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This work investigated the ability of 8 potential biomarkers (phosphoglycerate kinase-1 (PGK1), pyruvate kinase-
M2 (PKM2), phosphoglucomutase-1 (PGM1), p-enolase (ENO3, myosin-binding protein-C (MYBPC1), myosin
regulatory light chain-2 (MYLPF), troponin C-1 (TNNC1) and troponin I-1 (TNNI1)) to characterize meat quality
by analyzing their relative abundance and enzymatic activity. Two different meat quality groups (Quadriceps
femoris (QF) and Longissimus thoracis (LT) muscles) were selected at 24 h postmortem from 100 lamb carcasses.

The relative abundance of PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF, and TNNI1 was significantly different
between LT and QF muscle groups (P < 0.01). Moreover, PKM, PGK, PGM, and ENO activity in LT muscle group
was significantly lower than that in QF muscle (P < 0.05). Suggesting that PKM2, PGK1, PGM1, ENO3, MYBPC1,
MYLPF, and TNNI1 can be used as robust biomarkers of lamb meat quality, providing the reference for under-
standing the molecular mechanism of postmortem meat quality formation in future.

1. Introduction

Meat quality characteristics, especially for the tenderness, color, and
water-holding capacity (WHC) of fresh meat, directly affect and deter-
mine the consumers’ overall preference and the economic benefit of the
meat industry (Matarneh, Silva, & Gerrard, 2021). In recent years, the
economic loss and the resource waste of meat caused by meat quality
worsening (such as discoloration, serious juice loss, and texture wors-
ening of postmortem muscle) has become an urgent problem in the meat
industry. Statistics from the Food and Agriculture Organization (FAO)
revealed that more than 20% of the 263 million tons of meat produced
worldwide is lost or wasted annually (http://www.fao.org/3/i4807e/i
4807e.pdf). Protein biomarkers or indicators refer to the molecular
components of biological processes, showing the differentially expressed
proteins related to the phenotype of a specific trait (Huang et al., 2020).
Biomarkers provides a new strategy to solve the issue of postmortem
meat quality deterioration. Thus, it is essential to certify the biological
markers of meat quality in order to characterize and assess it, and
elucidate the molecular mechanisms underlying the development of

meat quality, which is crucial for reducing the yield of inferior meat in
the industry.

A series of complex physiological biochemistry changes and meta-
bolic pathways occur during the process of muscle conversion to meat,
including glycolysis, muscle contraction, apoptosis, and post-
translational protein modification etc., and thereafter affect meat
quality, such as appearance (color), juiciness (water holding capacity)
and texture (tenderness) (Matarneh et al., 2021). Glycolysis is an energy
metabolic process in postmortem muscle, of which more than ten
glycolytic enzymes are involved in enzyme catalysis reactions. Among
them, many glycolytic enzymes play a major role in the development of
postmortem meat quality. The findings showed that the abundance of
PGK1 (phosphoglycerate kinase 1) had a significant difference in meat
tenderness, color and WHC (Kim, Jeong, Yang, & Hur, 2019; Silva,
Rodrigues, Assis, Benedeti, Duarte, & Chizzotti, 2019). PKM2 (pyruvate
kinase M2) is one of the rate-limiting enzymes of glycolysis, and its
activity and posttranslational modification directly affect the formation
of meat quality after slaughter (Ren, Li, Bai, Schroyen, & Zhang, 2022).
Kim et al. (2019) reported that the glycolytic enzymes of PGM1
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Fig. 1. Experimental design: Selection of two lamb muscle groups from randomly collected 100 carcasses at abattoir according to shear force, a* value, and cooking
loss at 24 h postmortem. LT represented Longissimus thoracis of lamb muscle, QF represented Quadriceps femoris of lamb muscle.

