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ARTICLE INFO ABSTRACT

Keywords: Myostatin (MSTN) is a negative regulator of skeletal muscle growth and a popular target for
Myostatin N enhancing the productivity of farmed fish. We previously developed an mstn-knockout breed of
Genome editing the aquaculture fish red sea bream (Pagrus major) using genome editing technology. However,
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little is known about the effects of mstn disruption on the fillet quality of red sea bream and other
fish species. In this study, we used fillets of mstn-deficient red sea bream to evaluate their
compositional and textural changes during refrigeration. Compared to the wild type, the mutant
fillets exhibited an increase in moisture content and a decrease in drippings, indicating an
enhanced water-holding capacity. Furthermore, the mutant fillets showed increased water
retention and marginally lower collagen content, resulting in lower breaking force, an index of
texture. In conclusion, we demonstrated that mstn disruption alters the compositional and textural
properties of red sea bream fillets.

1. Introduction

Fish are valuable foods that contain vitamins, minerals, highly unsaturated fatty acids, and other nutrients necessary for human
health. The worldwide consumption of fish has almost doubled in the past half-century owing to economic development and increased
health consciousness [1]. Fish are extremely important in world food production; however, they have been bred for only a few decades
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or remain in a near-wild state because of the difficulty in establishing aquaculture techniques and the dependence on catching wild
juveniles. This fact is in sharp contrast with agricultural and livestock products that have undergone thousands of years of selective
breeding [2,3]. To meet the increasing demand for fish as foods, it is necessary to develop new economically valuable breeds using
various biotechnologies.

Genome editing technology such as the CRISPR-Cas9 system has been a powerful tool for accelerating the molecular breeding of
various organisms over the past decade. This system has been applied to more than ten fish species and has developed desirable traits,
such as growth promotion and disease resistance, through the functional modification of specific genes [4,5]. In particular, myostatin
(mstn) is a popular target gene used to increase the edible portions. MSTN, also known as growth and differentiation factor 8, is a
negative regulator of skeletal muscle growth [6]. Mutations of mstn cause the hypertrophy of skeletal muscle in mice and promote the
development of a “double muscling phenotype” in various livestocks [7,8]. This phenomenon has attracted the attention of researchers
not only in the livestock sector but also in the aquaculture sector because of the importance of increasing productivity [9]. In fish, mstn
mutants have been generated in medaka (Oryzias latipes) and tiger pufferfish (Takifugu rubripes) by random chemical mutagenesis,
which is a time-consuming and labor-intensive process [10,11]. Since the availability of genome editing technology has reduced the
workload for the establishment of genetically modified strains, research on the production of mstn mutants in farmed fish has been
widespread [4,5]. It has been demonstrated that mstn mutations induced an increase in the number of muscle fibers in some farmed
fish, such as channel catfish (Ictalurus punctatus), common carp (Cyprinus carpio), and Nile tilapia (Oreochromis niloticus) [12-14]. The
rapid progress made in these studies highlights the versatility and simplicity of the application of the CRISPR-Cas9 system to cultured
fish.

Red sea bream (Pagrus major) is an important aquaculture fish in Japan, known for its bright red body color, ease of breeding, and
excellent taste [15]. The aquaculture production of this species in Japan was 62,300 tons in 2020, ranking second in the total
aquaculture production of fish in the country. In our previous study, we established an mstn-deficient breed of red sea bream using the
CRISPR-Cas9 system [16]. We previously reported that the homozygous mstn mutants (HMs) of red sea bream exhibited a 17 % in-
crease in skeletal muscle mass and had a higher ability to accumulate ingested protein compared to the wild type (WT) [16-18]. The
red sea bream breed was notified to the Ministry of Agriculture, Forestry and Fisheries and the Ministry of Health, Labor and Welfare,
which has been marketed in Japan since 2021 [19]. To date, phenotypic analyses of mstn mutated fish, including red sea bream and
other fish species, have mainly focused on morphological changes in muscle fibers, body shape, and growth performance. However,
few studies have specifically validated fillet qualities such as texture and nutritional components in mstn mutated fish. Identification of
food characteristics may provide hints for establishing production and processing methods suitable for mstn mutated fish. Thus, we
used skeletal muscle from adult red sea bream HMs to evaluate fillet quality-related factors, such as composition, pH, drip volume, and
physical properties until four days postmortem. Refrigeration for four days after harvest is a critical period that has a great impact on
consumers because the quality of fresh fish can change rapidly. Furthermore, many markets and retailers recommend that fresh fish be
sold within four days of harvest to ensure optimal freshness. We therefore examined the fillet quality up to four days after harvest to
reflect the actual market situation.

