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This study investigated the effects of electromagnetic field preservation (EP) and freezing storage (FS) on the
quality of northern Qianbei Ma mutton. Using tandem mass tagging (TMT)-labeled quantitative proteomics and
bioinformatics, it was observed that EP more effectively inhibited pH increase and maintained a* and b* values
compared to FS. Furthermore, the EP group was able to better maintain the water-holding capacity and
tenderness of the mutton under prolonged storage. Proteomics analysis identified 397 differentially expressed

proteins (DEPs) between the two storage methods at the same storage duration. GO and KEGG enrichment an-
alyses indicated that proteins such as AOA452DSW4, AOA452E8M7, and D3JYV6 were involved in energy
metabolism and redox processes, while AOA452EJ66, AOA452DSW4, and AOA452FJE8 played significant roles in
protein binding. Overall, EP technology demonstrated superior benefits for maintaining mutton quality, sug-
gesting a novel approach for mutton preservation.

1. Introduction

The Qianbei Ma sheep, native to the Guizhou Plateau region, are
renowned for their impressive size, robust physique, and exquisite fla-
vor. This dual-purpose breed provides both meat and skin and is notable
for its adaptability, high fertility, genetic stability, and disease resis-
tance. However, fresh mutton has a relatively short shelf life, making it
prone to spoilage and pathogenic microorganisms. The most common
preservation method for fresh mutton is low-temperature freezing,
which effectively inhibits microbial proliferation and slows down
chemical and enzymatic reactions. Low-temperature preservation tech-
niques are classified based on storage temperature and include refrig-
eration, ice temperature, micro-frozen, and freezing storage (Chen et al.,
2020). While these methods suppress microbial activity and mitigate
meat drying to some extent, their limited storage periods lead to rapid
quality deterioration. This short shelf life diminishes the commercial
value of the product and fails to fully satisfy consumer demand for
longer-lasting meat products.

In recent years, electromagnetic field (EMF) preservation technology
has emerged as a novel method for food preservation. The fundamental
principle involves the generation of low-frequency (50-60 Hz) electro-
static waves through the EMF preservation machine, causing the water

molecules in the food to resonate at a smaller scale, influencing the
freezing of water and the formation of fine ice crystals. Consequently, a
subcooling state of —3 °C can be achieved, which prevents freezing and
the formation of larger ice crystals (Kaur & Kumar, 2020). Additionally,
the EMF provides space for electronic energy to inhibit the redox reac-
tion in food, extending the food preservation period. EMF preservation is
safe and efficient, potentially addressing the shortcomings of existing
technologies, and holds broad application prospects. Recent studies
have demonstrated that electric field-based preservation techniques
yield positive results across various food products. For example, high-
voltage electric field treatment of mackerel inhibits bacterial growth
and reduces total volatile salt nitrogen (Bai et al., 2015). Additionally,
high-voltage electrostatic field treatment of chilled pork improves sol-
ubility and decreases the hardness of myofibrillar proteins (Xu et al.,
2023). Furthermore, very low-frequency pulsed electric field treatment
of frozen tilapia slows down color changes, reduces protein oxidation
and denaturation, and results in a tighter texture of the samples (Wang
et al., 2022).

Protein is a fundamental component of meat quality and plays a
pivotal role in regulating physiological and biochemical processes
within cells and tissues. Alterations in protein content, transformation,
degradation, and the peptide substances produced following
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degradation, in addition to the post-translational modification processes
that occur in post-slaughter sheep carcasses, all affect a series of phys-
iological and biochemical reactions. These include muscle signal trans-
duction, glycolytic reactions, and apoptosis. These reaction pathways
lead to changes in protein composition, protein-related properties,
cellular localization, stability, and activity, ultimately affecting meat
quality. Nowadays, proteomics is widely used as a powerful genomic
tool in meat science research, greatly contributing to the understanding
of complex biological mechanisms and quality-related biomarkers of
meat (Kiyimba et al., 2021). The in-depth study of proteomics allows us
to comprehend muscle physiological and biochemical processes from
the perspective of protein molecules. With the advancement of omics
technologies, traditional gel proteomics methods, which often suffer
from low sensitivity and high throughput limitations, are increasingly
insufficient for analyzing modern complex biological samples. In recent
years, TMT-based quantitative proteomics had attracted much attention,
and Ma et al. (2020) found that TMT quantitative proteomics was more
suitable for analyzing thousands of proteins in complex biological
samples because of its high technical reproducibility, high proteome
coverage, and more reliable peptide identification and quantitative
analysis. Leveraging these advantages, TMT quantitative proteomics
technology has been widely employed to explore differentially
expressed proteins in Beijing black pigs with varying meat quality (Hou
et al., 2020); to compare protein profile differences between Tibetan and
Yorkshire pig tenderloins (Wang et al., 2021); and to characterize
muscle-specific proteomic changes in beef during the early post-mortem
period (Zhai et al., 2020). However, these studies have mainly focused
on the differences in protein expression between different meat varieties
and qualities, and relatively few studies have investigated the mecha-
nisms of quality changes during meat storage.

This study investigates the impact of electromagnetic field (EP) and
freezing storage (FS) on the quality of mutton from the Longissimus
thoracis et lumborum muscle of Qianbei Ma sheep. It explores the
physical indices and protein mechanisms affecting mutton quality under
these two preservation and storage processes. Changes in mutton quality
over storage periods are analyzed through a protein-centric approach,
aiming to identify novel technologies for mutton and other meat product
preservation.