(phosphoglucomutase 1) abundance were most closely associated with
intramuscular changes in meat quality. ENO3 (enolase 3) is one of the
key enzymes of the glycolysis pathway and is closely associated with
meat tenderness (Malheiros et al., 2019) and color (Yu, Wu, Tian, Hou,
Dai, & Li, 2017). Skeletal muscle is the most important component of the
body’s organs, accounting for approximately 40% of body mass in
mammals (Janssen, Heymsfield, Wang, & Ross, 2000). Myofibrillar
proteins are the largest protein category in skeletal muscle and are
responsible for the contractile characteristics of the muscle, which ac-
counting for approximately 55-60% of the total protein content. After
slaughter, the depletion of ATP and the liberation of Ca®* from the
sarcoplasmic reticulum lead to the cross connection of sarcomeric thin
and thick filaments to continuously contract the muscle (Muroya,
Ohnishi-Kameyama, Oe, Nakajima, Shibata, & Chikuni, 2007). Myofi-
brillar proteins regulating muscle contraction could affect the develop-
ment of meat quality. A series of studies found that the differential
abundance of structural proteins, for example, MYBPC1 (myosin-bind-
ing protein C, slow-type) (Tong et al., 2014), MYLPF (myosin regulatory
light chain 2, fast skeletal muscle isoform) (Kim et al., 2019), TNNC1
(troponin C, type 1) (Pierzchala et al., 2014) and TNNI1 (troponin I,
slow skeletal muscle) (Pierzchala et al., 2014) proteins were closely
associated with postmortem meat quality characteristics. In addition,
our previous study also found that key glycolytic enzymes (PKM2, PGK1,
PGM1, and ENO3) and muscle contractile proteins (MYBPC1, MYLPF,
TNNC1 and TNNI1) were intimately associated with the lamb meat
quality characteristic (tenderness, color and water-holding capacity)
(Huang et al., 2023). Although, these abovementioned proteins (PKM2,
PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1) have been
reported to be closely related to the postmortem meat quality, it is
currently unclear whether these proteins can be used as the robust in-
dicators to characterize or monitor the formation of lamb meat quality
traits.

Skeletal muscle is made up of different types of fibers, which are
influenced by multiple factors, especially muscle type. Muscle fibers are
the basic unit of muscle, which typically make up 75-90% of muscle
volume. The type and characteristics of muscle fibers can directly impact
the tenderness, color and WHC of meat (Lee, Joo, & Ryu, 2010). Muscle
types of the carcass are different in tissue composition, which leads to

differences in meat quality attributes. Therefore, the purpose of the
current study was to assess the ability of 8 potential biomarkers (PKM2,
PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1) to charac-
terize lamb meat quality in two different muscle types (Longissimus
thoracis (LT) and Quadriceps femoris (QF) muscles) samples (with
different meat quality traits) were selected from 100 lamb carcasses, and
confirm the protein biomarkers of postmortem lamb meat quality
combined with multivariate statistical analysis. Furthermore, to inves-
tigate whether these potential biomarkers of meat quality attributes
reported in previous studies are affected by muscle types. The data will
provide valuable insights into the development of postmortem meat
quality and contribute to the advancement of meat quality detection and
identification technologies.

2. Materials and methods
2.1. Animals and samples collection

A total of 100 Small Tailed Han sheep with the same feeding con-
ditions were supplied by Jinhong halal meat Co., Ltd, Hebei, China (6-8
months old, carcass weight of 38.37 £ 2.83 kg). The experimental
design was shown in Fig. 1. The 100 Longissimus thoracis (LT) and
Quadriceps femoris (QF) muscles from the left carcass side were selected
within 45 min after bleeding and enveloped in an oxygen-permeable
polyethylene (PE) film with an oxygen transmission rate of cm3/
(m?-24 h-atm) and a moisture transmission amount of 68.5 g/ (m%24h).
Subsequently, the muscle samples were stored in a refrigerated room at a
temperature of 2 + 2 °C for 24 h. And then the pH value, Warner-Bratzler
shear force, a* value and cooking loss of LT and QF muscles were
measured at 24 h postmortem immediately, and 50 g samples were
frozen in liquid nitrogen simultaneously. For the sample grouping,
firstly, the samples with significant differences in shear force, a* value
and cooking loss between LT and QF muscles were selected by K-means
clustering analysis (Table S1), respectively. Subsequently, to select the
samples that simultaneously showed significant difference in shear
force, a* value, and cooking loss in LT and QF muscles as the two
different meat quality groups (LT muscle and QF muscle groups), each
group with 20 biological replicates. Finally, the relative abundance of 8
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potential biomarkers (PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF,
TNNC1, and TNNI1) and the activity of glycolytic enzymes were
measured at 24 h postmortem in two different meat quality groups.

2.2. Meat quality measurement

2.2.1. pH value

The pH value of LT and QF muscle samples was detected by using a
portable pH meter (Testo 205, Lenzkirch, Germany). The pH meter
probe was calibrated with commercial buffers of pH 4.0, 7.0, and 10.0
before using in the chilling room (2 £+ 2°C). And then the probe was
inserted into muscle samples about 2 cm deep, with three measurements
for each sample.