2. Materials and methods
2.1. Experimental fish

The genome-edited red sea bream used in this study were cultured at Regional Fish Institute, Ltd, Kyoto, Miyazu-shi, Japan. We
obtained HM fish by injecting CRISPR-Cas9 reagents into fertilized eggs and mating parent fish with mutations in their germline [16].
HM fish harbor a 14-base deletion that causes a frame-shift in the coding sequence of mstn and exhibits a double muscling phenotype
[16]. Adult WT fish were purchased from an aquaculture company in Wakayama, Japan and used as a control group. HM and WT fish
were transferred to the land-based aquaculture facility of the Regional Fish Institute, Ltd, in Kyoto, Miyazu-shi, Japan, and kept in the
same tank in a semi-circulating system for eight months. Each fish was fasted for one day prior to analysis to eliminate gastrointestinal
contents. A total of 10 fish, including five each HM or WT individuals at approximately three years of age (1,019-1,124 days post
fertilization), were randomly collected from the tank for analysis. The WT group comprised one male and four females, while the HM
group had three males and two females. The gonads of each individual were relatively degenerated because the breeding season was a
couple of months past. All fish were killed by the ikijime method (quickly inserting a spike into the brain), which is regarded as one of
the fastest and most humane [20]. The caudal fork length (FL) and body weight (BW) of the fish were measured, and the condition
factor was calculated as 1000 x BW/FL> (BW in grams, FL in centimeters). To evaluate the fillet quality, two fillets were cut from each
individual, stored in a polystyrene box on ice, and transported from the farm to the laboratory 6 h after death. One whole fillet was
stored at 4 °C until the proximate composition analysis was performed. The other fillet was used to cut the dorsal portion into
approximately 40-g pieces, which were assayed for drip volume and pH. The remaining dorsal muscle was used to validate the physical
properties, collagen content, and lactic acid content. Each muscle sample was wrapped in cooking paper, placed in a zippered plastic
bag, and stored in a polystyrene box at 4 °C until use. The cooking papers were replaced each time sampling was conducted.

2.2. Proximate composition analysis
Proximate composition analysis was outsourced to the commercial laboratory, Bureau Veritas FEAC Co., Ltd. The fillets were sent

on the second day postmortem, and each component was quantified on the third day postmortem. Moisture content was quantified
using the weight loss on drying method by drying the samples at 105 °C for 5 h. The crude protein content was determined using the
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nitrogen combustion method. The crude lipid content was analyzed using the Soxhlet diethyl ether solvent extraction method. The
crude ash content was quantified after combustion at 600 °C for 16 h in an electric muffle furnace. The carbohydrate content was
calculated as the difference between 100 and the sum of moisture, crude protein, crude lipids, and crude ash contents. The results were
expressed in grams per 100 g wet weight of raw fillets.

2.3. Measurement of drip loss and pH

The drip loss (DL) was determined for each portion of dorsal muscle (40 g) cut from the fillets. Each muscle sample was dabbed with
cooking paper to remove excess water, and its initial weight (W;) was recorded at 9 h postmortem. Thereafter, weighing was conducted
at 24 h intervals (Wg) until the fourth day postmortem. The DL at each time point was calculated as follows: DL (%) = [(W; — Wg)/W;] x
100 %.

Concurrently with the weight measurements, pH was also determined using the same samples. The intracellular muscle pH was
measured by inserting a glass electrode attached to a hand-held pH meter Testo 206-pH2 (Testo, Lenzkirch, Germany), into the
samples. The electrode was inserted at two different sites per sample for duplicate measurements.

2.4. Quantification of lactic acid

A portion of the fillet (1 g) was collected from each dorsal muscle at 9 h postmortem, and stored in a 2 mL microtube at —80 °C until
time of analysis. The same treatments were followed at 24 h intervals until the fourth day postmortem. The frozen fish samples were
thawed at approximately 20 °C and homogenized in 5 mL of 10 % perchloric acid. The homogenate was centrifuged at 15,000xg for 10
min at 4 °C. The supernatant was neutralized with 1 N KOH on ice and centrifuged at 15,000 xg for 10 min at 4 °C. The concentration of
lactic acid in the supernatant was determined using a commercially available kit ENZYTEC Liquid L-lactic acid (J. K. International,
Tokyo, Japan). The Enzytec™ Multi-acid standard low (J. K. International, Tokyo, Japan) was used to calibrate the apparatus. All the
samples were diluted until the optimal concentration was reached by direct comparison with the calibration curve.

