enzymes such as hexokinase (HK), phosphofructokinase (PFK),

and citrate synthase (CS) (Rakus et al., 2015). Research (He et al., 2013)

discovered that Cyprinus carpio red muscle exhibits significantly higher

citrate synthase activity than white muscle tissue. The activity of lipase

(LPS), fatty acid synthesis (FAS), and carnitine palmitoyltransferase-1

(CPT-1) are crucial enzymes that regulate fat synthesis and

decomposition (Huang et al., 2018; Tan et al., 2019). A study found

that Cpt1b knockout mice significantly reduced mitochondrial

oxidative phosphorylation and increased triglycerides in muscle

tissue (Shi et al., 2013). As a crucial energy source for fish, proteins

involve various enzymes to facilitate and promote fish growth. Previous

studies have revealed that aspartate transaminase (AST) and alanine

transaminase (ALT) participate in the body’s amino acid metabolism

process, collaborating with glucose dehydrogenase (GDH) to facilitate

deamination (Zhang et al., 2018). Until now, there has been limited

research on the enzyme activity associated with energy metabolism in

large, high-speed, continuous swimming fish muscle (Suarez et al.,

1986; Malik et al., 2021). Consequently, it is imperative to assess the

metabolic activity of these fish to reveal variations in muscle

tissue metabolism.

Its widespread distribution in tropical and subtropical waters of the

world’s oceans, its high swimming speed, its high basal metabolic rate,

its high muscle content, and its highly migratory habits have made it a
Frontiers in Marine Science 02
popular catch (Korsmeyer and Dewar, 2001; Betancor et al., 2017). It is

an excellent model for the study of continuous swimming fish muscles.

Recently, tuna has become popular among consumers due to its

delicious meat rich in protein, lipids and unsaturated fatty acids

[such as docosahexaenoic acid (DHA) and eicosatetraenoic acid

(EPA)] and other nutrients (Zhang et al., 2019; Zhang et al., 2020).

In addition, the market demand for tuna accounts for about 10% of the

international seafood market (Brill and Hobday, 2017; Singh et al.,

2021). So far, research on the muscle tissue of yellowfin tuna has been

limited to muscle physiochemistry (Shadwick and Syme, 2008) and

nutrient components (Zhang et al., 2019), no molecular mechanism

study was involved. Increasingly, transcriptomics technologies have

been used to study fish growth and development, evolutionary

adaptation, and environmental stress, facilitating in-depth studies of

fish growth and development (Qian et al., 2014). So, it is necessary to

use transcriptomics technology to study the differences in muscle

energy metabolism, which will be more helpful in comprehensively

understanding the physiological characteristics of yellowfin tuna.

The current study investigates the structural and functional

differences between red and white muscles in yellowfin tuna through

multiple methodologies, including transmission electron microscopy

(TEM), transcriptomics, andmetabolic enzyme activity analysis. It aims

to elucidate the physiological mechanisms underlying their adaptation

to long-distance migration and burst predation, while clarifying

differentiation strategies in energy metabolism between the two

muscle types. On one hand, the findings are expected to advance

theoretical innovations in fish locomotor physiology and provide novel

perspectives on the evolutionary adaptations of teleost. On the other

hand, the research will offer scientific support for tuna resource

conservation and the sustainable development of marine ecosystems.
Materials and methods

Sample collection and storage

Six juvenile yellowfin tuna were collected from the Central South

China Sea (Coordinates: 17°41′N-18°17′N, 110°60′E-112°14′E,
Temperature: 25°C ± 3°C) in August 2021, and average body length

(43.73 ± 2.45 cm) and weight (1.96 ± 0.57 kg) are as described in our

previous study (Zou et al., 2023). Following capture, the fish were

anesthetized using 1 g/L MS-222 (Shanghai McLean Biochemical

Technology) for 30 seconds before dissection (Townley et al., 2016).