2. Materials and methods
2.1. Sample preparation

Three Qianbei Ma sheep with similar physical conditions and healthy
development were selected from Xishui Shunlong Livestock Slaughter-
ing Co., Ltd. in Guizhou Province, China. To ensure consistency, samples
were obtained from the Longissimus thoracis et lumborum muscle of
each sheep. After slaughter, the muscle samples were transported to the
laboratory in insulated, refrigerated containers. Excess fat and connec-
tive tissues were carefully removed under aseptic conditions. Following
the experimental design, the mutton was randomly divided into 12
portions (approximately 100 g each) and vacuum-packed in sterile
nylon/EVOH/PE composite bags. For the EP (EMF preservation) and FS
(freezing storage) experiments, the samples of the EP group were placed
in the EMF preservation device. The parameters of the equipment were:
power supply: 220 V, power: <0.5 W/m3, output current: <10 mA,
output voltage: <3000 V, EMF BX3000, EMF voltage values of 2000 and
3000 V, space voltage values of 50-200 V, receiving space of 25-30 m?,
and a temperature of —3 °C to 0 °C (cold storage provided by Shanghai
Taste Foods Co., Ltd. in China). For the FS group, the samples were
placed in a refrigerator at —20 °C, and for determination, samples were
taken out and placed at 4 °C for 12 h. Two groups of samples from the
Oth, 15th, 30th, and 45th days of storage were taken for physicochem-
ical indicators and proteomics analysis using a random sampling
method. Three samples from each group were used for each measure-
ment, and the average value was recorded.
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2.2. Physicochemical indicators of mutton

To assess the quality characteristics of mutton based on pH value,
meat color, water-holding capacity (WHC), and shear force (SF) anal-
ysis, the following procedures were employed:

pH analysis: 2 g of churned mutton sample was weighed, added with
18 mL of 0.9 % sodium chloride solution, stirred on a magnetic stirrer for
30 min, and then determined using a pH meter (PHS-3C, Shanghai Yue
Ping Scientific Instrument Co). The pH meter was calibrated with buffers
of pH 4.00 and 6.86 before measurement. Three parallels were measured
simultaneously, and the results were averaged.

Meat color analysis: Mutton samples were placed under a light
source, exposed for 20 min, and color values (Lab*) were measured
using a colorimeter (NH300, Shenzhen Senses Time Technology) with
D65 light source, 10° observation angle, 8 mm measurement area
diameter, and 50 mm illumination area diameter. The colorimeter was
calibrated with a white standard.

WHC: Determined using a modified pressure method as described by
by Zhang et al. (2021). Meat samples were cut and weighed using an
analytical balance (OHAUS Instrument) with a sensitivity of 0.0001 g.
After applying a 35 kg pressure and shaking the samples for 5 min, they
were reweighed. The WHC was calculated by eq. (1).

WHC (%) = % % 100 €))
0

Where: my is the initial weight of the sample (g), m; is the weight of
the sample after pressure release (g).

SF determination (Schmidt et al., 2013): Mutton samples were placed
in a high-temperature cooking bag with a 75 °C water bath for 25 min,
then removed and cooled to room temperature. The samples were cut
into 10 mm x 10 mm x 10 mm pieces along the parallel direction of the
muscle fibers. They were then sheared along the perpendicular direction
of the muscle fibers using a digital muscle tenderness tester (C-LM3B,
Tianxiang Feidu Instrumentation Co., Ltd.), and the SF values of the
samples were recorded (kg*f).

2.3. TMT-labeled quantitative proteomic technology

2.3.1. Protein extraction

The mutton samples of FS and EP were crushed and homogenized in
0.5 mL of radioimmunoprecipitation assay buffer (25 mmolLexp.-1 Tris-
HCI, 1 % SDS, 1 % sodium deoxycholate, 15 mmolLexp.-1 NaCl, pH 7.6)
for 2 min. The lysates were centrifuged at 16,061g for 15 min, and the
supernatants were collected. Quantitative analysis of protein was per-
formed by the BCA method.

2.3.2. Digestion and TMT labeling

In 100 pL protein solution, added 200 pL pre-cooled 80 % acetone for
precipitation twice, and centrifuged at 16,061¢ for 10 min. Added 100
pL protein resuspension solution, and sonicated in a water bath for 3
min. Added Dithiothreitol (DTT) to a final concentration of 5
mmolLexp.-1, and incubated at 55 °C with shaking for 20 min. The
sample was cooled to room temperature, iodoacetamide (IAA) was
added to a final concentration of 15 mmolLexp.-1, and reacted in the
dark for 30 min to alkylate the reduced disulfide bonds. Trypsin
(Promega) was mixed with the sample at a ratio of 1:50 (Trypsin: Pro-
tein). After a brief centrifugation, the mixture was shaken and incubated
at 37 °C and 71.5 g overnight. The sample was centrifuged at high speed
for 10 min, and an equal amount of protein was transferred to a new
Eppendorf tube. The TMT labeling kit (Rockford, Thermo) was used for
labeling according to the instructions.

2.3.3. High pH-HPLC classification and Nanolc-MS/MS analysis
Freeze-dried peptide samples were reconstituted in 50 pL of 10

mmolLexp.-1 ammonium acetate solution. RPUPLC was employed for

separation under alkaline conditions using a 150 mm x 2.1 mm column
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(XBridge BEH C18 XP Column, Waters). The mobile phase consisted of
10 mmolLexp.-1 ammonium acetate for phase A and 10 mmolLexp.-1
ammonium acetate, 10 % H20, and 90 % ACN for phase B. Twelve
fractions were collected at 1-min intervals, combined, and freeze-dried
for storage at —80 °C.

