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Introduction: The production of the large yellow croaker has seasonal and

regional characteristics, which is typically preserved on ice, possibly leading

to its deterioration in a short time. Therefore, in this study, we focused on the

effect of temperature fluctuation on the quality changes of the large yellow

croaker during frozen storage.

Methods: In this experiment, the large yellow croaker was soaked in a low-salt

solution, and physical and chemical properties, water-holding capacity, color,

and protein characteristics of the muscle were investigated after repeated

freeze–thaw (F–T) cycles and frozen storage.

Results and discussion: The results show the deterioration of muscle quality

of large yellow croaker after low-salt treatment was lower than that of the salt-

free soaking group. The salting treatment significantly (P < 0.05) enhanced

the yield of large yellow croaker, which was 24.3% greater than the salt-

free soaking group after 6 weeks of frozen storage. The microstructure

of the salted muscle was more stable and maintained its cellular structure

after F–T cycles and frozen storage. The b∗ value of the salt-free soaking

group increased from b∗ value of the low-salt soaking group decreased from

acceptable range. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) analysis indicates the content of 17 kDa peptide decreased in the

low-salt soaking group, and the peptides at 21 and 24 kDa increased during

frozen storage. The results of the present study provide guidance for the

optimal processing, transport, and storage of large yellow croaker, but the

effect of salting on lipid oxidation and protein oxidation requires further study.
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1. Introduction

According to the Food and Agriculture Organization of
the United Nations (FAO), the annual production of artificially
farmed large yellow croaker (Larimichthys crocea) (LYC)
reached 254,000 tons in 2020 (1). Currently, the primary
preservation model is ice temperature storage; however, storage
is limited to a maximum of 8 days, due to the high protein
and fat content (2). Freezing technology extends the shelf
life of LYC by inhibiting microbial and enzymatic activity.
Aquatic products have regional and seasonal characteristics,
and frozen storage can effectively extend the shelf-life of
aquatic products, thus providing convenience for consumers
anytime and anywhere. However, the deterioration of muscle
during frozen storage leads to decreases in water holding
capacity and increases the thawing loss. As a result, a decrease
in product quality is observed (3). In addition, cold chain
logistics during transportation are not able to link to every
single section, resulting in large fluctuations in the temperature
of frozen food. Therefore, repeated F–T cycles occur, which
also leads to a decrease in product quality (4, 5). Repeated
F–T cycles result in increased accumulation of ice crystals
in food, and recrystallization exacerbates mechanical damage
to muscle tissue (6). Repeated F–T cycles affect the protein
integrity and increase the rate of thawing loss (7). F–T
cycles have become a focal point in the transportation of
aquatic products.

Salting, as a traditional method to preserve food, can
inhibit the growth of microorganisms and active enzymes
(8). However, high salt intake leads to cardiovascular and
cerebrovascular diseases (9). In recent years, an increasing
number of researchers have focused on low-salted foods, which
have an extended shelf life, as well as provided unique flavor,
texture, and color of food (10). Low-salt shrimp paste showed
an umami taste similar to raw shrimp in the study of Yu
et al. (11). The low-salt treatment enhanced the water-holding
capacity of tuna muscle after repeated F–T cycles in the study
of Jiang et al. (12). Salt preservation is commonly used for
livestock meat, but salting is rarely used to preserve aquatic
products. To explore the application of low-salt preservation
for aquatic products, the changes in the quality of LYC,
treated with low salt, were investigated during F–T cycles
and frozen storage.