2.2.2. a* Value

The a* value of LT and QF muscle samples was determined on the
fresh muscle samples, at which time the measurement was conducted on
fresh-cut surface after blooming 45 min in the chilling room (2 + 2°C) by
using the spectrophotometer (Minolta CM-600D, Konica Minolta
Sensing Inc., Osaka, Japan). The calibration of colorimeter was consis-
tent with our previous research (Huang et al., 2023). An aperture size of
8 mm with a D65 illuminant and a 10° standard observer were used in
the whole experiment. The average was calculated according to the a*
value from four random sites for each muscle cut sample, avoiding the
visible fat and connective tissue.

2.2.3. Cooking loss and Warner-Bratzler shear force

The LT and QF muscles samples were weighed (W1, about 60 g) and
cooked in the thermostat water bath (HH-4, Shenzheng, China) for 35
min at 71°C (Huang et al., 2023). Subsequently, the samples were dried
by the neutral filter paper and reweighed (W2). The percentage of
cooking loss was counted with the following formula:

w1l — w2
— X

100
w1

Cooking loss % =

The cooked samples were chilled at 4°C overnight, and then were cut
into1 x 1 x 1.5 cm cube for each to measure the Warner-Bratzler shear
force by the tenderometer (C-LM4, Harbin, China). Ten technical repli-
cates were performed for each sample and the average was calculated
and expressed as N.

2.3. Western blotting analysis

LT and QF muscle samples were chopped into meat paste and added
the RIPA lysis buffer (Sigma, USA) with protease inhibitor cocktail
(Sigma, USA) to lyse it on ice. The protein concentration of samples was
detected using a BCA Protein Assay Kit (Thermo Fisher Scientific,
23225). Equal quantities of protein lysates were loaded onto a SDS-
PAGE gel system consisting of a separating gel with a range of 10%-
12% and a stacking gel with a concentration of 4%, and then converted
to the PVDF membrane (Merck-Millipore, 0.2 pm, Millipore, Germany).
After that, the PVDF membrane was soaked into the TBST (Tris Buffered
Saline with Tween® 20) solution (137 mM NaCl, 20 mM Tris, 0.1%
Tween-20) with 5% defatted milk powder. The PVDF membrane was
incubated at 4°C overnight and the following first antibodies: PKM2
(A16700, 1:1000, Abcam Inc, Cambridge, MA), PGK1 (AV48140,
1:1000, Sigma-Aldrich, St. Louis, MO), ENO3 (ab126259, 1:1000,
Abcam Inc, Cambridge, MA), MYLPF (ab79935, 1:1000, Abcam Inc,
Cambridge, MA), MYBPC1 (ab124196, 1:1000, Abcam Inc, Cambridge,
MA), TNNI1 (A9664, 1:1000, ABclonal, Wuhan, China), TNNC1 (A1927,
1:1000, ABclonal, Wuhan, China), and GAPDH (ACO001, 1:1000,
ABclonal, Wuhan, China). Subsequently, the PVDF membrane was
associated with the HRP Goat Anti-Rabbit IgG (H + L) (AS014, ABclonal,
Wuhan, China) at room temperature for 80 min. Finally, each band was
detected using the ECL detection kit (Bio-Rad, Hercules, USA) with the
ChemiDocTMMP imaging system. Calculating the abundance of bands
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by using Quantity One software (Version 4.62, Bio-Rad, Hercules, USA).
The equal amount of all samples from two muscle groups were mixed as
a reference sample. Each gel was loaded with a same reference sample.
For the relative abundance of glycolytic enzymes (PKM2, PGK1, PGM1
and ENO3) and structural proteins (MYBPC1l, MYLPF, TNNC1 and
TNNI1), the targeted bands intensity was quantified by a relative ratio
compared with reference protein of GAPDH band intensity firstly, and
then compared with the reference sample band intensity again to
calculate the relative abundance of PKM2, PGK1, PGM1, ENO3
MYBPC1, MYLPF, TNNC1 and TNNI.

