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Abstract
We investigated that proteins differently expressed in Datong Yak and Chaidamu Yellow Cattle Longissimus longurum muscles and their 
relation to tissue water-holding capacity. Samples were classified according to breed and postmortem aging into Yak0h, Cattle0h, 
Yak24h and Cattle24h groups. Fifty seven differentially expressed proteins were confirmed by MALDI-TOF/TOF-MS. Twenty eight proteins 
could be identified and were divided into five main categories: structural proteins, metabolic enzymes, stress related proteins, transporter 
proteins and binding  proteins. Myosin light chain (MLC), Heat Shock 27kDa (HSP 27) and Keratin 10 (KRT 10) proteins showed significant 
differences in expression between yak and cattle meat and may have the potential to be used as biological markers of tissue WHC. 
Bioinformatics analysis showed differentially these proteins included  both metabolic enzymes and structural proteins. The functions of 
the identified proteins contribute to a more detailed molecular view of the processes behind WHC and are a valuable resource for future 
investigations.
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Datong Yak ve Chaidamu Sarı Sığırı Longissimus lumborum Kasında 
Proteinlerin Farklı Ekspresyonu ve Etin Su Tutma Kapasitesi İle İlişkisi

Öz
Bu çalışmada Datong Yak ve Chaidamu Sarı Sığırı Longissimus lumborum kasında proteinlerin farklı ekspresyonu ve bu proteinlerin etin su 
tutma kapasitesi ile ilişkisi araştırılmıştır. Örnekler ırka ve postmortem yaşlanmaya göre sınıflandırıldı (Yak0h, Cattle0h, Yak24h ve Cattle24h). 
Elli yedi farklı eksprese edilen protein MALDI-TOF/TOF-MS ile onaylandı. Yirmi sekiz protein tanımlanarak yapısal proteinler, metabolik 
enzimler, stres ilişkili proteinler, taşıyıcı proteinler ve bağlayıcı proteinler olmak üzere beş ana kategoriye ayrıldı. Myosin hafif zincir, Isı şok 
27kDa (HSP 27) ve Keratin 10 proteinlerinin yak ve sığır etleri arasında ekspresyon bakımından önemli farklar göstermesi sebebiyle bu 
proteinlerin doku su tutma kapasitesi için biyolojik marker olarak kullanılabilecekleri kanısına varıldı. Biyoinformatik analizi bu proteinlerin 
farklı metabolik enzimler ve yapısal proteinleri içerdiğini gösterdi. Tespit edilen proteinlerin fonksiyonları su tutma kapasitesinin arkasında 
yatan daha derinlemesine moleküler ilişkiye ışık tutmakta ve gelecek araştırmalar için değerli bir kaynak oluşturmaktadır.

Anahtar sözcükler: Bos taurus, LL kası, Su tutma kapasitesi, Et kalitesi, Proteomiks, Biyoinformatik

INTRODUCTION
Yak (Bos grunniens) mainly live above an altitude of 3000 
meters in the Tibetan plateau. The yak meat has a low fat 
content, however, the commercial potential of yak meat 
is limited, in part due to a lack of data regarding meat 
quality [1]. The physical traits of meat (e.g., tenderness, 
water holding capacity (WHC) and chromatic features) 

are widely used for the evaluation of red meat quality 
during processing and storage [2]. Muscle pH and protein 
denaturation are used as the main determinants of WHC, 
informing on meat quality [3]. The rapid degradation of 
proteins lead to the net charges of the muscle proteins 
being reduced, which forces more water out of the meat. 
In addition to protein denaturation, this influences its 
appearance, palatability and processability [4].
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The degree of protein denaturation, particularly cyto-
skeletal proteins in carcass meat, often depends on its 
WHC and pH [5]. High degrees of myofibrillar and sarco-
plasmic protein denaturation could promote myofibril 
shrinkage and force water out. Some reports show that 
meat with low WHC and low pH was caused by cellular 
water loss from the myofibrillar matrix [6,7]. However, others 
consider that WHC may also increase with ageing due 
to the breakdown in meat structure and the creation of 
a “sponge effect”, which disrupts the channels through 
which moisture is lost, physically entrapping free water 
in meat [8]. Changes in meat during postmortem aging 
are suggested to be highly coordinated, genetically 
programmed and an irreversible phenomenon involving 
a series of physiological, biochemical, and proteomic 
changes [9]. These varied reports make WHC a promising 
target for continued studies of meat quality mechanism, 
though at present little is known about the relationship 
between WHC and protein changes.

Proteomics has been widely used to predict the meat  
quality [10]. Numerous two-dimensional electrophoresis 
(2-DE) gel based studies have already reported the 
relationships between factors such as tenderness, color, 
pre-slaughter stress and WHC [11-14]. However, while WHC 
characteristics play an important role in the dynamic 
nature of meat postmortem muscle qualities, the biological 
mechanisms involved in the structural and biochemical 
changes are not fully understood during the ageing 
process.