2. Materials and methods

2.1. Sample preparation

Fresh LYC was purchased from the Zhoushan Aquatic
market. The samples with uniform size (Weight of
554.8 ± 21.2 g and length of 24.3 ± 2.1 cm) were selected,
packed in a polyethylene foam box, and brought back to

the laboratory within 30 min under chilled conditions. The
fresh Large yellow croaker was separated into the back and
abdominal muscle after removing viscera, head, bones, and skin
at 4 ± 0.5◦C. The muscle was washed in cold deionized water,
and the surface moisture was removed with a paper towel. The
back muscle was cut into fillet with length of 60 mm before
salting. The low-salt soaking (LSS) group was soaked in a 5%
sodium chloride solution and stirred continuously. The salt-free
soaking (SFS) group was soaked in deionized water. The ratio
of material to liquid was 1:4 (w/v), and the salting temperature
was controlled at 2–8◦C. The fillets were taken out after 4 h. The
surface moisture was removed, and the muscle was vacuum-
packed using nylon and polyethylene bags. The vacuum-packed
fish fillets were frozen at –18 in the refrigerator and subjected to
0, 2, and 4 F–T cycles (each cycle was performed at –18◦C for
24 h, followed by 4◦C for 12 h). Then, the samples were frozen at
–18◦C for 6 weeks. The histology, quality, and physicochemical
properties were measured every two weeks.

2.2. Yield, water content, thawing loss,
centrifuging loss

Thawing losses and centrifugal losses (1,760 × g for
10 min at 4◦C) were determined according to the method
of Du et al. (7). The yield was determined according to
the method of Jiang et al. (13), and water content was
determined via the AOAC method (14) to express the change
in the quality of the LYC. The following equations were
used to calculate the yield, thawing loss, and centrifuging
loss.

Yield =
W2

W0
× 100% (1)

Thawing loss =
W2−W1

W2
× 100% (2)

Centrifuging loss =
W3−W2

W2
× 100% (3)

Where W0, W1, W2, and W3 were the masses of LYC
samples before salting, after salting, after thawing, and after
centrifugation, respectively.

2.3. Textural profile analysis

Textural profile analysis (TPA) (iTexture, Zhejiang Zheke
Instrument Equipment Co., Ltd., Hangzhou, China) of muscle
was determined by a texture analyzer according to the method
of Jiranuntakul et al. (15), with slight modifications. Briefly, the
muscle was cut into 20 mm × 20 mm × 10 mm sections, and
then a P50 probe was used with a 30% type variable, with a
detection speed of 5 mm/s, a starting minimum force of 0.6 N,
and a return distance of 20 mm. Hardness (N), cohesiveness,
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springiness, and chewiness were obtained as the average of five
repeated measurements (3).

2.4. Thiobarbituric acid reactive
substances

Thiobarbituric acid reactive substances (TBARS) were
measured according to the method of GB-5009.181 (16).
Precisely, 10 g of minced muscle was added to 50 mL of 7.5%
trichloroacetic acid (containing 0.1% EDTA) and shaken for
30 min at 50◦C. After cooling to room temperature 5 ml of the
filtrate was collected after filtration through a double layer of
filter paper, and 5 ml of 0.02 mol/L 2-thiobarbituric acid solution
was added. The mixture was reacted in a water bath at 90◦C for
30 min and then cooled to room temperature. The absorbance
was recorded at 532 nm. A standard curve was prepared using
1,1,3,3-tetraethoxypropane. The malondialdehyde content was
expressed as (mg MDA/kg).

2.5. Total volatile basic nitrogen

Total volatile basic nitrogen (TVB-N) was measured
according to the method of GB-4789.2 (17). Subsequently, 10 g
of the sample was weighed and chopped. Further, 75 ml of
distilled water was added to the sample and extracted for 30 min.
Then, 1 g of MgO was added, and the sample was immediately
loaded onto the semi-automatic Kjeldahl nitrogen analyzer
(Kjeltec 8400; Foss, Denmark). The total volatile basic nitrogen
was determined by distillation. The distillate was collected in a
flask containing 2% aqueous boric acid solution and a mixing
indicator (methyl red and bromocresol green ethanol solution).
Finally, the boric acid solution was titrated with 0.1 mol of
hydrochloric acid.