2.4. Enzyme activity measurement

2.4.1. Pyruvate kinase (PKM)

PKM activity was measured by the pyruvate kinase assay kit
(BC0545, Solarbio, Beijing, China) according to manufacturer’s in-
structions. 100 mg muscle samples were added with 1 mL extraction
buffer and homogenized on ice using grinding rod (D9030, Solarbio,
Beijing, China). Subsequently, the homogenate was centrifuged for 10
min at 4°C and 8,000 g. The supernatant was collected and its absor-
bance at 340 nm was measured using a microplate reader (Multimode
Microplate Reader, Spark®, Tecan, Switzerland). The activity of PKM
(units) was expressed as U/mg protein.

2.4.2. 3-Phosphoglycerate kinase (PGK)

PGK activity was measured by the 3-phosphoglycerate kinase assay
kit (BC2255, Solarbio, Beijing, China) according to manufacturer’s in-
structions. 100 mg muscle samples were added with 1 mL extraction
buffer and homogenized on ice using grinding rod (D9030, Solarbio,
Beijing, China). After that, the homogenate was centrifuged at 4°C and
10,000 g for 10 min. The supernatant was collected and its absorbance at
340 nm was measured using a microplate reader (Multimode Microplate
Reader, Spark®, Tecan, Switzerland). The activity of PGK (units) was
expressed as U/mg protein.

2.4.3. Phosphoglucomutase (PGM)

PGM activity was measured by phosphoglucomutase colorimetric
assay kit (MAK105, Sigma-Aldrich, St. Louis, MO, United States) ac-
cording to manufacturer’s instructions. 50 mg muscle samples were
homogenized in 200 mL of PGM assay buffer on ice and centrifuged the
samples at 4°C and 13,000 g for 5 min. The supernatant was collected
and its absorbance at 340 nm was measured using a microplate reader
(Multimode Microplate Reader, Spark®, Tecan, Switzerland). The ac-
tivity of PGM (units) was expressed as milli U/pg protein.

2.4.4. Enolase (ENO)

Enolase activity was determined by the enolase activity assay kit
(MAK178, Sigma-Aldrich, St. Louis, MO, United States) according to
manufacturer’s instructions. 10 mg muscle samples were homogenized
in 100 mL of ENO assay buffer on ice and centrifuged the samples at 4°C
and 10,000 g for 5 min. The supernatant was collected and its absor-
bance at 340 nm was measured using a microplate reader (Multimode
Microplate Reader, Spark®, Tecan, Switzerland). The activity of ENO
(units) was expressed as milli U/pg protein.

2.5. Statistical analysis

Date analysis was performed using SPSS 22.0 (IBM Corp., New York,
USA). Student’s T-test (P < 0.05) was considered to determine signifi-
cant differences in the a* value, shear force, and cooking loss, relative
abundance of proteins and enzymes activity between the LT muscle and
QF muscle groups. The K-means cluster analysis, hierarchical cluster
analysis, correlation analysis and principal component analysis were
performed by Origin 2022b (Originlab Corp., Northampton, USA). All
data were presented as the mean + SEM (standard error of mean).
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Fig. 2. The difference of meat quality traits in LT and QF muscle groups at 24 h postmortem. A - D: The difference of shear force, a* value, cooking loss, and pH value
in LT and QF muscle groups; E and F: Hierarchical cluster analysis and Principal component analysis for LT and QF muscle groups according to shear force, a* value

and cooking loss of lamb meat at 24 h postmortem, respectively.

3. Results and discussion
3.1. Samples grouping and meat quality characteristics

In this study, 20 LT and QF muscles were selected respectively from
100 lamb carcasses as two different meat quality traits groups based on
the values of lamb meat color, tenderness, and water-holding capacity at
24 h postmortem (Fig. 1). As shown in Fig. 2, the shear force and cooking
loss in LT muscle group was significantly higher than QF muscle group at
24 h postmortem (P < 0.001; Fig. 2A and B). The a* value presented a
remarkably lower level in LT muscle group compared to those of QF
muscle group at 24 h postmortem (P < 0.001; Fig. 2C). Moreover, the
hierarchical cluster analysis (Fig. 2E) and principal component analysis
(PCA) analysis (Fig. 2F) presented a clear boundary between LT muscle
group and QF muscle group based on shear force, a* value and cooking
loss. It was indicated that the sample grouping (LT muscle and QF
muscle groups) met the requirements of the differential lamb meat
quality attributes.