The sample size was determined based on preliminary power analyses

to ensure statistical reliability in detecting differential gene expression

and enzyme activity differences. Post-dissection, tissue samples were

immediately flash-frozen in liquid nitrogen and stored at –80°C until

further analysis.
Transmission electron microscope
observation

TEM determination was performed as described in our previous

study (Lu et al., 2022). Briefly, tissue was fixed in TEM fixative and
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stored at 4°C. After washing in 0.1 M PBS (pH 7.4), tissues were

fixed in 1% OsO4 for 2 hours at room temperature. Samples were

dehydrated through a graded series of alcohol solutions (30%-

100%), followed by acetone washes and resin embedding.

Subsequently, 60–80 nm slices of the intestinal sample were

produced with an ultrathin slicing device (Leica EM UC7

ultramicrotome, Leica, Munich, Germany). For contrast

enhancement, double staining was conducted using 2% uranium

acetate and 2.6% lead citrate at room temperature (Beijing

Zhongjingkeyi Technology Co., Ltd., Beijing, China). Images were

captured using an HT7800 transmission electron microscope

(Hitachi, Tokyo, Japan) at 80 kV and a magnification of 2000x.
Constructing cDNA library and sequencing
transcriptomes

Standard procedures were followed for the extraction of total

RNA using Trizol as described by our previous study (Lu et al.,

2023a). Subsequently, RNA integrity, concentration, and purity

were assessed using 1% agarose gel electrophoresis, a Nanodrop

spectrophotometer (IMPLEN, CA, USA), and the Agilent

Bioanalyzer 2100. Further RNA-sequencing assays were

conducted by Biotree Technology Co. Ltd. (Shanghai, China). For

RNA sample preparation, 1 µg RNA was used as input for each

sample. The cDNA library was constructed according to the

manufacturer’s NEBNext® UltraTM RNA Library Prep Kit from

Illumina, performed Illumina sequencing after quality inspection

(Only samples with a RIN > 7.0 were used for subsequent library

construction), and generated 150 bp paired-end reads. The raw

sequence data has been submitted to the NCBI Sequence Read

Archive under the accession number SRP479951.
Differential gene screening and enrichment
analysis

Following the successful construction of the library, sequencing

was carried out on the IlluminaHiSeqXten 6000 platform, and the raw

data were processed, combined, and trimmed using fastp (version

0.20.0) (Chen et al., 2018): 1) getting rid of reads that contain adapters;

2) discarding reads with over 10% unidentified nucleotides (N); 3)

excluding reads with more than 50% bases of low quality (Q-value ≤

20). Using HISAT2 v2.0.5 (http://daehwankimlab.github.io/hisat2/),

the clean data were mapped to the yellowfin tuna reference genome

(https://www.ncbi.nlm.nih.gov/assembly/GCF_914725855.1/).

The assembly of transcripts was executed de novo with StringTie

software (version 2.1.2) (http://ccb.jhu.edu/software/stringtie/). The

analysis of differentially expressed genes (DEGs) was conducted

using the DESeq2 software, version 2.1.2, available at http://

bioconductor.org/packages/stats/bioc/DESeq2/, with DEGs

selected based on the criteria of an adjusted p-value (Padj) < 0.05

and an absolute log2 fold change of ≥ 1.0. In addition, KEGG

pathway enrichment analysis and Gene Ontology (GO) functional
Frontiers in Marine Science 03
enrichment analysis were performed using Cluster Profiler (3.4.4)

software (Wentzel et al., 2020).
Quantitative real-time PCR reaction
analysis

A total of fifteen genes were selected for quantitative real-time

PCR validation (qRT-PCR) to verify the transcriptome data

accuracy, and primer sequences are shown in Supplementary

Table S1. We performed qRT-PCR reactions using a Roche

LightCycler® 480 instrument utilizing SYBR qPCR Master Mix

reagents (Venozan, Biotech, China) with b-actin as the internal

reference gene to acquire the CT value of each sample and calculate

its relative expression using the 2-DDCt method (Livak and

Schmittgen, 2001).
Physiological and biochemical indexes

The red and white muscle tissue homogenates of the head

kidney, spleen and skin were prepared with 10 multiple (w/v) ice-

cold saline and centrifuged at 6000 g at 4°C for 20 min, then

collected supernatant for the analysis of related parameters as

described by previous study (Lu et al., 2023b). The supernatant

was taken after centrifugation for subsequent determination of

relevant enzyme activities and content. All kits were purchased

from Nanjing Jiancheng Bioengineering Institute. The protein assay

kit (BCA method) determined the total protein concentration (Item

No. A045-4-2). The enzymes that assess glucose metabolism

physiologically and biochemically include citrate synthase (CS)

(Item No. A108-1-2), succinate dehydrogenase (SDH) (Item No.