For nanoLC-MS/MS analysis, the method of Zheng et al. (2022) was
followed with minor modifications. 2 pg of total peptides were separated
and analyzed using a nano-UPLC (Thermo) coupled to a Q Exactive HFX
Orbitrap instrument (Thermo) with a nano-electrospray ion source. A
reversed-phase column (100 pm ID x 15 cm) and mobile phases: H20
(LCMS, ANPEL Laboratory Technologies (Shanghai) Inc) with 0.1 % FA
(formic acid, Sigma-Aldrich), 2 % ACN (Acetonitrile, ANPEL Laboratory
Technologies (Shanghai) Inc) (phase A), and 80 % ACN, 0.1 % FA (phase
B) were utilized. A 90-min gradient was executed at a 300 nL/min flow
rate. Data-dependent acquisition (DDA) was conducted in profile and
positive mode with an Orbitrap analyzer. MS1 resolution was set to
120,000 (@200 m/z) and m/z range of 350-1600; for MS2, resolution
was set to 45 k, NCE of 32 %, and an isolation window of 0.7 m/z. The
automatic gain control target for MS1 was set to 3E6 with a max IT of 30
ms, and 1E5 for MS2 with a max IT of 96 ms. The top 20 most intense
ions were fragmented by HCD with a normalized collision energy of 32
% and an isolation window of 0.7 m/z. The dynamic exclusion time
window was 45 s, single-charged peaks and peaks with a charge
exceeding 6 were excluded from the DDA procedure.

2.3.4. Database search & quantification

The vendor's raw MS files were processed using Proteome Discoverer
(PD) software (Version 2.4.0.305) and the built-in Sequest HT search
engine. MS spectra lists were searched against their species-level Uni-
Prot FASTA databases (uniprot-Caprinae-9963-2022-10. fasta), with
Carbamidomethyl [C], TMT 6 plex (K), and TMT 6 plex (N-term) as fixed
modifications, and Oxidation (M) and Acetyl (Protein Nterm) as variable
modifications. Trypsin was used as the protease. A maximum of 2 missed
cleavages was allowed. The false discovery rate (FDR) was set to 0.01 for
both PSM and peptide levels. Peptide identification was performed with
an initial precursor mass deviation of up to 10 ppm and a fragment mass
deviation of 0.02 Da. Unique peptides and Razor peptides were used for
protein quantification, and total peptide amount was used for normali-
zation. All other parameters were kept as default. DEPs were screened
based on a significance level of P < 0.05 and a fold change (FC)
threshold of >1.4 (up-regulation) or < 0.72 (down-regulation). Relevant
data have been saved to Mendeley Data, V1, doi: 10.17632/jrj
zny3bzd.1.

2.3.5. Bioinformatics analysis

The UniProt database (https://www.uniprot.org/) and NCBI data-
base (https://www.ncbi.nlm.nih.gov/) were employed for protein
searching and functional annotation. The Gene Ontology (GO) database
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway data-
base were utilized for gene ontology and pathway annotation.

2.4. Statistical analysis

Results were expressed as mean + standard error. Each experiment
was replicated three times. One-way analysis of variance (ANOVA) and
Duncan's statistical test were conducted using SPSS 26 software, with
significance set at P < 0.05. Principal component analysis (PCA) was
performed using SIMCA 14.1 software. The remaining graphs were
plotted using Origin 2022 software.

3. Results and discussion
3.1. Changes in the pH of mutton during storage

The pH value is a critical factor affecting the quality and shelf life of
meat under various storage methods. As illustrated in Fig. 1, the pH of
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Fig. 1. The changes in pH values of mutton during storage.
Note: a-e indicates that the difference between different storage times of the
same storage method is significant (P < 0.05), the same as below.

mutton exhibited a gradual increase during storage for both the EP and
FS groups. This increase can be attributed to the decomposition of
proteins and nitrogenous compounds by microorganisms and endoge-
nous enzymes, which generate alkaline substances, thus elevating the
pH (Toomik et al., 2023). However, the pH increase in the FS.

group was significantly higher than that in the EP group during the
early storage period (0-15 days). This difference is likely due to the
inhibitory effect of EMF on microorganisms (Seyfali et al., 2024). The EP
group was effective in inhibiting microbial and endogenous enzyme
activity in mutton, whereas freezing at —20 °C could completely inhibit
cellular metabolic activity. Freezing is known to be an effective method
for microbial inactivation (Mohammed et al.,, 2021). However, the
higher pH in the FS group during the pre-storage period may be
attributed to the time required for the samples to freeze completely.
Overall, the EP group demonstrated superior capability in suppressing
the pH increase compared to the FS group.

3.2. Changes in the color of mutton during storage

Meat color is a key indicator of meat quality and often influences
consumers' willingness to buy. Fig. 2 clearly shows that the storage
method significantly impacts the color difference value of mutton. The
initial L* value of mutton was 44.16 + 1.61. There was an overall
decreasing trend in the L* value in both the FS and EP groups, indicating
that the surface brightness of the mutton gradually decreased during
storage. This decline is likely due to the oxidation of surface tissues,
resulting in a darkening of the meat color and a loss of luster, consistent
with the observations made by Vieira et al. (2022). The L* values
decreased to varying degrees during storage under both conditions.
However, the EP group exhibited a more pronounced decrease in the
initial stages, potentially due to the impact of EMF on the surface
pigmentation of the mutton (Bocker & Silva, 2022), resulting in dark-
ening of the meat color. This could also reflect the loss due to dripping,
with the EP group showing a more consistent color, likely because the
ice crystals formed by the mutton were smaller under EMF conditions,
leading to lower drip loss compared to freezing conditions.