In the present study, we wanted to confirm the relationships 
between changes in physical meat properties (pH, color, 
water holding capacity) and related protein changes in the 
Longissimus lumborum (LL) muscle both in Datong Yak and 
Chaidamu Yellow Cattle as determined by proteomic and 
bioinformatic methods. Our research objectives were 
therefore to screen the differential expression of proteins 
in yak and cattle muscles related to the WHC of meat and 
to explore the potential molecular mechanisms underlying 
the proteomic data.

MATERIAL and METHODS

The study protocol was approved by the Regulations for 
the Administration of Affairs Concerning Experimental 
Animals (Ministry of Science and Technology, China, 
revised in 2004) and approved by the Institutional Animal 
Care and Use Committee (State key of laboratory of Plateau 
Ecology and Agriculture, Qinghai University, China, 2015).

Animals and Sample Preparation

Five Datong yak bulls and five Chaidamu yellow cattle 
bulls of the same age (4±0.5 years old) were stunned by 
captive bolt pistol and their blood was drained. Animal 
slaughtering was approved by the National Administration 
of Cattle Slaughtering and Quarantine regulations (Qinghai, 

China). The Datong Yak and Chaidamu Yellow Cattle were 
randomly choosen from experimental base of Qinghai 
University (Lvcaoyuan Food Ltd., Datong City, Qinghai 
Province, China) and the LL muscles were excised from 
the left half of each carcass at the 11th rib. M. longissimus 
thoracis (100 g) from each carcass was divided into two 
parts, the first one was analyzed at 0 h after slaughter in 
18°C; the second one was aged for 24 h in a refrigerated 
chamber at 4°C and relative humidity of 98%. Any blood 
or other contaminants on the LL muscle surface were 
removed by swabbing with phosphate buffered saline 
solution, then frozen in liquid nitrogen, and stored at -80°C 
until the extraction of muscle proteins.

Measurement of Meat Qualities

Intramuscular fat content was analyzed using methods 
of the Association of Official Analytical Chemists [15]. pH 
was measured using a portable pH meter (SenvenGo, 
Mettler-Toledo, Switzerland) at 45 min (pH0h) and 24 h 
(pH24h) [16] after slaughter. The electrode was first calibrated 
at a temperature of 22°C which and used a two-point 
calibration, and the pH of the calibration buffer used was 
7.000 and 4.005 at 25°C. 

ACR-400 Minolta colorimeter (Konica Minolta Sensing 
Americas Inc., Ramsey, NJ, USA) was applied to determine 
the lightness (L*), redness (a*) and yellowness (b*) of the 
meat samples at 0 h (exposed to air directly for 30 min at 
18°C). For each parameter, values were measured on 5 sites 
of each sample, respectively [17].

Water holding capacity (WHC) was determined following 
compression by the filter paper press method [4]. To 
measure the strength of the meat tissue, Warner-Bratzler 
(WB) shear force was measured on cooked meat (2.54 cm 
thick) per muscle according to the protocol of Wheeler [18]. 
A transversal section of the LL muscle for each animal was 
cooked to a core temperature of 70°C in a pre-heated water 
bath, subsequently cooled in running water for 30 min to 
reach a core temperature below 30°C. The cores (1.27 cm, 
parallel to longitudinal orientation of fibres) were then 
taken from each sample and peak force was determined 
using a V-shaped shear blade with a cross-head speed of 
400 mm/min.

Extraction of Muscle Proteins

According to Jia’s Method [19], frozen muscle tissue (30 
mg) was placed in a mortar and ground in liquid nitrogen 
into a powder. Then, 0.5 g muscle tissue sample was 
added to 1 mL lysis buffer. Samples were lysed at room 
temperature for 30 min followed by homogenization with 
22% vibrating amplitude via ultrasonic amplitude in ice 
water (pulsed ultrasound was programmed to turn on 
for 10 s and then off for 15 s, for a total of 250 s). Samples 
were placed at 4°C for 4 h and then centrifuged at 14.000 
rpm at 4°C for 30 min. The supernatant was retained and 
protein solution was exchanged into 50 mmol/L triethy1-
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ammonium bicarbonate, pH 9, using a PD10 column 
according to manufacturer instructions (GE Healthcare). 
Total protein content was measured using the Bradford 
method (IMPLEN, NanoPhotometerTM), and the lysates 
stored at -80°C.

Two-dimensional Electrophoresis (2-DE) and Mass 
Spectrometry Analysis

For 2-DE, the muscle protein extract samples approximately 
200 μg were performed to 17 cm nonlinear immobilized pH 
gradient (IPG) strips (pH 3-10, Bio-Rad). After hydration of 
the IPG strips at 50 V for 14 h, isoelectric focusing (IEF) was 
performed as follows: 1 h at 500 V, 1 h at 1000 V to remove 
salts, followed by 6 h at 1000-9000 V by a linear voltage for 
80 000 Vh, and finally 500 V for the hold period. PROTEAN® 
IEF Cell PROTEAN i-12 (Bio-Rad) was selected for IEF, and the 
current limit was adjusted to 50 mA per strip; the run was 
carried out at 20°C. An 12.5% SDS-PAGE (sodium dodecyl 
sulfate polyacrylamide gel electrophoresis) was used for 
secondary separation using a Protean II XL system (Bio-Rad). 
The SDS-PAGE steps were as follows: 50 V for 1 h and 150 V 
for 9 h. Gels were stained with Coomassie blue G-250 [20].