A022-1-1), hexokinase (HK) (Item No. A077-3-1), pyruvate kinase

(PK) (Item No. A076-1-1), phosphofructokinase (PFK) (Item No.

A076-1-1), and lactate dehydrogenase (LDH) (Item No. A020-2-2).

In addition, lipase (LPS) (Item No. A054-2-1), fatty acid synthase

(FAS) (Item No. H231-1-2), carnitine palmitoyl coenzyme 1 (CPT-

1) (Item No. H230-1-2), triglyceride (TG) (Item No. A110-1-1),

total cholesterol (T-CHO) (Item No. A111-1-1), high-density

lipoprotein cholesterol content (HDL-C) (Item No. A112-1-1)

and low-density lipoprotein cholesterol content (LDL-C) (Item

No. A113-2-1) related to lipid metabolism were also measured.

Each assay was performed in triplicate.
Statistical analysis

SPSS 23 (IBM SPSS Statistics, USA) and GraphPad Prism 9.0

for Windows (GraphPad Software, USA) were used for the data

analysis. Statistical comparisons between red and white muscle

tissues were performed using independent samples t-tests. A P-

value of < 0.05 was considered statistically significant, while P < 0.01

was deemed highly significant. Each assay was performed in

triplicate, and results were expressed as mean ± standard error.
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Results

Transmission electron microscope of RM
and WM tissue

Figure 1 illustrates TEM images of red muscle (RM) and white

muscle (WM). RM images show numerous large, oval mitochondria

and abundant lipid droplets, whereas WM displays fewer,

elongated mitochondria.
Transcriptome sequencing and annotation

According to Illumina sequencing results, we obtained 40.07-

47.22 million raw reads, whereas 40.00-45.40 million clean reads

were generated after filtering the data. The results showed high

similarity with the reference genome. In addition, the sample’s Q20,

Q30, and GC contents ranged from 97.38% to 97.78%, 92.79% to

93.64%, and 47.38% to 52.2%, respectively, demonstrating high-

quality transcriptome sequencing data, which satisfy the subsequent

analysis requirements (Figure 2A).
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Screening and identification of DEGs

Red and white muscle tissues showed a total of 3,162 DEGs, of

which 1,515 and 1,647 were significantly regulated in WM and RM,

respectively (Figure 2B). Furthermore, DEGs were analyzed by

cluster analysis, which revealed that some of them perform

similar biological processes (Figure 2C).
GO enrichment analysis of DEGs

To determine the significance of DEGs in biological processes,

cellular components, and molecular functions in both WM and RM

tissues, functional enrichment analysis was carried out on their GO

annotation. A total of 872 GO terms were significantly enriched for

all DEGs (P < 0.05). In the WM group, up-regulated genes were

mostly found in biological processes (Figure 3A), including

translation (GO:0006412), amide biosynthesis (GO:0043604),

peptide biosynthesis (GO:0043043), and peptide metabolism

(GO:0006518). In contrast, the other two biological processes did

not show significant enrichment. Figure 3B showed that genes
FIGURE 1

Transmission electron microscope sections of red (RM) and white (WM) muscles from yellowfin tuna. RM exhibits numerous large, oval mitochondria
with surrounding lipid droplets, whereas WM shows fewer, elongated mitochondria and a well-developed sarcoplasmic reticulum. Mf, myofibril; SR,
sarcoplasmic reticulum; Mi, mitochondria; M, M line; Z, Z line; L, lipid droplets; Magnification, 2000X; Scale bar = 5mm.
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significantly up-regulated in the RM group were mainly concentrated