The present study revealed an overall trend in a* values, which
initially decreased, subsequently increased, and then exhibited a
gradual decline. The initial decrease in a* observed during the initial
storage period may be attributed to myoglobin oxidation, resulting in
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reduced a* values for both FS and EP, to 17.07 & 0.53 and 12.40 & 0.53,
respectively. In the initial stages of storage, EMF may have hindered the
formation of high-iron myoglobin by influencing the oxidation state of
the iron atoms within the hemoglobin moiety, thereby reducing the
oxidation of oxymyoglobin to high-iron myoglobin. This resulted in a
more pronounced decline in the a* value. The generation of ozone on the
surface of mutton (Wei et al., 2016) may have affected myoglobin
through oxidation, resulting in the formation of oxygenated myoglobin,
which enhanced meat color. At the later stage of storage (30-45 days),
the a* value decreased, indicating that the meat color began to brown
and the quality of the mutton began to deteriorate. The b* values
exhibited a trend similar to that of the a* values, consistent with the
findings of Esmer et al. (2011). Overall, the EP group demonstrated a
superior ability to maintain the redness and yellowness values of the
mutton.

3.3. Changes in the WHC of mutton during storage

The trend of WHC change in mutton is illustrated in Fig. 3. Generally,
from O to 45 days, irrespective of the storage method, the WHC of
mutton exhibited a notable decline (P < 0.05) compared to the initial
value. At day 45, the WHC decreased by 12.89 % in the FS group and
8.94 % in the EP group. While the decrease in the EP group was less than
that in the FS group, there was no significant difference in the change in
WHC between the two groups during the storage process. It can be
concluded that, irrespective of the storage method, the proteins in
mutton underwent denaturation over time, resulting in less organized
muscle tissue and a reduced water retention capacity. This led to a
significant decrease in WHC during thawing. However, EMF reduced the
average ice crystal size in freezing meat (Mahato et al., 2023), mitigating
the decrease in WHC during thawing and resulting in the final WHC of
the EP group being higher than that of the FS group.

3.4. Changes in shear force of mutton during storage

In evaluating the palatability of mutton, tenderness is a crucial
quality indicator. The degree of tenderness is typically reflected by
changes in SF, with a reduction in SF indicating greater tenderness in the
meat. As illustrated in Fig. 4, the FS group exhibited a notable elevation
in SF throughout the storage period, reaching a 298.6 % increase (P <
0.05). This finding indicates that the freezing storage method had a

—=—FS
70 —e—EP

55 F

R 1 . 1 . 1
0 15 30 45

Storage time (d)

Fig. 3. The changes in WHC of mutton during storage.
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Fig. 4. The changes in the shearing force of mutton during storage.

notable adverse effect on the SF of mutton. The SF of the EP group also
showed a significant increase, but its value was lower than that of the FS
group. This suggests that the EMF treatment positively affected the
tenderness of mutton to a certain extent, which might have helped
maintain the structural integrity of the muscle tissues and slowed down
the rate of SF increase, thereby improving the tenderness of mutton.

3.5. Proteomic changes in mutton

3.5.1. Principal component analysis and intergroup analysis of
differentially expressed proteins

PCA was employed to observe intergroup separation and outliers,
reflecting variability in the raw data. The PCA scatter plot for mutton
proteins (Fig. 5) demonstrated that PC1 accounted for 92.1 % and PC2
for 1.9 % of the variability, with a total contribution rate of 94.0 %,
indicating a satisfactory representation of the raw data. Fig. 5 illustrated
the formation of discrete clusters for the day 0, EP group (15, 30, 45 d),
and FS group (15, 30, 45 d) samples. Notably, the EP and FS samples

EP-45-3

EP-45-2 % EP-45-
EP-154
EP-15-3 EP-15

=35}
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displayed a greater distance from the day O samples, signifying a sig-
nificant impact of the storage treatments on the composition of mutton
proteins.

To understand the biological processes influenced by differentially
expressed proteins (DEPs), we screened proteins with a significance
threshold of P < 0.05, using fold change (FC) criteria of >1.4 for up-
regulation and < 0.72 for down-regulation. As shown in Fig. 6, the
variation in the quantity of DEPs revealed significant differences be-
tween FS and EP methods at different time points. Additionally, corre-
lation analysis of DEPs within the same storage method (Figs. 6-C and 6-
D) revealed significant differences between FS and EP samples across
different time points. This finding indicates that the omics data collected
from the samples exhibited strong repeatability, and that the samples
from various storage periods were sufficiently representative, meeting
the requirements for further in-depth analysis.