2.5. Analysis of textural properties

Five-millimeter thick slices, simulating sashimi, were cut from the dorsal muscle vertically to the orientation of muscle fibers at 18,
42, and 90 h postmortem. The breaking force and strain of the slices were assessed using a RHEONER II creep meter RE2-33005B
equipped with a 20 N load cell (Yamaden, Tokyo, Japan). A cylindrical plunger (8 mm in diameter) simulating a molar tooth was
inserted into the slices parallel to the orientation of the muscle fibers at a speed of 1 mm/s. The breaking force (N) of the slices was
represented as the maximum load value (N) at the point at which the slices were broken by the plunger. The breaking strain (mm) of
each slice was defined as the penetration distance (mm) from the slice contact point to the breaking point. Three slices per fish were
used to calculate the average values.

2.6. Measurement of collagen content

A portion (1 g) was obtained from each dorsal muscle at 18, 42, and 90 h postmortem, and stocked in a 2 mL microtube at —80 °C
until analysis was performed. Muscle samples were freeze-dried and suspended in 2 mL of 6 M HCl in a 40 mL Pierce vial with a
resealable valve (Thermo Fisher Scientific, MA, USA). The suspension was hydrolyzed by heating under vacuum at 150 °C for 1 h and
the hydrolysate was diluted to 50 mL with water. The hydroxyproline (Hyp) content in the hydrolysate was measured using an LC-20
liquid chromatographic system (Shimadzu, Kyoto, Japan) according to the method of Bidlingmeyer et al. [21]. The Hyp contents were
converted to collagen content by multiplying with the coefficient (collagen weight/Hyp weight) obtained from the amino acid
composition of collagen in red sea bream [22].

2.7. Measurement of microstructure

Histological analysis was performed according to the method of Inoué and Osatake [23], with modifications. A portion (1 g) was cut
from the dorsal muscle at 18 h postmortem, fixed in 4 % formaldehyde at approximately 20 °C for 24 h, and then stored at 4 °C until
analysis was performed. The tissues were dehydrated in ascending concentrations of ethanol and fitted into gelatine capsules, which
were then immersed in liquid nitrogen and fractured. The fractured specimens were freeze-dried in tert-butyl alcohol and mounted on
aluminum stubs under a microscope. Specimens were coated with gold using a JFC-1100E sputtering-ion instrument (Nihon Denshi,
Tokyo, Japan). The muscle microstructures were visualized using an MT-3030 scanning electron microscope (SEM) at an accelerating
voltage of 15 kV (Hitachi, Tokyo, Japan). The number and area of muscle fibers were quantified using ImageJ digital image analysis
software.

2.8. Statistical analysis
Before proceeding with the analysis, the assumption of normality of the data was confirmed using the Shapiro-Wilk test. The FL,

BW, nutritional compositions including lipid and carbohydrate contents, and muscle fiber area were analyzed using Student’s t-test.
Condition factors and nutritional compositions, including moisture, protein, and ash contents, were analyzed using Welch’s t-test. The
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drip volume, pH, lactic acid content, breaking force, breaking strain, and collagen content were analyzed using the two-way ANOVA,
followed by Sidak’s multiple comparison test. The distribution of muscle fiber area was analyzed using the y? Pearson test. P values less
than 0.05 were considered to indicate statistical significance. P values less than 0.1 were assumed to indicate a trend. Results are
presented as means =+ standard deviation (SD). Statistical analyses were performed using the GraphPad Prism 10 (GraphPad Software,
CA, USA) and R software (http://www.r-project.org).

3. Results
3.1. Body size evaluation

The results of the body size evaluation are shown in Table 1. The FL of the HM group (35.8 + 1.5 cm) was significantly shorter than
that of the WT group (44.9 £ 0.9 cm). In contrast, there was no difference in the BW between the two groups (HM: 1.5 £+ 0.3 kg and
WT: 1.6 + 0.1 kg). The condition factor, which is an index of the BW-FL relationship in fish, of the HM fish (40.1 + 3.6) was
significantly higher than that of the WT fish (21.4 + 0.5).