in the biological process group, including proton transmembrane

transport (GO:1902600), energy coupled proton transport, down

electrochemical gradient (GO:0015985), ATP synthesis coupled

proton transport (GO:0015986), etc. In molecular function, the

main enrichments were in electron transfer activity (GO:0009055),

proton transmembrane transporter activity (GO:0015078), cofactor

binding (GO:0048037), etc. Besides, the mitochondrion

(GO:0005739), mitochondrial inner membrane (GO:0005743),

organelle inner membrane (GO:0019866), and mitochondrial part

(GO:0044429) were significantly enriched in the cellular component

group (Padj < 0.05).
KEGG enrichment analysis of DEGs

An analysis of KEGG pathway data was also conducted to

classify DEGs. This analysis identified 151 pathways with 1078

DEGs significantly enriched in 26 of them (P < 0.05). The

metabolism of starch and sucrose (ola00500), glycolysis and

gluconeogenesis (ola00010), amino acid synthesis (ola01230), and

insulin signaling pathway (ola04901) were significantly enriched in
Frontiers in Marine Science 05
WM tissue (Figure 4A). Oxidative phosphorylation (ola00190),

cardiac muscle contraction (ola04260), carbon metabolism

(ola01200), PPAR signaling pathway (ola03320), and fatty acid

metabolism/degradation/biosynthesis (ola01212; ola00071;

ola00061) were the main pathways in RM tissue (Figure 4B).

DEG enrichment results from KEGG provided molecular

evidence for differences in energy metabolism between RM and

WM tissues. The oxidative phosphorylation pathway is the most

differentially enriched. In this pathway, 75 genes were annotated, of

which 61 showed differential expression between RM andWM (Padj
< 0.05). Among these, only phospholysine phosphohistidine

inorganic pyrophosphate phosphatase (LHPP) and V-type H+-

transporting ATPase 16 kDa proteolipid subunit (ATPeV0C)

were significantly up-regulated in WM. Meanwhile, the rest were

significantly down-regulated (Padj < 0.05) (Figure 5A).
qRT-PCR

We performed qRT-PCR validation on 15 DEGs to verify the

reliability of the transcriptome data, including BPGM, GAPDH,

GYS, ENO3, COX5A, ACAA2, CS, PPP1R3, PGM,HACD4, PGAM2,
FIGURE 2

Sequencing data and the DEGs expression. Red and white muscles. (A) Sequencing quality data of red muscle and white muscle of T. albacares. (B) The
volcanic map showed the distribution of DEGs. Under the criteria for |log2FoldChange|>1 and Padj < 0.05, red dots represented up-regulated and down-
regulated genes with green dots. (C) The cluster heat map of DEGs between red and white muscle. In the figure, the abscissa is the sample name, and
the ordinate is the value after normalizing the differential gene FPKM.
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PGK1, CPT2, ECI1, and ACO2, which were involved in glucose

metabolism, lipid metabolism, and carbon metabolism

(Supplementary Table S1). A comparison of the qRT-PCR results

with the RNA-Seq analysis results is shown in Figure 6, which

indicates that the RNA-Seq data were accurate.
Frontiers in Marine Science 06
The physiological and biochemical
indicators

The physiological and biochemical indicators associated with

energy metabolism were also detected. There was a significant
FIGURE 4

KEGG enrichment analysis of DEGs in red and white muscles. (A) White muscle significantly up-regulated genes KEGG enrichment. (B) Red muscle
significantly up-regulated genes KEGG enrichment. The x-axis represents the ratio of the number of DEGs annotated to the KEGG pathway to the
total number of DEGs. The Padj represents the corrected P-value for multiple hypothesis testing. The size of the count indicates the number of
differential genes annotated to the KEGG pathway number.
FIGURE 3

GO enrichment analysis of DEGs in red and white muscles. (A) White muscle significantly up-regulated genes GO enrichment. (B) Red muscle
significantly up-regulated genes GO enrichment. The x-axis gene ratio represents the ratio of DEGs annotated on the GO number to the total
number of differential genes. The Padj represents the P-value adjusted for multiple hypothesis testing. The size of the count indicates the number of
DEGs annotated to the GO terms.
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increase in glucose metabolism enzyme activities in WM (P < 0.05), as