3.5.2. Effects of differentially expressed proteins on mutton quality during
storage

In FS15 vs 0, 14 proteins were screened for upregulation, including
titin, nebulin, and galectin. Titin and nebulin are essential for main-
taining the stability of myofibrils. Their disruption resulted in the
fragmentation of myofibrils and a loss of muscle cell integrity, leading to
a softening of the muscle (Huff Lonergan et al., 2010). This effect was
particularly evident in meat with a high pH level, where these structural
proteins were subject to accelerated degradation (Farouk et al., 2012).
Gagaoua et al. (2018) found titin correlated with four color traits:
negatively with L* and positively with a* and b*. Galectin, linked to
apoptosis, showed decreased abundance in tender meat samples
(Bjarnadottir et al., 2012). A total of 712 proteins were found to be
down-regulated, including glyceraldehyde-3-phosphate dehydrogenase,
pyruvate kinase, HSP27, creatine kinase, a-actinin, triosephosphate
isomerase, GSTM3, and troponin-T. The color of meat is primarily
determined by the myoglobin content and the final pH. During this
stage, the pH of the mutton showed an upward trend, consistent with the
findings of Damon et al. (2013). Glyceraldehyde-3-phosphate dehy-
drogenase and pyruvate kinase exhibited lower redness values and color
stability when highly active (Canto et al., 2015). Furthermore, the
reduction in creatine kinase levels was associated with a decline in
redness value (Choi et al., 2008). Heat shock protein family B (HSP -1,
also known as HSP27), acting as a chaperone protein, prevented protein
denaturation. Hwang et al. (2005) found that higher HSP27 abundance
corresponded to lower a* and L* values, while Hsp90 was negatively
correlated with L* and b* (Zhang et al., 2014). Additionally, a-actinin,
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Fig. 6. Statistics of DEPs (differentially expressed proteins), correlation analysis of DEPs between groups under two storage methods, and protein interaction network
of differentially expressed proteins.

Statistics of DEPs in the same storage method and different storage time (P < 0.05).

Where: A- Statistics on the number of DEPs up- and down-regulated during FS (freezing storage), B- Statistics on the number of DEPs up- and down-regulated during
EP (electromagnetic field preservation), C- Correlation analysis of DEPs between groups during FS, D- Correlation analysis of DEPs between groups during EP, E-
Proteasome-associated differential expressed proteins interaction network.



X. Lei et al.

identified as a structural protein related to meat color, showed a positive
correlation with L* and negative correlations with a* and b* (Gagaoua
etal., 2017). Triosephosphate isomerase, a glycolytic enzyme, stabilized
color when abundant (Nair et al., 2016). During this stage, L*, a*, and b*
values decreased, probably due to the combined effects of titin, creatine
kinase, heat shock proteins, actin, and triosephosphate isomerase. Most
of the water in muscle is located within or between myofibrils, which
consisted mainly of myosin, actin, and other structural proteins (Huff-
Lonergan & Lonergan, 2005). The decrease in WHC during this stage
might have resulted from the down-regulation of myofibrillar proteins.
GSTM3, involved in xenobiotic metabolism and catalytic reactions with
potentially toxic compounds, was more expressed in tender mutton
(Zheng et al., 2022). The degradation of troponin complex proteins,
which is associated with tenderness, plays a crucial role in the meat
tenderization process (Marino et al., 2015). Jia et al. (2021) identified a
positive correlation between the abundance of troponin-T and meat
tenderness.

We observed a significant downregulation of several proteasome-
related proteins, including PSCM1, PSMC5, and PSMD13. As core
components of the ubiquitin-proteasome pathway, proteasomes are
essential for the post-mortem tenderization of meat. Liu et al. (2016)
investigated the effects of the ubiquitin-proteasome pathway (UPP) on
proteolytic activity during lamb post-mortem tenderization by injecting
inhibitors of the ubiquitin-activating enzyme E1 or proteasome in-
hibitors such as MG-1. They found that inhibiting the proteasome could
reduce the degradation of post-mortem muscle ultrastructure, thereby
promoting tenderness. At this stage, the increase in WHC and the
decrease in tenderness may be closely related to the downregulation of
GSTM3, troponin-T, and proteasomes.To further explore the roles of
these proteins, we conducted a protein-protein interaction network
(PPI) analysis (Figs. 6-E) on DEPs during this phase under two storage
methods and 16 types of proteases. The results showed a PPI enrichment
p-value of 1.0 x 107° and a clustering coefficient of 0.748, indicating a
significant tightness in the interaction network. In this network, we
identified 29 nodes and 134 edges, ultimately determining that 13 DEPs
had significant interactions with the proteasome. These proteins mainly
include RPL11, RPS18, and EPRS1, which are related to protein syn-
thesis; RAD23B, VCP, UBXN1, RUVBL1, HSPA9, DERL1, and NUB1,
which are involved in cellular stress and repair; as well as GPD2, HIBCH,
and NCLN, which are associated with metabolism and homeostasis.
These findings provide important insights into the role of the protea-
some in enhancing mutton quality.

In EP15 vs 0, 15 up-regulated proteins were screened, with ATP2A1
being unique compared to FS15 vs 0. ATP2A1 directly regulated calcium
homeostasis. Additionally, a total of 706 down-regulated proteins were
found, which had a similar composition to those in FS15 vs 0. Notably,
glyceraldehyde-3-phosphate dehydrogenase was down-regulated in
FS15 vs 0, potentially contributing to the higher a* values observed in
the EP group. At day 15, FS exhibited a higher pH than EP, and the
down-regulated carbonic anhydrase exhibited a higher FC in FS than EP,
which likely explained the lower pH observed in EP. FS exhibited higher
Lab* values than EP, and the down-regulated actinin alpha 1 and actinin
alpha 2 exhibited higher FC in EP than FS, while HSPB1 and HSP90B1
exhibited higher FC in FS than EP, which may have contributed to the
lower L* observed in EP. Moreover, down-regulated creatine kinase had
a higher FC in FS than in EP, while pyruvate kinase exhibited a higher FC
in EP than in FS. This discrepancy may result in lower a* values in EP
due to the combined effects of actinin alpha 1, actinin alpha 2, HSPB1,
and creatine kinase. Down-regulated ACTN2 had a higher FC in FS than
EP, and the combined effect of ACTN2 and HSP90B1 may have caused
the lower a* in EP. The majority of myosin and actin proteins had higher
FC in EP than FS, except ACTN2 in FS, possibly leading to lower WHC in
EP. Down-regulated TNNT3, TTLL3, GSTM3, and proteasomes had
higher FC in EP than in FS, potentially leading to lower tenderness in EP.

