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A B S T R A C T   

Chemical- and liquid chromatography coupled with mass spectrometry (LC–MS) based proteomics strategies 
were executed to investigate the alterations of protein profiles in pike eel (Muraenesox cinereus) muscle during 
chilling (CPE) and frozen (FPE) storage. Chemical results indicated that springiness and myofibrillar protein 
(MP) content of muscle tissues decreased significantly during 6 days of chilled and 120 days of frozen storage. 
LC–MS-based proteomics analysis suggested that great alterations occurred in muscle proteins mainly induced by 
cold stress. The differentially abundant proteins (DAPs) with low abundances in CPE and FPE samples included 
the annexins, fibronectin, ribosomal proteins, T-complex proteins, tubulin beta chain, and histones, which were 
mostly associated with the membrane structural constituents, cytoskeleton, and binding functional proteins. 
Results of eukaryotic cluster of orthologous group (KOG) verified that these identified DAPs were mainly 
converged in the cytoskeleton function resulting from cold conditions, which in turn affected the physical 
structure and chemical performances of muscle tissues.   

Introduction 

Pike eel (Muraenesox cinereus) as one of the main valuable marine 
resources is widely distributed in the coastal areas of China, Japan, and 
South Korea as well as in the Arafura Sea and north Australia. Pike eel 
products have grown increasingly popular around the world because of 
the high nutritional benefits of their polyunsaturated fatty acids 
(PUFAs), proteins/peptides, mineral elements, essential amino acids, 
and other useful substances (Bi et al., 2018). They are commonly pro-
cessed in large quantities into refrigerated, roasted, pickled, or semi- 
dried muscle products before being transported, exported, and 
consumed. Previous studies on the abundant nutritional compounds in 
fresh eel muscle, the drying process and its kinetics, quality changes 
during different drying processes, and roast cooking process have been 
conducted (Li et al., 2017; Bi et al., 2018). However, according to the 
literatures, no detailed investigations on the protein denaturation and 
the alterations of pike eel muscle tissues under cold stress or other 
conditions have been conducted in depth. 

Fresh pike eel is very susceptible and tends toward undesirable 
deterioration after being captured, mainly due to its high unsaturated 

fatty acid content and abundant endogenous enzymes in its muscle tis-
sues (Xie et al., 2020). Refrigerated and subsequent frozen storage as 
preferred processing methods can effectively retard biochemical varia-
tions and inhibit bacterial growth in the muscle tissues; however, 
denaturation and oxidation of the muscle proteins still occur in frozen 
tissues, especially during long-term storage, which lead to the deterio-
ration of fish quality (i.e., off-flavors, texture degradation, drip loss, 
discoloration, and even rancidity of muscle products). More impor-
tantly, the development of protein denaturation/oxidation is rather 
complex, especially concerning numerous intermediates generated with 
different molecular weights, subunits, structures, and spatial confor-
mations. Therefore, it is difficult to illustrate the denaturation processes 
and specific alterations of the target proteins, especially on the molec-
ular level, occurring in the muscle tissues according to traditional 
physical and chemical procedures. Additionally, the current findings on 
the stability and functional properties of muscle proteins in the pike eel 
during cold storage have been inconclusive. 

Proteomics is a very powerful strategy for describing thousands of 
protein profiles and their correlations, compositions, and functions 
within organisms while also identifying specific protein species that 
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differ in the number of amino acids and peptide lengths (Picard & 
Gagaoua, 2020). Liquid chromatography coupled with mass spectrom-
etry (LC–MS)-based proteomics studies have been comprehensively 
performed to investigate the changes in protein metabolism and its 
compositions to distinguish species, illuminate functions, and identify 
protein biomarkers in organisms (Zhou et al., 2021). Label-free prote-
omics strategy is a reliable, versatile, and cost-effective approach, which 
is performed to compare relative abundances of proteins across multiple 
LC–MS experiments without utilizing isotopic tags or stable isotope. It is 
directly based on the observation that the amount of protein correlates 
well with spectral counts or peak intensities of peptides unique to a 
specific protein. Previous proteomics studies have explored protein 
compositions to distinguish jumbo squid (Dosidicus gigas) from neon 
flying squid (Ommastrephes bartramii) (Shui et al., 2021), identify bio-
markers in Alaska pollock, Atlantic cod, and Greenland halibut (Chien 
et al., 2021), and detect fish species in mixed samples (Varunjikar et al., 
2022). 