3.2. pH Value

The rate and extent of pH decline significantly affects the overall

meat quality at postmortem. After bleeding of animals, the lack of ox-
ygen results in the internal environment of hypoxia, and thereafter the
energy supply of animals must rely on anaerobic glycolysis. In the
glycolysis pathway, the degradation of glycogen, the production of
lactate and the accumulation of hydrogen ion (H") lead to the decrease
of pH value (Matarneh et al., 2021). As presented in Fig. 2D, our result
found that the pH value of LT muscle was significantly lower than that in
the QF muscle group at 24 h (P < 0.001). Chaosap, Sitthigripong,
Sivapirunthep, Pungsuk, Adeyemi, & Sazili (2020) found that LT muscle
had a lower ultimate pH (pHu) than other muscles, which is consistent
with our result. This may be due to that LT muscle belongs to the
glycolytic muscle and has high glycolytic potential, which leads to a
faster pH drop than QF muscle group (Shen et al., 2016). The previous
study also demonstrated that the rate of glycolysis is influenced by pH,
especially at low pH values (Wang, Matarneh, Gerrard, & Tan, 2021).
Therefore, it was suggested that the pH value of meat was influenced by
muscle types. In addition, the pHu of meat is commonly used as an in-
dicator or reflector of meat quality. Bernad, Casado, Murillo, Picallo,
Garriz, and Maceira (2018) found that cooking loss increased in lower
pHu value of meat, which was due to the increase of protein denatur-
ation and the decrease of protein water retention under the lower pHu
value. The study showed that there was a positive relationship between
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Fig. 3. Relative abundance of PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1 in LT and QF muscle groups. R represented the reference samples. A:
Western blotting images of PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1 in LT and QF muscle groups; B-I: The relative level abundance PKM2,
PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1 in LT and QF muscle groups.

pHu and tenderness (Bouton, Harris, & Shorthose, 1971). Yang et al.
(2021) studied the physicochemical of beef steak in different pHu values
and showed that the lower pHu beef had a lower a* value. These findings
agreed with our results. Therefore, we inferred that in the normal ulti-
mate pH value of meat, the higher pHu value may be revealed the better
meat tenderness, color and WHC.

3.3. The relative abundance of 8 potential protein indicators

Muscle postmortem glycolysis is considered as one of the important
metabolic processes during the transformation of muscle - to - meat,
which directly affects and determines the development of final meat
quality (Honikel, 2014). Moreover, the previous study also reported that
structural proteins, including actin, myosin, titin, nebulin, desmin and
troponin, were closely related to changes in postmortem meat quality,
especially under the effect of protein degradation (Huang et al., 2020).
Among them, the key enzymes (PKM2, PGK1, PGM1 and ENO3) during
glycolysis and structural proteins (MYBPC1, MYLPF, TNNC1 and
TNNI1) have been found, which has the capability of being used as
potential protein biomarkers associated with lamb meat quality (Huang
et al., 2023). To confirm that these proteins whether can be used as
robust biological markers to evaluate and forecast the lamb meat quality
characteristics, we selected the two different muscle types samples with
different meat quality characteristics for verification. The relative
abundance of 8 potential indicators of glycolytic enzymes (PKM2, PGK1,
PGM1 and ENO3) and structural proteins (MYBPC1, MYLPF, TNNC1 and
TNNI1) was determined by using western blotting analysis and pre-
sented in Fig. 3A.

3.3.1. Glycolytic enzymes

For glycolytic enzymes, our study found that the relative abundance
level of PKM2, PGK1, PGM1 and ENO3 in the LT muscle group was
remarkably higher than that in the QF muscle group (P < 0.001; Fig. 3B,
3C, 3D and 3E). Glycolysis is one of the significant biological processes
affecting the formation of meat quality. The rate of ATP consumption
affects the rate of glycolysis in postmortem (Hamm, 1977). ATP content
plays a key role in the transformation of muscle - to - meat, causing meat