In FS30 vs FS15, 76 up-regulated proteins were screened, including
carbonic anhydrase, titin, and myosin light chain 2. Meanwhile, 44
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down-regulated proteins were screened, such as a-actinin, myosin
binding protein C2, actinin alpha 1, myosin binding protein H, myosin
light chain 3, myosin heavy chain 10, troponin-T, and glutathione-S-
transferase. The up-regulation of carbonic anhydrase might have been
responsible for the pH decrease. The up-regulation of pyruvate kinase
and titin, along with the down-regulation of a-actinin, could have
resulted in increased a* and b* values and decreased L*. The down-
regulation of myosin binding protein C2, actinin alpha 1, myosin bind-
ing protein H, myosin light chain 3, and myosin heavy chain 10, together
with the up-regulation of myosin-7, myosin light chain 2, and myosin
light chain 6B, likely contributed to a decrease in WHC. The down-
regulation of troponin-T and GSTM3 also indicated decreased tender-
ness and increased SF.

In EP30 vs EP15, 44 up-regulated proteins, including titin and
myosin binding protein C1, and 46 down-regulated proteins, including
Q9MZ05, pyruvate kinase, fructose-bisphosphate aldolase, ENO3,
myosin light chain 3, myosin binding protein C2, LDHA, and troponin-T,
were identified. ENO3, an important enzyme in glycolytic metabolism,
has been found to have a negative correlation with a* value and a
positive correlation with pH (Yu et al., 2017). The down-regulation of
carbonic anhydrase and ENO3 might have explained the rising pH trend.
Canto et al. (2015) found that fructose-bisphosphate aldolase, with high
activity, exhibited a lighter red color and color stability. The down-
regulation of Q9MZ05, pyruvate kinase, fructose-bisphosphate
aldolase, and ENO3, along with the up-regulation of titin, indicated
increased a* and b* values compared to the FS group and a decrease in
L*. The down-regulation of myosin light chain 3 and myosin binding
protein C2, and the up-regulation of myosin binding protein C1, sug-
gested that the combined action of actin and myosin proteins had led to
a decrease in WHC. LDHA, mainly present in muscle tissue and part of
the lactate dehydrogenase family, has a negative correlation with SF
(Lopez-Pedrouso et al., 2021). The down-regulation of LDHA and
troponin T had resulted in decreased SF.

In FS45 vs FS30, 8 up-regulated proteins, including AOA8C2XSD9,
AOA452E4U5, and AO0A452DZUO, and 1 down-regulated protein
(AOA836APP1) were identified. These proteins were mostly related to
coagulation, immune response, and cellular energy metabolism.

In EP45 vs EP30, 65 up-regulated proteins were screened, including
titin, myosin heavy chain 7B, myosin light chain 3, myosin binding
protein H, LDHA, and troponin-T. Additionally, 107 down-regulated
proteins were identified, including ENO3, Q9MZ05, pyruvate kinase,
and triosephosphate isomerase, myosin binding protein C1, sarcalume-
nin, and myosin light chain kinase 2. The up-regulation of carbonic
anhydrase and ENO3 likely caused the pH to decrease. The down-
regulation of Q9MZ05, pyruvate kinase, and triosephosphate isom-
erase, combined with the up-regulation of titin, suggested that the
interplay of these proteins, along with ENO3, had resulted in decreased
L* and a* values, while b* showed a slight increase. The up-regulation of
myosin binding protein C2, myosin heavy chain 7B, myosin light chain
3, and myosin binding protein H, along with the down-regulation of
myosin binding protein C1, sarcalumenin, and myosin light chain kinase
2, likely led to a decrease in WHC. The up-regulation of LDHA and
troponin-T indicated an increase in SF.

3.5.3. Functional enrichment analysis of DEPs between the two storage
methods at 15 days

On the 15th day, the 117 DEPs screened in the EP15 vs FS15 group
were subjected to analysis for GO and KEGG pathway enrichment. The
GO enrichment analysis results, as shown in Fig. 7-A, revealed enrich-
ment in biological processes (BP) such as single-organism processes,
organonitrogen compound metabolic processes, and cellular component
assembly, potentially impacting mutton freshness, WHC, and tenderness
through muscle tissue construction and maintenance. Molecular func-
tion (MF) enrichment included metal ion binding, cation binding,
cytoskeletal protein binding, and oxidoreductase activity, which may
have affected meat color, muscle structure, and oxidative stability.
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Fig. 7. GO and KEGG enrichment analysis of DEPs under different storage conditions at the same storage time (BP: biological processes, CC: cellular components, MF:

molecular functions).