Although these reports contributed toward understanding the simi-
larities and differences of the target proteins, the detailed associations 
between protein profiles and the denaturation occurring in muscle tis-
sues still require further investigation. The present study was carried out 
to investigate in detail the effect of cold storage on the protein changes 
occurring in pike eel (M. cinereus) muscle by using chemical and pro-
teomics analyses. This study provides a underlying database for the 
muscle protein compositions and alterations affected by cold stress and 
also provide fundamental basis for the denaturation mechanisms of 
muscle proteins in pike eel during cold storage. 

Materials and methods 

Chemical reagents 

A bicinchoninic acid (BCA) protein assay kit and a protease inhibitor 
cocktail were obtained from Beijing Bio-Fly Biotech Co., Ltd. (Beijing, 
China). Carbamide, NH4HCO3, formic acid, acetonitrile, and urea, were 
supplied by Sigma-Aldrich Trade Co., Ltd. (Shanghai, China). Trypsin 
was purchased from Promega Biotech Co., Ltd. (Beijing, China). Tris 
(hydroxymethyl)aminomethane, dithiothreitol, and iodoacetamide 
were supplied by Gen-View Scientific Inc. (Beijing, China). 

Fish samples and treatments 

Fresh pike eel (M. cinereus) with a weight of 1.35 ± 0.16 kg and a 
body length of 68 ± 8 cm was commercially purchased from a local fish 
market in Zhoushan (Zhejiang, China; harvested in August 2021). The 
obtained fish samples (10 specimens; K-values were determined as 
1.8–3.2%) were packaged in flake ice in a cooler (0–4 ◦C, at atmospheric 
pressure) and immediately transported to our lab in Zhejiang Ocean 
University within 30 min. Upon arrival, the fish were removed from the 
cooler and quickly washed with distilled water (0–4 ◦C). Next, the 
samples were manually prepared by removing the viscus, fins, and the 
head, but the samples were not deboned. Afterward, the processed 
samples were cut into sections 6 cm in length. The resulting fish pieces 
were placed onto plastic trays and packaged in polyethylene bags. 
Finally, the packaged samples were separately maintained at 0 ◦C for 6 
days and at − 18 ◦C for 120 days (according to the previous experiment). 
At different periods, the fish samples were collected, thawed at 0–4 ◦C 
for 3 h, and then analyzed. 

Texture profile and myofibrillar protein (MP) content analysis 

The springiness of the fish muscle was determined using a TMS-Pro 
texture analyzer (VA, USA) according to the procedures previously re-
ported by Ying et al. (2021). MPs extracted from pike eel were prepared, 
and their content was measured using the method described by Shui 
et al. (2021). 

Label-free proteomics analysis 

Label-free based proteomics analyses of fresh pike eel (0 days; PE), 
chilled pike eel (4 days, as a representative; CPE), and frozen pike eel 
(120 days, as a representative; FPE) were carried out to evaluate the 
effects of cold storage on the alterations of proteins in pike eel muscle. 
Three pike eel samples (mashed muscle; 4 ◦C) from each group were 
pooled together, and three replicates were collected from these pooled 
samples as the technical replicates in this experiment. 

Protein extraction and digestion 
Briefly, the fish muscle (100 mg) was homogenized in liquid nitrogen 

and then mixed with four volumes of buffer solutions containing 1% (v/ 
v) protease inhibitor cocktail, 100 mmol/L Tris-HCl, and 8.0 mol/L urea 
in a 5-mL centrifuge tube. Afterward, the mixture was sonicated on ice 
using an ultrasonic processor (UP-400, Shanghai OuHor Mechanical 
Equiptment Co., Ltd., Shanghai, China), followed by centrifugation 
(Pico 17 Centrifuge, Thermo Scientific, Bremen, Germany) at 10,000 × g 
for 20 min (4 ◦C). The collected protein sediment was incubated in the 
buffer solutions (containing 1% (v/v) protease inhibitor cocktail, 100 
mmol/L Tris-HCl, and 8.0 mol/L urea), homogenized, and extracted 
again. The protein concentration of the collected supernatant was then 
measured using a BCA kit according to its assay instructions. The protein 
extracts (including 20 μL of quality control (QC) samples) were used for 
the following LC–MS analysis. 