shown in Figure 7A. In contrast, CS, MDH, and SDHwere significantly

higher in RM (P < 0.05). However, PFK was not significantly different

between the muscle tissues (P > 0.05). The lipid metabolism results

presented in Figure 7B show that TG, T-CHO, HDL, and LDL content

and LPS activity were significantly higher in RM (P < 0.01). In contrast,

FAS and CPT-1 content were higher in WM (P < 0.05).
Discussion

As is well-known, Yellowfin tuna (Thunnus albacares) is a species

of high-speed ocean predator (Katz et al., 2001). The exceptional

swimming capabilities of yellowfin tuna (Thunnus albacares) are

closely associated with their distinct muscle types (red and white
Frontiers in Marine Science 07
muscles) (Kieffer, 2000; Ciezarek et al., 2020). In this study, through

comprehensive research methodologies (TEM, transcriptomics, and

metabolic enzyme activity analysis), we revealed a remarkable

divergence in energy metabolism between the RM and WM of

yellowfin tuna.

Mitochondria are cellular energy converters, and their structure,

shape, and content vary in different tissues (Lin et al., 2020; Long

et al., 2022). The TEM results showed that the mitochondria in RM

were round or oval, and the mitochondria inWM tissue were flat and

long. Therefore, mitochondria are also the main site of oxidative

phosphorylation, and the number of mitochondria is directly related

to tissue oxidative phosphorylation capacity (Benard et al., 2006).

TEM that the number of mitochondria in RM tissue was more than

that in WM tissue, similar to the results of Tilapia (Wu et al., 2018)

and Lagodon rhomboides (Neurohr et al., 2021). These findings
FIGURE 5

DEGs in oxidative phosphorylation pathways associated with red and white muscle. (A) Mapping to oxidative phosphorylation pathway differentially
expressed genes, green boxes indicate down-regulated genes in white muscle, and red boxes indicate up-regulated genes in white muscle. (B) Fold
change in the log2 scale of the genes marked in A.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1585044
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lu et al. 10.3389/fmars.2025.1585044
suggest that RM tissue has a higher mitochondrial oxidative

phosphorylation level than WM tissue to produce more ATP for

sustained aerobic exercise (Malik et al., 2021). Mitochondrial

oxidative phosphorylation, a key regulatory pathway for muscle

contraction, promotes carbon metabolism and the TCA cycle

(Cecchini, 2013; Park et al., 2014). In addition, transcriptome

analysis found that the oxidative phosphorylation pathway was the

key regulatory pathway in skeletal muscle (Song et al., 2021). Our

TEM findings are consistent with those found in Takifugu rubripes

and Pseudocaranx dentex (Gao et al., 2017), which both down-

regulated the expression of many genes in this signaling pathway

(Figure 5B). It was further indicated that the RM tissue of yellowfin

tuna has a higher level of oxidative phosphorylation, which ensured

the sustainable energy demand of swimming movement.
Frontiers in Marine Science 08
During endurance swimming and growth, fish muscles use lipids

as their primary source of energy (Weber et al., 2016; Pecoraro et al.,

2017). Skeletal muscle stores extra fatty acids as triacylglycerol in lipid

droplets within the muscle tissue (Api et al., 2018). TEM results

indicated that RM tissue contained various-sized lipid droplets, and

no lipid droplets were seen in WM tissue, which was similar to the

result of the Oncorhynchus mykiss study (Magnoni et al., 2013),

suggesting higher fatty acid content in yellowfin tuna RM tissue,

providing energy for sustained aerobic exercise. Additionally,

transcriptome sequencing results revealed up-regulated lipid

metabolism-related signaling pathways in RM, including fatty acid

metabolism, degradation, and biosynthesis pathways (Figure 4B).

Moreover, genes like CPT2, ACAA2, ACADM, HSD17B8, CPT1A,

ACSL, ECI1, MYC, and MECR, involved in the regulation of muscle
FIGURE 6

qRT-PCR validation of RNA-seq gene expression profiles.
FIGURE 7

Energy metabolism parameters of red and white muscles. (A&B). (A) Represents the results of physiological and biochemical indicators of glucose
metabolism. (B) Represents the results of physiological and biochemical indicators related to lipid metabolism. * and ** indicate significant
differences at 0.05 level (P < 0.05) and extremely significant differences at 0.01 level (P < 0.01).
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lipid metabolism were higher in RM than in WM (Supplementary