Where: A- GO enrichment analysis of DEPs at 15d for two storage methods, B- KEGG enrichment analysis of DEPs at 15d for two storage methods, C- GO enrichment
analysis of DEPs at 30d for two storage methods, D- KEGG enrichment analysis of DEPs at 30d for two storage methods, E- GO enrichment analysis of DEPs at 45d for
two storage methods, F- KEGG enrichment analysis of DEPs at 45d for two storage methods.

Cellular component (CC) enrichment encompassed cytoplasmic parts,
mitochondria, I band, and contractile fiber parts, related to energy
metabolism and muscle structural functions, influencing mutton
tenderness and WHC.

Concurrently, KEGG pathway enrichment analysis identified a total

of 101 metabolic pathways, with the top 30 significantly enriched
pathways (P < 0.05) illustrated in Fig. 7-B. Significantly enriched
pathways included the TCA cycle, f-alanine metabolism, Apelin
signaling pathway, oxidative phosphorylation, ubiquinone and other
terpenoid-quinone biosynthesis, among others. These metabolic
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pathways were consistent with the GO enrichment analysis results,
indicating that these DEPs interacted through various BPs, MFs, and CCs
to collectively regulate mutton quality changes during storage. In
particular, significantly upregulated proteins, such as AOA452E8M?7,
D3JYV6, A0A452FKR1, and A0A452G6M6, were associated with
several metabolic pathways. For instance, the involvement of
A0A452E8M7 and D3JYV6 could have influenced the energy supply and
metabolism of mutton, subsequently affecting its color, tenderness, and
taste. Similarly, the involvement of AOA452FKR1, AOA452G6M6, and
D3JYV6 may have enhanced the energy supply and antioxidant capacity
of mutton. Furthermore, the involvement of A0A452DSW4 and
AO0A452FJES8 in protein degradation may have improved the tenderness
and flavor of mutton A0OA452G4Al1 may also have contributed to
maintaining the freshness and color of meat. In the Apelin signaling
pathway, the significant upregulation of AOA452EJ66, AOA452EP00,
and AOA452ERK1 may have impacted cardiac muscle structure and
function, thereby enhancing the overall quality of the mutton. In
conclusion, the GO function enrichment and KEGG pathway enrichment
results indicated that these differentially expressed proteins, through a
complex regulatory network of biological processes, molecular func-
tions, and cellular components, collectively influenced mutton fresh-
ness, WHC, tenderness, and overall quality during the 15-day storage
period.

3.5.4. Functional enrichment analysis of DEPs between the two storage
methods at 30 days

On the 30th day, the 93 DEPs screened in the EP30 vs FS30 group
were subjected to analysis for GO and KEGG pathway enrichment. The
results of the GO enrichment analysis, depicted in Fig. 7-C, revealed
enrichment in BP, primarily involving single-organism metabolic pro-
cesses, regulation of biological quality, response to stress, and regulation
of phosphate metabolic processes. These processes were associated with
energy supply, metabolism, flavor changes, and storage adaptability. MF
included metal ion binding, cation binding, enzyme regulator activity,
and cytoskeletal protein binding, influencing meat color, tenderness,
freshness, and oxidative stability. The CC terms included those relating
to the extracellular region, extracellular space, sarcomere, and con-
tractile fiber part, impacting muscle structure and meat characteristics.

KEGG pathway enrichment analysis identified 78 metabolic path-
ways, with the top 30 pathways illustrated in Fig. 7-D. The analysis
revealed that several pathways were significantly enriched, including
those involved in thyroid hormone synthesis, complement and coagu-
lation cascades, platelet activation, purine metabolism, and thiamine
metabolism. These pathways impacted a range of biological processes,
including metabolism, immune response, coagulation ability, blood
supply, and overall quality. These pathways interacted with one another
to regulate the changes in quality that occurred in the mutton during the
storage period. At day 30, significant enrichment was observed in thy-
roid hormone synthesis, purine metabolism, and the Apelin signaling
pathway, which were involved in energy supply, metabolism, immune
response, and cardiovascular function. The up-regulated proteins
AO0A452DUP7 and AOA452EUJ3 participated in purine metabolism,
while AOA452EJ66 and AOA452EPO0 were involved in the Apelin
signaling pathway. In accordance with the results obtained on day 15,
these proteins and pathways exerted a consistent and pivotal regulatory
influence on mutton quality throughout the storage period.

3.5.5. Functional enrichment analysis of DEPs between the two storage
methods at 45 days

On the 45th day, the 187 DEPs screened in the EP45 vs FS45 group
were subjected to analysis for GO and KEGG pathway enrichment. The
GO enrichment analysis, as illustrated in Fig. 7-E, revealed that the BP
that were most significantly enriched were those involved in regulating
biological quality, small molecule metabolism, establishment of cell
localization, and cytoskeleton organization. These processes signifi-
cantly influenced the overall quality and energy metabolism of mutton,
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thereby affecting characteristics such as color, tenderness, taste, and
freshness. MF enrichment included terms such as binding, protein
binding, ion binding, and cation binding, which were found to be
correlated with oxidative stability, muscle structure, and enzymatic
activity. These factors had an additional impact on meat quality char-
acteristics. CC enrichment encompassed terms related to cells, intra-
cellular and extracellular parts, cytoplasm, and organelles, which may
have influenced meat texture, freshness, and WHC. The majority of
down-regulated proteins were involved across these pathways, partic-
ularly in MF, where they affected structural molecular activity.