The resulting extracted proteins (50 μg) were first reduced with 1 
mol/L dithiothreitol in a water bath at 37 ◦C for 1 h. The proteins were 
then further alkylated with 1 mol/L iodoacetamide in a dark room at 
25 ◦C for an additional hour. Next, 100 μL Tris-HCl buffer containing 8.0 
mol/L urea was added to the protein solution. After centrifugation at 
12,000 × g for 5 min, 50 mmol/L NH4HCO3 solution was added to the 
collected supernatant. Afterward, the obtained mixture was centrifuged 
(Pico 17 Centrifuge, Thermo Scientific, Bremen, Germany) at 12,000 × g 
for 5 min once again. The obtained proteins were digested using trypsin 
solutions at 50:1 protein-to-trypsin mass ratio, which was maintained in 
a water bath at 37 ◦C for 16 h. The obtained digested peptides were 
dissolved in 10% formic acid solution and desalted through a C18 ZipTip 
pipette tip. Finally, the resulting peptides were lyophilized and used for 
the following LC–MS/MS analysis. 

LC–MS/MS analysis 
The obtained peptides were separated and determined using an Ul-

tiMate 3000 RSLC nano-liquid chromatography machine coupled online 
with a high-resolution mass spectrometer system (Orbitrap Fusion 
Lumos, Thermo Scientific, Bremen, Germany) according to the proced-
ures reported by Lin et al. (2021) with some modifications. Briefly, the 
samples were added to 0.1% (v/v) formic acid solution and then loaded 
into a self-made C18 reversed-phase column (50 cm × 75 μm). The 
concentrated peptides were further passed through a C18 analytical 
column (12 cm × 150 μm). Herein, a binary mobile phase was obtained 
at a flow rate of 600 nL/min, which included the mobile phases A (0.1% 
formic acid in water) and B (0.1% formic acid in acetonitrile). A gradient 
elution was collected according to the following procedure: 93% A and 
7% B, 0–11 min; 85% A and 15% B, 11–48 min; 75% A and 25% B, 
48–68 min; 60% A and 40% B, 68–69 min; and held at 100% B until the 
75th minute. Afterward, the target peptides were detected and analyzed 
on the MS/MS system. The parameters of the full-scan MS were as fol-
lows: orbitrap resolution, 120,000; maximum injection time, 50 ms; 
automatic gain control (AGC) target, 500,000; and scan range, 
300–1400 m/z. Then, the dd-MS spectra were recorded using the 
following parameters: isolation mode, quadrupole; scan range mode, 
auto normal; first mass, 120; isolation window, 1.6; AGC target, 5,000; 
maximum injection time, 35 ms; and collision energy, 30%. 

Protein identification 
Proteome Discover (version 2.2; Thermo Fisher Scientific, Bremen, 
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Germany) software was used to identify the detected peptides according 
to its operational procedures. The parameters were as follows: false 
discovery rate (FDR), ≤ 0.01; peptide confidence, high; fragment mass 
tolerance, 0.6 Da; peptide mass tolerance, ± 10 ppm; variable modifi-
cations, methionine oxidation and acetylation on protein (N-term); fixed 
modifications, carbamidomethyl; max missed cleavages, 2; and the 
cleaving enzyme, trypsin. The identification of the target proteins was 
achieved through the analysis of MS/MS data matching to the Uniprot 
Electrophorus electricus database. 

Bioinformatics analysis 
Three comparison batches were used including CPE vs. PE, FPE vs. 

PE, and FPE vs. CPE. For the comparisons, proteins with the calculated 
fold changes (FCs) greater than 1.5 or less than 1/1.5 were considered as 
differentially abundant proteins (DAPs). Gene ontology (GO) annotation 
(including cellular component, molecular function, and biological pro-
cess domains) of the target DAPs detected in the comparisons was per-
formed using the GO database (http://geneontology.org/). Additionally, 
the functional classification of DAPs was analyzed using the eukaryotic 
cluster of the orthologous group (KOG) database (https://www.ncbi. 
nlm.nih.gov/research/cog-project/). 