quality changes (Honikel, 2014). PGK1 and PKM catalyze the two
glycolytic reactions that produce ATP in the glycolytic pathway (Bern-
stein & Hol, 1998). PGK1 is the first ATP-generating enzyme in the
glycolysis pathway and can catalyze the transformation of 1,3-diphos-
phoglycerate to 3-phosphoglycerate, leading to the ATP generation.
PKM produces pyruvate and ATP by transferring the phosphoenolpyr-
uvate to ADP, which is the second ATP-generating enzyme during the
glycolytic process. Shen et al. (2022) revealed that PKM gene expression
in pork had a negative correlation with the final pH value, which was in
accordance with our results. However, Fuente-Garcia, Sentandreu,
Aldai, Olivan, and Sentandreu (2021) studied the preslaughter stress of
beef cattle was determined by proteomics and a higher abundance level
of PGK1 was found in normal beef (pHu = 5.53 + 0.14) that in high pHu
(6.56 + 0.25) beef. Generally, the fast and inordinate glycolysis results
in PSE (pale, soft and exudative) meat, while inadequate glycolysis leads
to DFD (dark, firm, and dry) meat. Wang et al. (2021) also found that pH
changes in postmortem muscle were affected by glycolysis. Therefore,
the results indicated that PGK1 relative abundance may also be affected
by the pHu value of meat. The previous study have proved that post-
mortem muscle glycolysis transfers the glucose into lactate and H, with
a drop in pH, which could affect meat quality attributes (Ijaz et al.,
2020). PGM1 is one of the key glycolytic enzymes that interconverts
glucose-6-phosphate and glucose-1-phosphate, which plays a prominent
role in the regulation of glycogen metabolism process (Radenkovic et al.,
2019). The observation found that PGM1 can be used as a candidate
biomarker to discriminate beef samples according to the incidence of
preslaughter stress, and it was negatively correlated with the a* value
(Diaz et al., 2020). PGM1 was also reported as a biomarker of beef
tenderness downregulated in tender meat compared to tough meat
(Picard & Gagaoua, 2020). Moreover, Antonelo et al. (2022) revealed
that the abundance of PGK1 and PGM1 in high growth rate of cattle with
higher level than low growth rate of cattle group, and concluded that
PGM1 and PKM as the candidate biological markers for meat color and
tenderness of beef, respectively. This may be due to PKM and PGM1
could regulate the process of glycolysis, and then influence the lateral
contraction of muscle fibers and the extension of sarcomeres (Ouali
et al., 2013). Enolase (ENO) is a terminal enzyme during glycolysis that
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Fig. 4. The change of PKM, PGK, PGM and ENO activity in LT

produces the phosphoenolpyruvate from 2-phosphoglycerate, which
consists of three subunits (a, B, y). Among them, the f§ subunit is encoded
by the ENO3 gene and is the main subunit of muscle. The study found
that ENO3 had a different abundance in tender and tough beef and could
explain up to 50% of the shear force variability (Bonnet et al., 2020).
Malheiros et al. (2019) observed that ENO3 caused a decrease in
oxidative damage in the tender beef. Moreover, the study also showed
that ENO3 was a pHu related protein (Huang et al., 2020), which could
result in a change in the postmortem muscle glycolysis rate and then
impact the variation in meat quality. Shen et al. (2022) reported that the
PKM2, PGM1 and ENO3 proteins had a higher expression level in the
longissimus thoracis muscle but revealed a lower a* value and faster pH
decrease when compared to the psoas major muscle. In addition, our
previous study also found that the relative abundance of PKM2, PGK1,
PGM1, and ENO3 was higher level in the low lamb meat quality group
than in the middle and high lamb meat quality groups using of the
proteomics combined with western blotting analysis (Huang et al.,
2023). Therefore, it was indicated that PKM2, PGK1, PGM1 and ENO3
proteins can be used as the robust biomarkers of lamb meat quality by
affecting the process of glycolysis and then deciding the development of
meat quality, and their abundance was not influenced by muscle types.