3.2. Proximate composition analysis of the fillets

Proximate composition analysis of the fillets was performed to assess the basic nutritional properties of the fish. As shown in
Table 2, the moisture and protein contents of HM fillets (73.3 + 0.2 and 22.6 + 0.2 g/100 g, respectively) were higher than those of WT
fillets (72.0 +£ 1.1 and 21.3 £ 0.5 /100 g). The lipid content was significantly lower in HM fillets (2.1 & 0.3 g/100 g) than in WT fillets
(5.0 £ 0.7 g/100 g). The ash and carbohydrate contents of the HM group (1.7 + 0.1 and 0.2 £+ 0.1 g/100 g, respectively) were
comparable to those of the WT group (1.6 £+ 0.1 and 0.2 £+ 0.2 g/100 g).

3.3. Changes in drippings, pH, and lactic acid content of the fillets during refrigeration

To investigate the properties of HM fillets, we evaluated temporal changes in the amount of drippings during storage (Fig. 1a). The
drip volume of the HM and WT groups gradually increased in a time-dependent manner. The difference in the drip volume between the
HM and WT groups was small at the beginning of storage and then increased with time. The drip volume of the HM group (4.3 + 0.9 %)
was significantly lower than that of the WT group (5.9 £ 0.9 %) at the fourth day postmortem. The drip volume was significantly
affected by genotype in the two-way ANOVA (P = 0.000837). As shown in Fig. 1b, the pH of both the HM and WT groups gradually
decreased over time. The pH values of the HM group were significantly higher than those of the WT group during the first four days
postmortem. The pH value was significantly affected by genotype in the two-way ANOVA (P = 0.000292). To investigate the factors
responsible for the inhibition of the pH decrease in HM fillets, we measured the lactic acid content of the fillets (Fig. 1¢). The amount of
lactic acid in the HM group was significantly lower than that in the WT group at the first and fourth day postmortem. The lactic acid
content was significantly affected by genotype in the two-way ANOVA (P = 0.00000644).

3.4. Changes in textural properties of the fillets during refrigeration

The breaking force and strain of the fillet were measured to evaluate the physical properties of the fillets. The breaking force of the
HM group tended to be lower than that of the WT group throughout the measurement period (Fig. 2a). HM fillets exhibited a
significantly lower breaking force (1.6 £+ 0.1 N) than WT fillets (2.2 £ 0.3 N) at the first day postmortem. The breaking force was
significantly affected by genotype in the two-way ANOVA (P = 0.000949). In contrast, the breaking strain of the HM group was
comparable to that of the WT group at every sampling point, and no significant differences or trends were observed between the two
groups (Fig. 2b). To explore the factors that caused the difference in the breaking force between the two groups, the amount of collagen
was calculated by quantifying Hyp in the muscle hydrolysate (Fig. 3). The collagen content in the HM group tended to be lower than
that in the WT group. The collagen content was significantly affected by genotype in the two-way ANOVA (P = 0.000539).

3.5. Changes in the microstructure of the fillets

To examine microstructural alterations in the fillets, we observed the muscle fibers of the HM and WT groups using SEM (Fig. 4a).

Table 1
Body size evaluation of the wild type (WT) and the homozygous mstn mutants (HM).
WT HM
Fork length (cm) 42.5 + 0.9 33.8 + 1.5°
Body weight (kg) 1.6 + 0.1 1.5 + 0.3
Condition factor 21.4 + 0.5 40.1 + 3.6"

Means + SD (n = 5).
Condition factor = Body weight (g)/Fork length3 (cm) x 1000.
@ Significant difference between WT and HM (P < 0.05).
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Table 2
Proximate composition of the fillets of the wild type (WT) and the homozygous mstn mutants (HM).
WT HM

Moisture 72.0 + 1.1 73.3 + 0.2"
Protein 21.3 + 0.5 22.6 + 0.2°
Lipid 5.0 + 0.7 2.1 + 0.3"
Ash 1.6 + 0.1 1.7 + 0.1
Carbohydrate 0.2 + 0.2 0.2 + 0.1