Data analysis 

The determination of the springiness, chewiness, and MP content 
was executed in triplicate (n = 3). The Statistical Package for the Social 
Sciences SPSS v12.0 package (SPSS Inc., IL, USA) was used to evaluate 
the significant difference resulting from the protein alterations. Dun-
can’s test was also carried out to identify significant differences (P less 
than 0.05). 

Results and discussion 

Springiness and MP content analysis 

The changes in the springiness and MP content were evaluated in the 
pike eel muscle during 6 days of chilling and 120 days of frozen storage, 
and the determinations are shown in Fig. 1. The initial springiness and 
MP content of the fresh muscle (0 days) were 3.89 mm and 109.5 g⋅prot/ 
L, respectively. The relatively high springiness and MP content denote 
the satisfactory fresh quality of the fish samples used in this study. 
During the subsequent storage period, the springiness and MP content of 
the eel muscle samples were similar. The springiness decreased signifi-
cantly (P less than 0.05) to 2.01 mm after 6 days of chilled storage and to 
1.50 mm after 120 days of frozen storage, while the MP content 
decreased to 81.6 g⋅prot/L and 69.8 g⋅prot/L, respectively. The 
decreased extracted MPs was closely associated with reductions in the 

muscular springiness. These results indicated that protein dissociation 
(forming small water-solubility molecules), aggregation (decreased salt 
solubility), and/or oxidation likely occurred to some extent in the 
muscle tissues after the cold storage. The current observations (spring-
iness and MP content) were similar to previous findings in Atlantic 
salmon (Salmo salar L.) after 4 months of frozen storage (Pereira de 
Abreu et al., 2010) and in bighead carp (Hypophthalmichthys nobilis) 
after 9 months of frozen storage (Liu et al., 2022). 

MPs play important roles in muscle structure, function, and integrity, 
which have a positive correlation with the textural properties (such as 
the springiness, chewiness, and hardness) of muscle tissues. In the cur-
rent study, significant decreases in the springiness and MP content 
mainly resulted from either the damage/degradation of muscle proteins 
or the partial crosslinking/aggregation of proteins into macromolecular 
polymers. This was likely due to microorganism growth and its metab-
olite actions, endogenous enzyme hydrolysis, and/or ice crystal growth/ 
recrystallization and their physical damage effects (during freezing 
conditions) (Ramírez-Guerra et al., 2012; Zhang et al., 2020a; Zhang 
et al., 2020b). More importantly, the alterations of muscle proteins 
occurring in muscle tissues involved several intricate biochemical pro-
cesses (e.g., protein dehydration, myofibril degradation, ice crystal 
growth, and protein/lipid oxidation), and their denaturation products 
were also extremely complex, including numerous compounds with 
different abundance levels, conformational structures, reactive in-
termediaries, and functional stabilities. Thus, the associations between 
different cold treatments and protein alterations including their result-
ing products still need to be explored. 

Quantification validation of proteomics 

The protein molecular weight, peptide count, sequence coverage 
distribution, and the length of peptides in the amino acids (Fig. 2) of the 
detected target proteins in pike eel muscle were evaluated through the 
validity and reliability of the obtained MS/MS data, analytical proced-
ures, and database search results. In total, 1690 peptides were detected 
in the pike eel muscle and 537 proteins were further identified with at 
least one unique peptide and an FDR confidence interval of ≤ 0.01. As 
shown in Fig. 2A, 67% (360 proteins) of the identified proteins had a 
molecular weight ranging from 10 kDa to 60 kDa, while 6% (35 pro-
teins) of the proteins exceeded 200 kDa, presenting a natural molecular 
weight distribution in the fish muscle. Similar results were also found in 
the yellow croaker (Larimichthys polyactis) (Wang et al., 2022) and sea 
bass (Lateolabrax japonicus) (Xiang et al., 2022). Additionally, less than 
4% (21 proteins) of the identified proteins contained more than 20 
peptides, and fewer than 18 peptides were found in the remaining 96% 
(516 proteins) (Fig. 2B). Additionally, 96% (516 proteins) of the 
detected proteins ranged from 7 to 21 amino acids in length (Fig. 2C), 