3.3.2. Structural proteins

For structural proteins, it was shown that the relative abundance
level of MYBPC1, MYLPF and TNNI1 in the LT muscle group was
remarkably lower than that in the QF muscle group (P < 0.001; Fig. 3F,
G and I). However, the relative abundance of TNNC1 was not signifi-
cantly different between the in LT and QF muscle groups (P> 0.05;
Fig. 3H). MYBPC1 is the slow skeletal muscle isoform of the major
myosin-binding proteins in vertebrate striated muscles and plays a key
role in energy metabolism and muscle contraction. Tong et al. (2014)
observed that MYBPC1, as a potential marker, was positively associated
with beef marbling of the intramuscular fat. Li et al. (2020) found that
MYBPC1 was upregulated with the increase in intramuscular fat at the
developmental stage in chicken, and improved meat quality by regu-
lating muscle growth. MYLPF plays a prominent role in the formation of
fast and slow skeletal muscle fibers and is significantly expressed in fast
muscle fibers. The study found that MYLPF was closely related to the
pork pHu and drip loss of Large White pig (Ryan et al., 2016). Antonelo
et al. (2022) investigated the changes in meat color and tenderness of
beef with the different growth rates and feeding regimes by proteomics,
and showed that MYLPF had a negative correlation with shear force and
can be used as a candidate marker for the beef tenderness. Moreover,
previous study found that MYLPF abundance was positively associated
with the a* value and was regarded it as a good marker for meat color
(Canto et al., 2015). These results agree with our present study. TNNI1 is
the inhibitory subunit of the troponin complex, which exists in the
sarcomere thin filaments of striated muscle and regulates muscle
contraction and under the influence of calcium concentration. The
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previous research found that the abundance level of TNNI1 was higher
level in PM (psoas major) muscle than that in LL (longissimus lumborum)
muscle of beef (Yu, Tian, Shao, Xu, Dai, & Li, 2018), which was due to
the larger proportion of the type I (slow-twitch oxidative) fibesr in PM
muscle. Moreover, Hwang, Kim, Jeong, Hur, and Joo (2010) revealed
that the proportion of type I fiber was positively associated with fat
content and L* value, and negatively associated with shear force, which
due to the type I fiber contains a high mitochondrial concentration,
myoglobin and intramuscular fat content, which was can improve meat
tenderness, color and WHC. These observations were consistent with our
results. This result suggested that the MYBPC1, MYLPF and TNNI1
proteins may be regarded as the robust biomarkers to characterize the
postmortem lamb meat quality (Huang et al., 2023). The molecular
mechanism may be due to that the structural proteins regulating muscle
contraction could affect the development of meat quality. ATP is the
dominant energy source in animal muscle contraction. After bleeding,
ATP can only be produced through glycolysis due to the interruption of
oxygen supply, which is not very effective (Matarneh et al., 2021). In
addition, skeletal muscle can be divided into oxidative muscle (type I
fiber) and glycolytic muscle (type II fiber) on the basis of glycolytic
potential. Generally, glycolytic skeletal muscle has thicker fibers,
greater glycolytic capability, lower redness, and rapider pH decline,
while oxidative skeletal muscle has the opposite features (Shen et al.,
2016). Therefore, it was indicated that postmortem muscle contraction
could be affected by the glycolytic pathway and then determine the
change of meat quality.

3.4. Glycolytic enzyme activity

Glycolysis is the essential and necessary metabolic pathway in the
process of converting muscle into meat, which includes a succession of
enzymatic reactions that consecutively transfer the glucose into pyru-
vate (Matarneh et al., 2021). In our study, we found that the relative
abundance of glycolytic enzymes (PKM2, PGK1, PGM1 and ENO3) was
significantly different between the LT muscle and QF muscle groups.
Therefore, we inferred that the abundance of glycolytic enzymes (PKM2,
PGK1, PGM1 and ENO3) might be influenced by the glycolysis rate and
then influence the meat quality in postmortem. The activity of PKM,
PGK, PGM and ENO in LT and QF muscles was determined and presented
in Fig. 4. In the LT muscle group, the result of PKM, PGK, PGM and ENO
activity showed a lower level compared to QF muscle group (P < 0.05;
Fig. 4A, B, C and D). Our previous research found that hexokinase (HK),
phosphofructokinase (PFK) and pyruvate kinase (PKM) activity was
lower in the slow glycolysis rate group (muscle samples with a lower a*
value and, higher shear force and cooking loss) (Ren et al., 2022), which
was compatible with the present results. Moreover, Wang et al. (2020)
reported that PES pork (pale, soft and exudative) had the higher the
activity of PKM compared to RFN (red, firm and non-exudative).
Schwagele, Haschke, Honikel, and Krauss (1996) also showed that the
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Fig. 5. Relationship between potential biological markers relative abundance, enzymes activity and lamb meat quality traits (shear force, a* value, cooking loss and

pH value) by correlation coefficient analysis. * Represented P < 0.05.

PKM activity in PES pork had higher level than normal muscle. The
activity of PGM1 may be affected by phosphorylation, which can pro-
mote a decline in pH value (Gururaj, Barnes, Vadlamudi, & Kumar,
2004). Bai et al. (2020) reported that the fast glycolytic rate group of
lamb meat had a lower glycolytic potential and a higher glycogen
phosphorylase activity compared to the slow and intermediate glyco-
lytic rate groups. Glycolysis is a succession of enzymatic steps that are
decided by the activity of glycolytic enzymes Thus, it is suggested that in
the normal pHu rages, the high meat quality (QF muscle group) had a
faster glycolytic rate than low meat quality (LT muscle group).