Means + SD (n = 5).
@ Significant difference between WT and HM (P < 0.05).
b Significant tendency between WT and HM (P < 0.1).
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Fig. 1. Biochemical analysis of skeletal muscle in mstn-deficient red sea bream. (a) Drip loss (DL), (b) pH, and (c) lactic acid content in fish fillets
stored in refrigeration. The first measurement was conducted at 9 h postmortem, followed by periodic evaluations every 24 h until the fourth day
postmortem. The group of wild type and homozygous mstn mutants are designated as “WT” and “HM”, respectively. The genotype has a significant
impact on the DL, pH, and lactic acid content according to the two-way ANOVA test (P = 0.000837, 0.000292, and 0.00000644, respectively). The
asterisks indicate that the values are significantly different by Sidak’s test, *: P < 0 0.05. The daggers indicate that the values tend to be different by
Sidak’s test, {: P < 0.1. Data are presented as the mean + SD (n = 5). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. Evaluation of physical properties in mstn-deficient red sea bream. (a, b) Breaking force and strain of red sea bream muscle. A total of three
measurements were performed at 18, 42, and 90 h postmortem, which are labeled “Day 0”, “Day 1, and “Day 3”, respectively. The group of wild
type and homozygous mstn mutants are designated as “WT” and “HM”, respectively. The genotype has a significant impact on the breaking force,
according to the two-way ANOVA test (P = 0.000949). The asterisks indicate that the values are significantly different by Sidak’s test, *: P < 0.05.
Daggers indicate that the values tend to be different compared to those of WT by Sidak’s test, {: P < 0.1. Data are presented as the mean + SD (n =
5). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Quantification of collagen content in mstn-deficient red sea bream. A total of three measurements were performed at 18, 42, and 90 h
postmortem, which are labeled “Day 07, “Day 17, and “Day 3”, respectively. The group of wild type and homozygous mstn mutants are designated as
“WT” and “HM”, respectively. The genotype has a significant impact on the collagen content, according to the two-way ANOVA test (P = 0.000539).
The daggers indicate that the values tend to be different by Sidak’s test, {: P < 0.1. Data are presented as the mean + SD (n = 5). (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version of this article.)

The average cross-sectional areas of myofibers in HM fillets (440.8 + 59.8 pm?) was significantly higher than in WT fillets (248.5 +
33.8 pm?). The myofiber distribution in HM fillets was significantly right-shifted compared to that in WT fillets, confirming that the
myofibers of HM fillets were larger than those of WT fillets (Fig. 4b).
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Fig. 4. Histological evaluation of muscle fibers in mstn-deficient red sea bream. (a) Representative images of cross-sectional areas of dorsal muscle
at 18 h postmortem. The group of wild type and homozygous mstn mutants are designated as “WT” and “HM”, respectively. Scale bar: 100 pm. (b)
Myofiber distribution of skeletal muscle. A minimum of 1,000 myofibers were measured per fish (n = 5). The myofiber distribution of the HM fillets
was significantly right-shifted compared to that of the WT fillets by ¥ Pearson test (P < 0.05). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

4. Discussion

Compared to the WT group, the HM group had a significantly shorter FL, comparable BW, and significantly higher conditioning
factor. These results are consistent with those of our previous study on adult fish at 559 days of age, showing an increase in skeletal
muscle mass in the HM group [16]. Thus, the individuals randomly selected from the breeding population were used as typical ex-
amples of HMs or WTs for the fillet quality evaluation.

Our proximate composition analysis revealed the contents of various components in HM and WT fillets. The moisture content of HM
fillets was higher than that of WT fillets, and the protein content of HM fillets was significantly higher than that of WT fillets. This is
similar to our previous proximate composition analysis results for juveniles (ca. 10 cm) [17]. We speculate that these results are due to
the disruption of the mstn gene, which promotes the growth and hypertrophy of muscle tissue. Our research group previously
confirmed a 17 % increase in skeletal muscle volume in HM fish using computed tomography [16]. In the current study, we histo-
logically demonstrated the hypertrophy of HM myofibers through SEM observations. We assume that the increase in skeletal muscle
volume and hypertrophy led to an increase in the moisture and protein contents because muscle is rich in both components [24].
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A comparison of the lipid content between the genotypes showed a significant decrease in HM fillets compared to WT fillets, which
is similar to a previous study on juveniles [17]. Furthermore, it has been demonstrated that the mstn mutations caused a decreased lipid
mass in mammals such as mice, cattle, and sheep [25,26]. In contrast, gene disruption or knockdown of mstn induced an increase in
lipid content of skeletal muscle in some fish species, such as zebrafish (Danio rerio), loach (Misgurnus anguillicaudatus), and Nile tilapia
[27-29]. MSTN plays two distinct roles: promoting adipogenesis [30] and inhibiting adipogenesis [31], however, its specific function
in adipogenesis is currently controversial. Considering the fact that the disruption of mstn in red sea bream reduces the amount of
lipids, this gene may play a role in promoting lipid synthesis, but the exact mechanism is unclear. Further studies are required to
understand the detailed roles of mstn in lipid metabolism in red sea bream and other species.