Fig. 1. Changes in the (A, B) springiness and (C, D) MP content in the pike eel muscle during chilled and frozen storage.  
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while less than 4% were more than 20 amino acids in length, which 
coincided with the effect of trypsin digestion on the proteins. It was 
considered that most muscle proteins were 2–20 amino acids in length, 
although several large polyproteins were found in the muscle (Méndez & 
Pazos, 2017). For the MS/MS analysis, the digested target peptides of 
more than 20 amino acids or fewer than 5 amino acids in length could 
not be effectively detected by the MS equipment, mainly due to their 
high/low molecular weights and incompatible electric charges (Chu 
et al., 2019). In addition, the identified proteins showed relatively low 
proteome sequence coverage (Fig. 2D), of which 32% (169 proteins) had 
more than 10% sequence coverage that matched the published 
E. electricus proteins. This may be due to the limited eel protein infor-
mation available in the UniProt database. Taken together, the obtained 
results of the peptide lengths (in amino acids), peptide count, and mo-
lecular weight of identified proteins verified the reliability and feasi-
bility of trypsin digestion and LC–MS/MS detection, also meeting the 
required qualifications and demonstrating the suitability of the 
approach for subsequent bioinformatics analysis. 

DAP analysis 

Label-free proteomics was used to reveal the compositions and al-
terations of muscle proteins in pike eel after chilled (CPE) and frozen 
(FPE) storage, compared with the fresh (PE) samples. A large number of 
DAPs (137) were identified in the CPE samples, including 82 differen-
tially abundant proteins (DAPs) accumulated at lower abundances and 
55 DAPs accumulated at higher abundances (Supplementary Table S1; 
excluding uncharacterized proteins). Meanwhile, 148 DAPs were iden-
tified in the FPE and PE comparison, including 131 DAPs accumulated at 
lower abundances and 17 DAPs accumulated at higher abundances in 
the FPE samples (Supplementary Table S2; excluding uncharacterized 
proteins). Thus, the numbers of DAPs identified in the CPE vs. PE and 
FPE vs. PE comparisons also confirmed that significant alterations 
induced by cold stress had occurred in the pike eel muscle proteins when 

compared with the PE samples. 
Collectively, the DAPs (Supplementary Tables S1 and S2) identified 

in the CPF and FPE treatments showed similar distributions and varia-
tions after cold-temperature storage when compared to the fresh sam-
ples. Common lower-abundance DAPs in the CPE and FPE samples 
included aldedh (A0A4W4GD12) and amidohydro-rel (A0A4W4EBS4) 
domain-containing protein, annexin (A0A4W4DQ99), calponin 
(A0A4W4GN60), FABP domain-containing proteins (A0A4W4F6E5), 
fibronectin (A0A4W4GJE6), fibronectin (A0A4W4GJE6), GLOBIN 
domain-containing protein (A0A4W4F7B0), histone H2A 
(A0A4W4FIB8), kinesin light chain (A0A4W4FT15), myosin motor 
domain-containing protein (A0A4W4FD66), proline-rich trans-
membrane protein 4 (A0A4W4FBM6), serotransferrin (A0A4W4G4R6), 
and tubulin beta chain (A0A4W4GQD8), among others. There were also 
several common DAPs with higher abundance in the CPE and FPE 
samples including aspartate transaminase (A0A4W4E3K0), cytochrome 
c oxidase polypeptide (A0A4W4GSM3), and small monomeric GTPase 
(A0A4W4DML2). 

In the current study, the lower-abundance DAPs detected in the CPE 
and FPE samples were mainly due to the denaturation, oxidation, and/or 
degradation of proteins resulting from the psychrophilic microorganism 
growth, endogenous enzyme actions, moisture migration/solute con-
centration, and/or biochemical processes occurring in muscle tissues 
during cold storage (Lin et al., 2021; Purslow et al., 2021). Annexins are 
considered as the phospholipid-, calcium-, and cytoskeletal-binding 
proteins, the functions of which are mainly associated with cellular 
membrane-related events. They are sensitive to cold stress, reactive 
oxygen and nitrogen species, physical damage, and other conditions, 
which easily lead to a lower abundance found in the muscle tissues 
(Zhang et al., 2020a; Zhang et al., 2020b). Calponin as a thin filament- 
associated protein is capable of binding calmodulin, actin, and tropo-
myosin in muscle tissues, accounting for the regulation of smooth 
muscle contraction and its physical strength. The lower abundance of 
this protein is consistent with the decreased springiness and chewiness 