Table S2). These results imply that RM tissue relies on lipid

metabolism to provide energy for fish locomotion (George and

Don Stevens, 1978). Additionally, studies indicate that peroxisome

proliferator-activated receptors (PPARs) regulate lipid metabolism

and promote muscle fiber formation (Zhang et al., 2017). In our

study, key genes such as NR1C1, NR1C3, PLIN2, FABP3, LPL, and

FABP2, associated with the PPAR signaling pathway, exhibited

significantly higher expression in RM and promoted lipid

metabolism (Supplementary Figure S1). Besides, we assessed lipid

metabolism enzyme activities and physiological indicators. The

results demonstrated that RM has higher LPS activity and related

physiological indicators content, which conformed to Salmo trutta

(Anttila et al., 2010), indicating that the RM of yellowfin tuna has a

high lipid metabolism capacity. In lipid deposition, FAS, one of the

main enzymes in fatty acid synthesis, plays a vital role (Tan et al.,

2019). At the same time, CPT-1 acts as a limiting factor in fatty acid

b-oxidation, promoting the oxidative breakdown of fatty acids (Ayisi

and Zhao, 2017). Our measurements indicated that the levels of two

enzymes were significantly elevated in WM compared to RM,

implying enhanced activity in fatty acid synthesis and oxidation.

This observed phenomenon could be attributed to juvenile yellowfin

tuna’s higher WM tissue muscle composition proportion.

Glucose metabolism is another way for muscles to obtain

energy, including anaerobic glycolysis, gluconeogenesis, and the

TCA cycle pathway. Transcriptome sequencing revealed a

significant up-expression of genes related to the glycolysis/

gluconeogenesis pathway, including LDHBA, ENO3, PKMB, HK2,

GAPDH, ALDO, PGK, PGAM2, BPGM, and others, in WM tissue

(Supplementary Figure S2). In contrast, ACO2, CS, MDH1AB,

PDHA, PDHB, SDHB, DLAT IDH3, DLST, and LSC2, involved in

the tricarboxylic acid cycle, exhibited a down-regulated expression

level in RM tissue (Supplementary Figure S3). These results were

reported by bluefin tuna and other fish (Shibata et al., 2016; Teulier

et al., 2019), suggesting that red and white muscle tissues rely on

distinct metabolic pathways for energy supply. Studies have found

that enzyme activity is relatively stable and closely linked to gene

expression so that it can indicate tissues’ aerobic and anaerobic

metabolic capacities (Lawrence DeKoning et al., 2004; Drazen et al.,

2015). We measured the activities of key enzymes of the glucose

metabolism pathway and identified that the enzymes’ activity

correlated with glycolysis/gluconeogenesis, like HK, PK, and

LDH, were substantially greater in WM than in RM. Meanwhile,

the CS, SDH, and MDH activity attached to aerobic oxidation were

greatly higher in RM than in WM, which was in line with the above

gene expression results. These results showed that WM

demonstrates a heightened anaerobic metabolic capacity, while

RM showcases a superior aerobic metabolic capacity.
Conclusions

In conclusion, this study elucidates the energy metabolism

differences between the red and white muscle tissues of yellowfin

tuna frommultiple perspectives, thereby establishing a foundation for
Frontiers in Marine Science 09
future investigations into muscle development. The findings indicate

that RM is characterized by a high abundance of mitochondria and

lipid droplets, which correspond to elevated expression levels of genes

and enzyme activities associated with oxidative phosphorylation, lipid

metabolism, and the tricarboxylic acid (TCA) cycle. Conversely, WM

exhibits a predominance of genes and enzymes associated with

anaerobic glycolysis and gluconeogenesis. Notably, discrepancies

between mRNA expression levels and enzyme activities suggest the

involvement of complex post-transcriptional regulatory mechanisms.

While this study provides valuable insights into the differential

energy metabolism of red and white muscle tissues, further studies

focusing on post-transcriptional modifications and protein

expression are necessary to fully elucidate the underlying regulatory

mechanisms. These findings are anticipated to contribute

significantly to theoretical advancements in the field of fish

locomotor physiology and offer new insights into the evolutionary

adaptations of teleosts.
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