The lipid content of adult fish was considerably lower than that of juveniles, regardless of the genotype. Indeed, the lipid content of
adult fish used in this study (HM: 2.1 + 0.3 g/100 g and WT: 5.0 £ 0.7 g/100 g) was markedly lower than that of juveniles used in our
previous study (HM: 11.6 & 0.4 g/100 g and WT: 12.1 + 0.3 g/100 g) [17]. The amount of lipids in fish generally varies depending on
various factors such as tissue type, age, feed, and water temperature [32]. The difference in lipid content between the present study and
our previous study [17] is presumably due to the difference in whether the viscera was used in the measurements. It has been reported
that the whole viscera or hepatopancreas of red sea bream contain several to dozens of times more lipid than skeletal muscle [33]. In
our previous study using juveniles [17], the entire body, including the viscera, was used for the proximate composition analysis.
However, in the current study, only the fillets were subjected to the analysis as the aim was to assess their quality-related properties.
Thus, we presume that the use of fillets without the viscera resulted in a low lipid content.

The ash content of the HM group did not differ from that of the WT group. In contrast, we previously showed that the ash content of
HM juveniles was lower than that of WT juveniles [17]. A possible explanation for this discrepancy is whether an ash-rich bone was
used in the proximate composition analysis [34]. Although the exact reason remains unknown, the ratio of the vertebral body to the
whole body is smaller in the HM fish than in the WT fish [16]. The smaller vertebrae of HM fish may have resulted in their lower ash
content than in WT fish because the whole body, including the vertebral body, was used for the proximate composition analysis in our
previous study [17]. In contrast, in the current study, we used only fillets that did not contain the vertebral body. Thus, the lack of a
difference in the ash content between the HM and WT groups may be because the smaller vertebrae of HM was not reflected in the
quantitative results.

The carbohydrate content was comparable between the HM and WT fillets. Carbohydrates are originally a minor component of fish
fillet, compared to water and protein [32]. Our results confirmed that the mstn mutation had no significant effect on the carbohydrate
content.

The HM group also exhibited other interesting fillet quality-related properties. The drip volumes of HM fillets were reduced
compared to those of WT fillets. Combined with the moisture content results, HM fillets had a higher water retention capacity than WT
fillets. We speculate that the reason for the high water-holding capacity of HM fillets is the suppression of the postmortem pH decrease.
Fish maintain a muscular pH of approximately 7.0 when alive, but the pH steadily declines over time after death [35]. As the pH level
approaches the isoelectric point of the myofibrillar protein (approximately 5.0), the protein structure shrinks or is partially denatured,
resulting in the loss of water from the fillet [36]. In this study, we found that the pH of HM fillets was higher than that of WT fillets at
each sampling point. Thus, the suppression of a decrease in pH may alleviate the postmortem shrinkage of HM fillet, thus reducing the
amount of dripping during storage. The suppression of the postmortem pH decrease in HM may be associated with reduced lactate
levels. The postmortem decrease in pH in muscles is usually caused by the formation and accumulation of lactic acid derived from the
anaerobic glycolytic system [36]. The lactic acid content in skeletal muscle in HM fillets was lower than that in WT fillets. Thus, the
reduced amount of lactic acid in HM fillets may have been a factor in the suppressed postmortem pH decrease. The exact reason for the
decrease in lactic acid content is unknown, but mstn mutations may alter the expression levels of lactic acid metabolism-related genes.
We plan to investigate the mechanism of lactic acid reduction in HM fillets by quantifying the metabolites and enzyme activities
involved in anaerobic glycolysis in future studies.

The properties of HM fillets with high water retention are worth noting because of their potential economic value. Meat producers
and processors consider meat lacking water retention undesirable for three reasons [36]. First, because the price of meat is determined
by its weight, loss of water during storage and cooking results in economic losses. Second, the dripping that leaks around raw meat is
unpleasant for retail and grocery store consumers. Third, the loss of water content is associated with the loss of desirable sensory
properties, such as tenderness and juiciness. Thus, HM fillet with high water retention capacity may contribute to solving these issues.