Fig. 2. (A) Molecular weight, (B) peptide count, (C) lengths of peptides in the amino acids, and (D) protein sequence coverage of the detected proteins in the pike eel 
muscle identified by label-free proteomics analysis. 
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properties in the CPE and FPE samples, which is also in agreement with 
previous findings in frozen/thawed curled octopus (Eledone cirrhosa) 
(Guglielmetti et al., 2018). Fibronectin is a multifunctional glycoprotein 
(including adhesion and cytoskeletal functions) providing stability to 
various organs and muscle tissues. It can be rapidly degraded by many 
different types of endogenous and exogenous proteinases (Feist & Hiepe, 
2007), resulting in its decreased abundance in muscle tissues. 

In the comparison of FPE vs. CPF, a large number of lower-abundance 
of DAPs (90; details were not provided) were found in the FPE samples, 
including 40S ribosomal proteins S18, S2, S4, S8, and SA, 60S ribosomal 
proteins L11 and L23, calcium-transporting ATPase, calponin, histones 
H2A and H4, myosin motor domain-containing protein, and T-complex 
protein 1, among others. Only 16 high-abundance DAPs were identified 
in the FPE samples. These results indicated that more alterations had 
occurred in the frozen muscle proteins when compared with the chilled 
fish samples, which was mainly due to how the long-term frozen storage 
and the ice crystals formed caused the degradation and denaturation of 
muscle proteins in the pike eel tissues. Ribosomal proteins are important 
structural components in the ribosome. The decreased abundance levels 
of these proteins were generally related to the reduced stability of the 
ribosome and its deteriorated structural framework (He et al., 2018). 
Histone proteins were found to correlate with the responses of muscle 
tissues to environmental stresses including freezing treatment and 

frozen storage (Fan et al., 2019). The low abundance of histones in the 
FPE samples decreased the resistance of muscle tissues to stress induced 
by frozen storage. These findings were also in agreement with our pre-
vious studies on frozen whiteleg shrimp muscle proteins (Ying et al., 
2021). 

Gene ontology (GO) analysis 

GO annotations of the DAPs in the PE, CPE, and FPE samples were 
collected to explore the effects of low temperatures and subsequent 
storage on the variations of proteins in the pike eel muscle. The classi-
fication and annotation results are shown in Fig. 3. Although the iden-
tified DAPs in the CPE vs. PE comparison (Fig. 3A) showed similar 
annotations and distributions when compared with the FPE vs. PE 
comparison (Fig. 3B), there were also clear alterations in the GO cate-
gories between the two comparisons, especially for high-abundance 
DAPs associated with the biological process domain in the FPE sam-
ples. It was further confirmed that the low-temperature and long-term 
storage had much greater effects on the muscle proteins compared 
with the chilled samples. 

Biological process annotation analysis 
For biological process annotation, the DAPs in the CPE vs. PE and FPE 

Fig. 3. GO annotations including the cellular component (CC), molecular function (MF), and biological process (BP) domains of the DAPs identified in the (A) chilled 
(4 days) vs. fresh pike eel and (B) frozen (120 days) vs. fresh pike eel comparisons. Green, lower abundance levels of DAPs (downregulated); red, higher abundance 
levels of DAPs (upregulated). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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vs. PE comparisons were mainly involved in the cellular (GO:0009987), 
metabolic (GO:0008152), multicellular organismal (GO:0032501), and 
developmental (GO:0032502) processes. Compared with the PE sam-
ples, calponin, amidohydro-rel domain-containing protein, spectrin beta 
chain, and tubulin beta chain involved in the cellular process showed 
significantly lower abundance in both CPE and FPE samples, which were 
noted as the structural constituents of actomyosin, actin filament 
bundle, or cytoskeleton in the muscle tissues. The obtained results 
confirmed the loose and disordered structural and functional properties 
of the cytoskeleton/nucleoskeleton proteins and their weak resistance to 
cold stress. These findings were consistent with the altered proteins 
detected in the swamp crayfish (Procambarus clarkii) under cold stress 
(Li et al., 2022) and in silver carp (Hypophthalmichthys molitrix) under 
mild oxidation conditions (Fang et al., 2021). For the metabolic process, 
the DAPs in the CPE and FPE samples were associated with the 3-hydrox-
yanthranilate-3,4-dioxygenase, formyltetrahydrofolate dehydrogenase, 
multifunctional fusion protein, homogentisate 1,2-dioxygenase, 
glyceraldehyde-3-phosphate dehydrogenase, and ATP-citrate synthase, 
which were related to the oxidation–reduction, lipid metabolic, and 
carbohydrate metabolic processes occurring in the tissues. Protein/lipid 
oxidation takes place unavoidably in muscle tissues even under freezing 
conditions, the degree of which is closely related to muscle quality (Tan 
et al., 2021). The protein/lipid oxidation process is extremely compli-
cated and leads to the formation of a series of oxidation peptides/sub-
units in the muscle tissues. Thus, several proteins involved in the 
oxidizable process and metabolism are susceptible to alteration during 
processing, transportation, and frozen storage. 