2.6. Color

After thawing, the color was measured by a colorimeter
(CS-210, Hangzhou Chnspec Technology Co., Ltd., Hangzhou,
China). The luminance (L∗), redness (a∗), and yellowness (b∗)
of the muscle were recorded.

2.7. Observation of tissue
microstructure

The muscle was embedded in a 70% ethanol solution for
fixation. The fixed samples were dehydrated, embedded in
paraffin, stained with hematoxylin and eosin for 5 min each, and
cut into 5 mm slices. The paraffin sections were mounted on a
glass slide and observed after HE staining.

2.8. SDS-PAGE patterns of protein

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis was used to determine the protein patterns
of LYC according to the method of Cao et al. (18), with
slight modifications. 3 g of minced muscle was weighed, and
27 ml of 5% SDS solution (85◦C) was added. The mixture
was homogenized for 2 min at 11,000 rpm and transferred to
a water bath at 85◦C for 1 h. The samples were centrifuged
at 12,000 ×g for 20 min (XIR centrifuge; Themo, Germany),
and 100 µl supernatant was collected and diluted 10-fold. The
supernatant was mixed 1:1 with the sample buffer, boiled for
4 min, and cooled to room temperature. Next, 15 µl sample
was loaded onto the polyacrylamide gel (12% separation gel,
5% concentrated gel). Electrophoresis of the upper concentrated
gel was performed at a constant current of 40 V, and the
constant current for the separating gel was 120 V. After staining
and decolorization at the end of electrophoresis, a gel imaging
analysis system was used for analysis.

2.9. Statistical analysis

Statistical analyses were performed using the SPSS software
package (SPSS 17, SPSS Inc., Chicago, IL, USA), and Duncan’s
test was used for significance analysis of within-group
differences, where the mean was significant at P < 0.05. Data
are expressed as the mean± standard deviation (SD).

3. Results and discussion

3.1. Yield

The yield of the product is a very important economical
factor, and the changes in the yield of different samples are
shown in Figure 1. The quality of the LYC increased after low
salting, which is also reported by Jiang et al. (19). Fish soaked
in salt solutions at concentrations below 15% gained water and
salt from the solution. When the concentration of salt increased
to 20%, the water mass of the fish muscle decreased due to
osmotic pressure (20). Studies have shown that salting increases
the yield of fish meat after repeated F–T cycles and during frozen
storage (12). The yield of SFS group significantly decreased
with increasing F–T cycles and storage periods. The SFS group
showed a significant decrease in yield at 0 w, after two and four
F–T cycles, and this was due to the increased rate of thawing
loss after freezing. The yield of the LSS group after freezing was
significantly higher than that of the SFS group, and the yield of
the LSS group was 24.3% higher than the SFS group after four
F–T cycles and 6 w of frozen storage. The increase in yield was
attributed to the increased salt and moisture in the meat. In
addition, the increase in water holding capacity had a significant
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FIGURE 1

Variation in yield of LYC during frozen storage. SFS and LSS represent the salt-free soaking group and low-salt soaking group, respectively.
Lowercase letters represent significant differences between six samples during freezing, and capital letters represent significant differences
between samples of different treatment groups during freezing (P < 0.05).

effect on yield. The myofibrillar meshwork of myogenic fibrillar
proteins could combine the water in presence of salt, therefore,
swelling of myogenic fibrillar leading to an increase of weight.

3.2. Texture

The texture is an important quality indicator of food,
and different texture parameters are shown in Figure 2. The
hardness of the SFS group was significantly (P < 0.05) higher
than that of the LSS group (Figure 2A) after 6 w of frozen
storage, which differs from the results of Szymczak (4). In this
study, after F–T cycles and frozen storage, a significant amount
of water was released from the muscle of the SFS group, leading
to a decrease in water content. Consequently, the hardness
increased. With the increase of F–T cycles, the hardness of
LSS group firstly increased and then decreased, which due to
uneven distribution of water and salt before F–T cycles, and the
decrease in hardness after multiple F–T cycles may be related to
the decomposition of myofibrillar protein. The hardness of the
LSS group showed no significant changes during frozen storage
with F–T cycles. Salting treatment significantly (P < 0.05)
enhanced the chewiness of muscle, since myogenic fibril protein
structures are solubilized in the presence of salt. After 6 weeks of
storage, the chewiness of the SFS group sample was significantly
(P < 0.05) higher than that of the LSS group sample, due to a
loss in moisture. The chewiness of the LSS group showed no
significant changes during frozen storage with F–T cycles. This