We evaluated the physical properties of HM fillet by measuring its breaking force and strain, which are indicators of food hardness
and elasticity. The breaking strain of HM fillets was comparable to that of WT fillets, but the breaking force of HM fillets was lower than
that of WT fillets, indicating that HM fillets have a softer texture than WT fillets. Because meat with high water retention is generally
considered to be soft in texture, the high water retention of HM fillet may reduce its breaking force [37]. Another possible reason for
the decrease in the breaking force of HM fillet is its reduced collagen content. Collagen is abundant in the connective tissue of fish
muscle and is positively correlated with fillet texture indicators such as hardness [38]. Farmed sea bass (Dicentrarchus labrax L.) have a
lower collagen content than natural individuals, resulting in lower hardness and other textural properties [39]. Thus, we speculate that
the decreasing trend in collagen content in HM fillets may be a factor contributing to its reduced breaking force. The exact reason for
the decreasing trend in collagen content in HM fillets is not clear; however, structural alterations in the myofibers may be involved.
SEM observations confirmed that the myofibers of HM fillets were markedly more enlarged than those of WT fillets. This result suggests
that myofiber hypertrophy leads to a decrease in the proportion of connective tissue per unit meat amount, resulting in collagen loss
per unit.

The texture that consumers desire in fish fillet generally varies according to their personal preferences and food culture. This study
showed that the breaking force of HM fillets, an index of hardness, may be reduced due to a decreasing trend in collagen content. In



Y. Murakami et al. Heliyon 10 (2024) e32242

contrast, it has been reported that collagen synthesis in the skeletal muscle of red sea bream tends to be promoted by feeding diets
containing catechin, a type of polyphenol [40]. Faba bean feeding also increases collagen content and enhances textural parameters
such as hardness and springiness in grass carp (Ctenopharyngodon idellus) muscles [41]. Thus, the application of these feeding methods
to HM fish may induce an increase in collagen content and tune the fillet texture according to individual consumer needs. Whether
existing texture control techniques are effective for HM fish will be of scientific interest in the future.

The collagen content of HM fillets tended to be lower than that of WT fillets, but the difference was not conclusive. This suggests
that the reduction in breaking force of HM fillets may be due to a combination of factors. In general, the reduction in breaking force of
fish fillets during storage is not only caused by collagen collapse, but also by structural changes in their myofibrils [42]. Considering
that the collagen content of HM fillets was not notable reduced compared to that of WT fillets, the disruption of mstn may also affect the
myofibrillar structure. It has been reported that the collapse of the Z-line of myofibrils is responsible for fillet softening [43,44]. Thus, a
detailed examination of the constituent proteins of the Z-line, or the activity of the relevant proteases, may further clarify the factors
responsible for the reduction in breaking force of HM fillets.

In summary, we demonstrated that the disruption of mstn in red sea bream alters the compositional and textural aspects of fillet
quality. To further characterize the food properties of HM fillets, we will focus on the heating-induced changes in weight, nutritional
and flavor components, and sensory properties in future studies. An interesting prospect for research on mstn-deficient fish is com-
parisons between fish species. The disruption of mstn function has already been demonstrated in several fish species, and given the
rapid progress and versatility of genome editing technology, will be extended to many other species [4,5]. Therefore, comprehensive
studies of the fillet quality of mstn mutants across fish species are required. Because the fillet quality of mstn mutant fish has not yet
been extensively studied, our findings may serve as a basis for such comparisons.

5. Conclusions

In the present study, we used the homozygous mstn mutants (HM) of red sea bream to assess the fillet quality of fillets over time
during refrigeration. Proximate component analysis showed that HM fillets had a high moisture content. Furthermore, the amount of
drippings leaking from HM fillets was reduced. These results suggest that the postmortem skeletal muscles of HM fish display a high
water-holding capacity. The enhanced water retention of HM fillets was attributed to the slow decrease in pH during storage caused by
a decrease in lactic acid content. In addition, the breaking force of HM fillets was reduced, suggesting a softening of their texture. The
variation in textural properties was explained by the increased water retention and decreasing trend in collagen content in HM fillets.
Electron microscopy indicated that the myofiber hypertrophy decreased the ratio of collagen in the total muscle tissue. In conclusion,
we demonstrated the potential of HM fillets as a viable new fishery product owing to their high water retention and altered texture. Our
insights into the alteration of the food properties of HM fillets may contribute to a comprehensive understanding of the fillet quality of
mstn mutants, including other fish species.
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