Cellular component annotation analysis 
For the cellular component annotation, all the DAPs were converged 

in the cellular anatomical entity (GO:0110165) and protein-containing 
complex (GO:0032991). Compared to the PE samples, the DAPs in the 
CPE and FPE samples, including histones H2A, H2B, and H4, 40S ribo-
somal proteins S20 and SA, 60S ribosomal protein L23, C2 domain- 
containing protein, calcium-transporting ATPase, dynein light chain 
and roadblock, fibronectin, IF rod domain-containing protein, kinesin 
light chain, and tubulin alpha and beta chains, showed lower abun-
dances after storage, likely due to the cold stress–induced denaturation 
and the oxidation of proteins/lipids. The current findings were partially 
consistent with the previous reports on sea bass (Lateolabrax japonicus) 
fillets after chilled storage (Xiang et al., 2022) and mud shrimp (Sol-
enocera melantho) after frozen storage (Shi et al., 2018). Histone proteins 
involved in the protein–DNA complexes were related to the muscle cells 
responding to environmental stresses including freezing, frozen storage, 
and oxidative processes (Fan et al., 2019). Additionally, C2 domain- 
containing protein, IF rod domain-containing protein, calcium- 
transporting ATPase, dynein light chain, fibronectin, and tubulin 
chains as important cytoskeleton, microtubule, or dynein complex 
components were embedded in the cell membrane. The decreased 
abundance of these DAPs suggested that the stability and integrity of the 
cell membrane and its organelles may be damaged during low- 
temperature storage (Grasmeijer et al., 2013). 

Molecular function annotation analysis 
As described in molecular function annotation, the identified DAPs in 

the PE, CPE, and FPE samples mainly belonged to the binding 
(GO:0005488), catalytic (GO:0003824), and structural molecular 
(GO:0005198) activity. Among the DAPs, the ADF-H domain-containing 
protein, actin-depolymerizing factor, and metavinculin were classified 
into the actin/actin filament binding function. These detected low- 
abundance proteins are the components of actin and play important 
roles in the natural function, structure, and organization of the muscle 
proteins and tissues (Zhang et al., 2020a; Zhang et al., 2020b). Addi-
tionally, the myosin motor domain-containing protein, T-complex pro-
tein 1 subunit, ATP-citrate classified into ATP- and nucleotide-binding 
functions, calcium-transporting ATPase, annexin, calponin classified 

into the calmodulin-binding function, and LIM domain-containing pro-
tein, serotransferrin, GLOBIN domain-containing protein, and TGc 
domain-containing protein classified into the metal ion binding function 
all showed lower-abundance in the CPE and FPE samples. These ob-
servations were in accordance with the variations in stress-induced sil-
ver carp (Hypophthalmichthys molitrix) muscles (Zhang et al., 2020a; 
Zhang et al., 2020b). Binding proteins were considered to have impor-
tant roles in the muscle organizational framework, such as in promoting 
the assembly of myosin bundles, maintaining homeostasis via binding to 
structural proteins, regulating protein contraction and relaxation, and 
preserving physical strength by binding against environmental stresses 
(Purslow et al., 2021). Clearly, the freezing and subsequent frozen 
storage in the current study greatly damaged the binding functions of 
the above DAPs and weakened the connecting strength in the muscle 
tissues, which were consistent with the TPA and MP content results. 