demonstrates salting could maintain the integrity of muscle,
even after freezing. The springiness of the LSS group was higher
than that of the SFS group. Moreover, it gradually increased with
increasing F–T cycles but not significantly. Similar results were
also reported by Jiang et al. (12) and might be related to the
size of the ice crystals formed during freezing. The smaller ice
crystals formed in the tissue after salting leads to less damage
to the tissue structure; therefore, the tissue maintains better
elasticity for recovery (21). The cohesiveness of the samples
in the LSS group was significantly higher than that of the
SFS group, and the SFS group showed a significant increase
(P < 0.05) in cohesiveness after 6 weeks of storage, due to the
positive effects of salting on the textural properties of meat, even
after frozen storage (19).

3.3. Changes in TBARS and TVB-N

Lipid oxidation and protein deterioration are shown in
Figure 3. Lipid oxidation is a critical biochemical reaction in
meat products, and substances produced by lipid oxidation
can be harmful, such as aldehydes (22). In this work, lipid
oxidation in the LSS group was significantly higher than in the
SFS group, and the number of F–T cycles and the storage period
duration promoted lipid oxidation in both the LSS group and
SFS group. Lipid oxidation is triggered by free radicals, and the
pro-oxidative effect of NaCl was mainly due to its ability to
disrupt the integrity of cell membranes, which transported salt
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FIGURE 2

Texture changes of LYC during frozen storage; panels (A–D) present the hardness, cohesiveness, springiness, and chewiness, respectively. SFS
and LSS represent the salt-free soaking group and low-salt soaking group, respectively. Different letters in the figure represent significant
differences between the six samples (P < 0.05).

FIGURE 3

Changes in TBARS (A) and TVB-N (B) of LYC during frozen storage. SFS and LSS represent salt-free soaking group and low-salt soaking group,
respectively. Lowercase letters represent significant differences between six samples during freezing, and capital letters represent significant
differences between samples of different treatment groups during freezing (P < 0.05).
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FIGURE 4

Changes in color of LYC during frozen storage. SFS and LSS represent the salt-free soaking group and low-salt soaking group, respectively.
Different letters in the figure present significant differences between the six samples (P < 0.05).

into the lipid matrix (21). The redox balance in the fish muscle
was disrupted, as it is ordinarily maintained by the endogenous
antioxidant system in the living animal. Subsequently, a series
of lipid oxidation chain reactions occurred during the salting
process, where the redox balance was further displaced (23).
Moreover, activated oxygen substances accumulated during
subsequent repeated F–T cycles, leading to an acceleration of
lipid oxidation (24).

Total volatile basic nitrogen is an important indicator
of meat freshness and consists mainly of dimethylamine,
trimethylamine, and ammonia substances, which are
degradation products of proteins and nitrogenous compounds
(25). Myofibrillar protein is a salt-soluble protein; therefore,

salting could promote the oxidation of the protein. In Figure 3B,
the TVB-N content in the LSS group was significantly higher
than that in the SFS group, and there is a positive correlation
between the number of F–T cycles and TVB-N accumulation.
Even though the rates of TBARS and TVB-N production in the
LSS group were faster than that in the SFS group, the meat was
considered to be in the edible range after 6 w of frozen storage.