3.5. Relationships of meat quality traits, relative abundance and enzyme
activity of potential protein indicators

To gain insights into the relationship of lamb meat quality attributes,
relative abundance of potential protein indicators and glycolytic enzyme
activity, Pearson correlation analysis was used and presented in Fig. 5.
The results revealed that the relative abundance level of structural
proteins (MYBPC1, MYLPF, TNNC1 and TNNI1) was negatively corre-
lated with shear force and cooking loss, but positively correlated with
the a* value. But the relative abundance of PKM2, PGK1, PGM1 and
ENO3 had negatively correlated with the a* value, while positively
correlated with shear force and cooking loss. Our previous research
found that in the Longissimus thoracis muscle of Tan sheep with different
meat quality, the relationship between these potential indicators and

meat quality also had the same results (Huang et al., 2023). These results
suggested that the postmortem muscle glycolytic rate may regulate and
influence the abundance level of glycolytic enzymes (PKM, PGK1, PGM1
and ENO3) and structural proteins (MYBPC1, MYLPF, TNNC1 and
TNNI1) to decide the development of meat quality. Meanwhile, the
candidate biological markers of lamb meat quality were not influenced
by muscle types. In addition, the activity of glycolytic enzymes (PKM,
PGK, PGM and ENO) had a significant positive correlation with the
relative abundance of structural proteins but a negative correlation with
the relative abundance of glycolytic enzymes. Glycolysis is one of the
important biochemical reactions in the process of muscle conversion - to
- meat, which includes a succession of enzymatic reactions that
consecutively transfer the glucose into pyruvate. Glycolysis is also an
important contributor to ATP production in postmortem (Hamm, 1977;
Honikel, 2014; Matarneh et al., 2021; Wang et al., 2021). Generally,
ATP is the energy currency in cells to maintain cell energy homeostasis
in postmortem muscle. However, it was indicated that the key glycolytic
enzymes activity can affect and decide the postmortem muscle glycolysis
rate, especially for the rate-limiting enzymes of PKM (Ren et al., 2022).
Meanwhile, the depletion of ATP in postmortem muscle will lead to the
cross connection of sarcomeric thin and thick filaments, which will make
the muscle continue to contract (Muroya et al., 2007). Therefore, we
inferred that the glycolytic enzyme activity may affect the glycolytic rate
of the postmortem muscle, and then influence the production of ATP,
which will ultimately affect the relative abundance of structural proteins
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Fig. 6. Principal component analysis summarizing the relationships between potential biological markers and lamb meat quality.

and glycolytic enzyme changes.

3.6. Principal component analysis (PCA)

The PCA was used to evaluate the relationship between 8 potential
indicators (PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and
TNNI1) and meat quality characteristics (shear force, a* and cooking
loss). PC1 and PC2 explained 50.8% and 15.4% of the total variance,
respectively (Fig. 6). LT and QF muscles were clearly distinguished by
the positive and negative quadrants of PC1. Therefore, PCA can identify
these two muscle groups to a certain extent. In addition, the distances of
proteins (PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF and TNNI1) and
meat quality characteristics (shear force, a* value and cooking loss) was
near in the score chart, suggesting significant correlations. Thus, the
results showed that PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF and
TNNI1 proteins can be considered as the robust indicators to charac-
terize and assess lamb meat quality characteristics in the postmortem.

4. Conclusions

The current study verified the ability of 8 potential indicators (PKM2,
PGK1, PGM1, ENO3, MYBPC1, MYLPF, TNNC1 and TNNI1) of lamb
meat quality characteristics (tenderness, color and water-holding ca-
pacity) based on the different muscle types (LT and QF muscles). It is
concluded that PKM2, PGK1, PGM1, ENO3, MYBPC1, MYLPF, and
TNNI1 proteins can be used as robust biomarkers to characterize and
forecast the postmortem lamb meat quality characteristics, which may
be influenced by the postmortem glycolytic rate and then decide the
final postmortem meat quality. In addition, the glycolytic enzyme bio-
markers negatively regulated the lamb meat quality characteristics,
while the structural proteins biomarkers positively regulated the lamb
meat quality characteristics, and these biomarkers were not influenced
by muscle types. However, the molecular mechanism of these protein
biomarkers used to characterize lamb meat quality needs to be investi-
gated in the future, and the online detection technology in the lamb

meat industry should be developed for them.
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