Eukaryotic cluster of the orthologous group (KOG) analysis 

KOG analysis of the DAPs identified in the CPE vs. PE and FPE vs. PE 
comparisons is depicted in Fig. 4, which was divided into 25 function 
categories. According to the KOG results, the identified DAPs mainly 
belonged to the following functional categories in both the comparisons, 
mainly including the cytoskeleton; posttranslational modification, pro-
tein turnover, and chaperones; signal transduction mechanisms; energy 
production and conversion; translation, ribosomal structure, and 
biogenesis; extracellular structures; and carbohydrate transport and 
metabolism categories. 

Among these, the cytoskeleton function played the primary role in 
the normal structure and function of muscle tissues, the DAPs of which 
mainly involved actin-binding protein (KOG0518), talin (KOG4261), 
beta-spectrin (KOG0517), calponin (KOG2046), beta-tubulin 
(KOG1375), kinesin light chain (KOG1840), Ca2+-binding actin- 
bundling protein (KOG0046), and the actin filament-coating protein 
tropomyosin (KOG1003), among others. During the chilled storage, the 
microorganisms grew continuously in the samples, and their numbers 
greatly increased over the prolonged period. The microbial metabolites 
and endogenous enzymes in the muscle tissues synergistically promoted 
the hydrolysis and/or degradation of the protein and peptide bonds, 
leading to the subsequent cross-linking, aggregation, rearrangement, 
and/or irreversible denaturation of proteins (Szymczak, 2016; Qiu et al., 
2020), rupturing the natural structure of the myofibrils in the muscle 
tissues (causing decreased cytoskeleton function). In the case of the 
frozen samples, the growth and recrystallization of ice crystals occurred 
in the tissues, especially during long-term storage and under tempera-
ture fluctuation. This destroyed the normal structure of the connective 
tissues and myofibrils, resulting in serious mechanical damage to the 
tissues (Zhang et al., 2020a; Zhang et al., 2020b). Taken together, the 
detected DAPs involved in the cytoskeleton function of the pike eel 
muscle were highly affected by the low-temperature–induced changes 
during storage, which directly affected the physical structure and 
chemical performances of the muscle tissues. 

For the “posttranslational modification, protein turnover, and 
chaperones” function category, the involved proteins mainly included 
cytosolic Ca2+-dependent cysteine protease (KOG0045), molecular 
chaperones HSP70/HSC70 (KOG0101), 20S proteasome, regulatory 
subunits (KOG0175, KOG0176, and KOG0182), chaperonin complex 
component subunits (KOG0361 and KOG0362), FKBP-type peptidyl- 
prolyl cis–trans isomerase (KOG0549), thiol-disulfide isomerase and 
thioredoxin (KOG0912), and 26S proteasome regulatory complex sub-
unit (KOG2062). Several protein subunits were identified in the chilled 
and frozen samples, which seemed to be more vulnerable to cold stress 
compared with those in the fresh samples. The low-temperature condi-
tions may induce conformational variation, decomposition, and/or 
depolymerization of the proteins, which likely influenced the trypsin 
digestion of muscle proteins and the subsequently detected subunit 
compositions (Shi et al., 2018; Lin et al., 2021). Specifically, the proteins 
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composed of multiple subunits may be easily altered or disintegrated in 
the pike eel muscle under low-temperature and long-term storage 
conditions. 

Conclusion 

In this study, the specific changes of protein profiles were deter-
mined in the pike eel muscle tissues during 6 days of chilling and 120 
days of frozen storage using chemical- and LC–MS-based proteomics 
analyses. Chemical results indicated that cold stress and storage signif-
icantly decreased the springiness and MP content in the fish muscle, 
suggesting that significant changes in the protein profiles had occurred 
between the chilled/frozen and fresh fish samples. Label-free proteomics 
analysis identified 137 and 148 DAPs in the CPE and FPE samples, 
respectively, compared with the PE samples. Among these DAPs, 
annexins, calponin, fibronectin, ribosomal proteins, T-complex proteins, 
tubulin beta chain, histones, and calcium-transporting ATPase were 
more prone to denaturation/oxidation mainly resulting from the cold 
conditions and subsequent storage. This study provided a basic database 
to understand the alterations of protein profiles in pike eel muscle 
during chilling and frozen storage. 
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