3.4. Color

The muscle status and color parameters of the LYC after F–T
treatment and frozen storage are shown in Figure 4. Browning
occurred in the SFS group with increasing F–T cycles and
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FIGURE 5

Changes in moisture content of LYC during frozen storage. (A) Water content of SFS group; (B) water content of LSS group; (C) thawing loss;
(D) centrifuging loss. SFS and LSS represent the salt-free soaking group and low-salt soaking group, respectively. Lowercase letters represent
significant differences between six samples during freezing, and capital letters present significant differences between samples of different
treatment groups during freezing (P < 0.05).

storage time. The LSS group samples had a vivid and smooth
appearance during repeated F–T cycles and frozen storage, and
the color of the muscle after four F–T cycles and 6 w of frozen
storage showed a similar appearance to the fresh sample. In fact,
the brightness was more desirable to consumers. In the present
study, the L∗ value of the SFS group decreased with increasing
F–T cycles after frozen storage. In contrast, the muscle of the
LYC after low salting treatment maintained a bright appearance
even after 4 F–T cycles and frozen storage. The L∗ value is
considered to be associated with the water-holding capacity and
microstructure, which affect the light-scattering properties of
meat (26). During frozen storage, the a∗ value of the SFS group
was significantly (P < 0.05) higher than that of the LSS group,
which might be related to the decrease in myoglobin content
caused by protein oxidation. Although the mechanism of post-
salting meat discoloration is not clearly, this might related to
the reduced antioxidant capacity of the tissue and the effect
of salt on myoglobin stability (27). The b∗ values of the SFS
group were significantly (P < 0.05) higher than that of the

LSS group after frozen storage. White fish meat is prone to
browning if exposed to temperature fluctuations during storage,
and repeated F–T cycles significantly (P < 0.05) increased the b∗

value of the SFS group. The biochemical reactions in the tissues
are related to salting and frozen storage, in particular lipid and
protein oxidation. Freezing effectively inhibits microbial growth
and enzymatic activity to extend the shelf life, but the unfrozen
portion of the tissue still undergoes physicochemical reactions.

3.5. Moisture

The changes in the water content of different samples are
shown in Figure 5. Water holding capacity is the ability of
a food product to retain its original and additional moisture.
The SFS group samples acquired moisture after salting, and
the water content decreased significantly after F–T cycles and
frozen storage (Figure 5A). It is possible that the extracted
water formed large ice crystals after freezing, and the growth
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FIGURE 6

Structural observation of LYC. SFS and LSS represent the salt-free soaking group and low-salt soaking group, respectively. Panels (A,B) showed
the cross-section and vertical-section, respectively. The magnification of images is 10 times.

of ice crystals after repeated F–T cycles and frozen storage
caused irreversible mechanical damage to the muscle. However,
a significant (P < 0.05) decrease was observed in the water
content of the fish, due to an increase in the thawing loss rate
(28). There was no significant (P < 0.05) difference in water
content between the LSS group after two F–T cycles and four
F–T cycles. The water content of the LSS group was higher
than that of the SFS group after frozen storage, as shown
in Figures 5A, B, indicating salting could protect tissue and
cellular structure from damage and significantly (P < 0.05)
increase the water-holding capacity of muscle (13). Thawing
loss was the main factor contributing to the reduced yield, with
the SFS group showing a significantly higher thawing loss than
the LSS group (Figure 5C). This might be the result of salt
enhancing the binding between water and myofibrillar protein,
especially myofibrillar protein swelling after extracting water
(29). The high centrifuging loss of the SFS group was observed

during the initial storage period, due to the relatively low rate
of thawing and the decrease in water content, simultaneously
(Figure 5D). The increase in centrifuging loss after 2 weeks
of frozen storage was due to the irreversible damage to the
muscle fibers caused by the accumulation and enlargement of
ice crystals during frozen storage (30). Centrifuging losses in the
LSS group showed slight changes during frozen storage, even
after four F–T cycles.