A total of 76 metabolic pathways were identified as significantly
enriched in the KEGG pathway enrichment analysis, with the top 30
pathways illustrated in Fig. 7-F. The pathways included the TCA cycle,
f-alanine metabolism, apelin signaling pathway, oxidative phosphory-
lation, ubiquinone and other terpenoid-quinone biosynthesis, and
several others. These pathways were closely associated with mutton
metabolism, energy supply, muscle structure, antioxidant capacity, and
overall quality. For instance, the peroxisome proliferator-activated re-
ceptor (PPAR) signaling pathway is associated with fatty acid meta-
bolism, influencing adipose tissue and lipid oxidation during storage.
The metabolism of alanine, aspartate, and glutamate plays a crucial role
in amino acid metabolism, thereby influencing protein synthesis and
degradation. This process significantly affects meat tenderness and fla-
vor. Furthermore, the metabolism of cholesterol and purines directly
impacts the energy supply, thereby affecting the overall quality of the
meat. The interconnectivity of these pathways collectively regulated
mutton taste, freshness, color, and overall quality, reflecting intricate
biochemical alterations and regulatory mechanisms that occurred dur-
ing prolonged storage. In conclusion, the results of the GO functional
enrichment and KEGG pathway enrichment analyses indicated that the
DEPs collectively influenced the quality characteristics of mutton during
the 45-day storage period, including freshness, WHC, tenderness, and
overall quality.

4. Correlation analysis between physicochemical indicators and
DEPs

The physicochemical indicators of mutton were correlated with the
DEPs obtained from the screening, and the top 30 DEPs most correlated
with the physicochemical indicators were screened. The correlation
heatmap is shown in Fig. 8. The DEPs exhibited significant correlations
with various quality traits, suggesting their potential as biomarkers for
the comprehensive assessment of mutton quality.

In the FS group (Fig. 8-A), pH and SF were found to be significantly
positively correlated with eight DEPs, with peroxiredoxin-1 and super-
oxide dismutase [Cu—Zn] showing highly significant positive correla-
tions with SF (P < 0.001). This can be attributed to the protective role of
peroxiredoxin-1 and superoxide dismutase [Cu—Zn] against reactive
oxygen species damage to myofibrillar proteins, as observed in the study
by Malheiros et al. (2019). Additionally, pH and SF were significantly
negatively correlated with 22 DEPs, with troponin T and myomesin 2
being notably negatively correlated with shear force. Troponin T and
myomesin 2 play critical roles in muscle contraction regulation, and
their increased expression tends to result in more tender mutton, as
highlighted by Lopez-Pedrouso et al. (2021). b* was significantly posi-
tively correlated with 1 DEP and negatively correlated with 1 DEP. a*
showed significant positive correlations with 4 DEPs and negative cor-
relations with 4 DEPs. L* and WHC were significantly positively corre-
lated with 22 DEPs and negatively correlated with 8 DEPs. Notably,
superoxide dismutase was negatively correlated with WHC, consistent
with findings by Zhang et al. (2019), while four and a half LIM domains
1 protein exhibited a negative correlation with L*, similar to Gagaoua
et al. (2018).

In the EP group (Fig. 8-B), pH and SF were significantly positively
correlated with 8 DEPs and negatively correlated with 22 DEPs. L* and
WHC were significantly negatively correlated with 22 DEPs and
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Fig. 8. Heatmap of correlation analysis quality characteristics and DEPs of mutton under FS (A) and EP (B).

Note: red represents positive correlation, green and blue represents negative correlation. Different colors represent different correlation coefficients r, and the right
side of the legend is the color range of different r values. The significance values are: * 0.01 < P < 0.05; * * 0.001 < P < 0.01; * * * P < 0.001. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

positively correlated with 8 DEPs. Tubulin alpha chain showed a posi-
tive correlation with WHC, reflecting its role as a structural protein that
helps preserve water in muscle, as observed by Zhang et al. (2019). No
significant correlations were found between these DEPs and a* and b*.
Additionally, titin exhibited a negative correlation with shear force and
a positive correlation with L*. The degradation of titin can disrupt
myofibrillar proteins, affecting mutton tenderness and light scattering,
as discussed in Gagaoua et al. (2018).

5. Conclusions

This study presented a comparative analysis of the effects of two
storage methods, FS and EP, on the physicochemical indicators of
mutton quality in Qianbei Ma sheep. The results indicated that
compared to the FS group, the EP group demonstrated a better ability to
inhibit pH increase and maintain a* and b* values during the storage of
mutton. With prolonged storage time, the EP group exhibited superior
performance in controlling mutton tenderness and WHC. The quantita-
tive proteomics technique with tandem mass tagging revealed that
mutton quality was closely related to protein expression levels. In

10

particular, changes in pH were associated with carbonic anhydrase
expression levels, changes in color were mainly associated with
myoglobin, creatine kinase, glycolytic enzymes, chaperonins, and
structural proteins, changes in WHC were associated with myofibrillar
fibrillar proteins, and changes in SF were associated with troponin-T,
proteasome and GSTM3. Furthermore, GO and KEGG enrichment ana-
lyses revealed that certain proteins, including AO0A452DSW4,
A0A452E8M7, and D3JYV6, were involved in energy metabolism and
redox processes. In contrast, A0A452EJ66, A0A452DSW4, and
A0A452FJE played important roles in protein binding. In conclusion, EP
proved more effective in maintaining mutton quality. These findings
offered insights into the molecular mechanisms underlying varied stor-
age conditions and suggested potential directions for future advance-
ments in mutton preservation technologies.
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