3.6. Observation of tissue
microstructure

The changes in the microstructure of the LYC after F–T
cycles and frozen storage are shown in Figure 6. As observed
in the longitudinal section, which hindered the recovery of
the tissue (Figure 6A) (10). Myogenic fibers of muscle in the
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FIGURE 7

Changes in SDS-PAGE of LYC during frozen storage. 1, 2 are fresh samples of LYC, 3, 4, and 5, 6 are SDS-PAGE profiles of total protein of LSS
group and SFS group after 4 F-T cycles and 6w frozen storage, respectively.

LSS group before storage and F–T treatment became plump
and regular after taking on water and salt, and the reduction
or disappearance of intracellular cavities helped the tissue
to increase the elasticity and water retention capacity, even
after four T-F cycles (21). Myogenic fibers with inconspicuous
boundaries and amorphous structures were observed in the
SFS group after 6 weeks of frozen storage. The microstructure
further deteriorated, especially after repeated F–T cycles, due
to the enormous pressure of ice crystals. The crystals twisted
and broke myofibrils and released cellular material into the
intercellular spaces. Expanded extracellular spaces might form
channels, consequently affecting the quality of the meat and
causing a loss of nutrients after frozen storage (5). The muscle
fiber boundaries were apparent after 6 weeks of frozen storage
in the LSS group, and this might be related to the loss of
some water after frozen storage. They remained clear after
four F–T cycles, although the boundaries of muscle bundles
became less distinct (black pointed tip indicates). This was
possibly related to the degradation of coarse tissue caused
by salting. The morphology of the ice crystals is an essential
factor in determining the quality of the fish, particularly
in terms of water-holding capacity and texture. In general,
tiny ice crystals are favorably associated with a reduction in
thawing loss and damage to the structure of myogenic fibrous
proteins. The present study confirmed salting could restore
the histomorphology of meat after repeated F–T cycles and
counteract the intracellular damage (29). The change in tissue
structure in the LSS group might be due to the swelling of

the myofilament lattice and the solubilization of myogenic
fibrin, which could enhance the water-holding capacity of the
muscle.

3.7. SDS-PAGE patterns of protein

The SDS-PAGE results of LYC samples treated with a low
salt solution are shown in Figure 7. Bands around 220 kDa
were found in lanes 1, 2, 3, 4, 5, and 6, which were attributed
to the heavy chains of myosin (31). Protein degradation,
fragmentation, and aggregation during repeated F–T cycles and
frozen storage might be caused by the high activity of histone
proteases (32). A reduction in 97 kDa protein was found in the
SFS group samples, compared to LSS group samples. A water-
soluble protein with a molecular weight of 97 kDa, tentatively
designated as glycogen phosphorylase, was observed in the SFS
group (12). This result suggested that freezing may affect meat
quality by influencing the enzymes involved in biochemical
muscle reactions. In addition. Peptides at 32 kDa decreased, and
the peptides at 48 and 64 kDa increased in the LSS group after
frozen storage. Which suggests protein exhibited aggregation
due to salting. Thus, changes in protein structure occurred
during frozen storage in the LSS group and SFS group samples.
The molecular weight protein segments around of 45 kDa were
tentatively identified as myosin (12). The instability of actin
and myogenic fibrils in meat might be attributed to different
protein concentrations and salt condensation effects during
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freezing. Salting could alter the extraction and/or solubilization
of myofibrillar proteins, as well as influence meat product
quality and storage stability. Therefore, the quality and storage
stability of the final product after further processing might be
related to the protein characteristics after salting.

4. Conclusion

In this work, the effects of low salting on the quality changes
to LYC meat during repeated F–T cycles and frozen storage
were investigated. The microstructure of the LSS group was
more stable than that of the SFS group. In addition, the water-
holding capacity of the LSS group was significantly improved.
The results provided a theoretical basis and applicable reference
for the optimization of the transportation, processing, and
storage conditions of aquatic products. A limitation of the
salting treatment was its tendency to promote lipid and protein
oxidation during repeated F–T cycles. Therefore, future research
should focus on the lipid and protein oxidation of meat products
during transportation after salting.
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