Five biological repeats were performed for each treatment. 
Every independent biological replicate 2DE gel image was 
captured using a GS-900® Calibrated Densitometer (Bio-
Rad) at grayscale of 256 units and resolution of 600 dpi. 
PDQuest 8.0.1 software was used to perform the image 
filtration, background subtraction, spot detection, spot 
matching, and quantitative intensity analyses. Matched 
spots exhibiting a statistically significant (P<0.05) 2 fold or 
more intensity difference were considered as differentially 
abundant.

Matched spots were manually excised by micro pipette 
tips from the gels. The samples were analysis by mass-
spectrophotometry by APT Co., LTD (Shanghai, China). 
Tryptic peptide analysis was performed using a 4800 
Plus MALDI TOF/TOF Analyzer (Applied Biosystems, USA). 
The mass spectrometry (MS) was performed as follows: 
enzymolysis, ziptip-desalination, peptide extraction in 
enzyme solution, MALDI-TOF/TOF, data analysis and 
protein identification [21]. The data of mass and mass/mass 
spectra were searched through Mascot (Version 2.1, 
Matrix Science, Boston,MA, USA) and the corresponding 
proteins were matched against bovine Information  
(NCBI) database.

Bioinformatics

The differentially expressed proteins which were identified 
by PDQuest 8.0.1 software and MS were analyzed by Gene 
ontology (GO) by blast2GO 2.8 software. KEGG showed  
a pathway enrichment analysis of the differentially 
expressed proteins, the filter was e-value < 1e-10 and 
match score > 65. The PPi are the proteins, and the edges 
represent the predicted functional associations using 
Cyposcape 3.0 software.

Statistical Analysis

Statistical significance was assessed with T-test using PROC 
TTEST or MIXED model (SAS®, Cary, NC, USA). Experiments 
adopted completely random design. The differences 
between means were detected using student’s T test at 5% 
significance (P<0.05).

RESULTS
Characteristics of Meat Quality in Datong Yak and 
Chaidamu Yellow Cattle

The results for meat quality traits of Datong Yak (hereon 
referred to as Yak) and Chaidamu Yellow Cattle (hereafter 
referred to as cattle) LL muscles are displayed in Table 1.

There were significant differences in the pH of the intra-
cellular water of yak and cattle (P<0.05) at 45 min (pH 7.06 
Vs. pH 6.69), but no significant differences (P>0.05) at 24 
h (pH 5.73 Vs. 5.61). This result could be related to living 
environment of yak and cattle and those life habits leading 
to a lower fibre conduit, and less binding water capacity in 
yak [22]. There were significant differences (P<0.05) between 
0 h and 24 h (pH 7.06 Vs. pH 5.73 and pH 6.69 Vs. pH 5.61), 
respectively. Lactic acid would gradually product and 
accumulate inside the muscles during the storage, which 
had caused pH to decrease [23].

Identification of Differentially Expressed Proteins

In present study, 61 spots displayed significant differences 
in the level of protein expression (P<0.05) at 0 h and 24 h 
or between yak and cattle LL muscles (Fig. 1). Among them, 
57 proteins were successfully identified by MALDI-TOF/
TOF-MS. 4 spots were not identified because of the poor 
database search scores (score<65), which were lower than 
the 95% threshold required to yield unambiguous results. 
Because some spots identified repeat proteins, only 28 
different proteins were successfully named (Table 2). Some 
spots were identified as identical proteins, which indicates 
that they may represent multiple isoforms, fragments 
and cross linked proteins in the gel based analysis. The 
differently expressed proteins at 0 h and 24 h between  
yak and cattle were grouped into six functional classes  

Table 1. Changes of quality characteristics in yak and cattle LL muscle

Meat Traits Yak Cattle

pH0h 7.06±0.16** 6.69±0.18

pH24h 5.73±0.12 5.61±0.11

a* value 23.8±1.65** 17.14±0.61

b* value 9.03±1.21 9.71±1.89

L* value 39.26±5.54 43.23±3.98**

WHC (%) 56.22±1.48* 51.87±1.28

WBSF (kg/cm2) 4.91±0.13** 4.22±0.14

Intramuscular fat (g/100 g) 2.05±0.15 3.07±0.18**
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that included structural proteins, metabolic enzymes, 
stress related proteins, transporter proteins, binding 
proteins and other proteins.

There were 11 proteins for which expression was down-
regulated at 24 h compared to 0 h in cattle (P<0.05, Table 
3). Beta-defensin, Flavin reductase (NADPH), Hemoglobin 

Table 2. Identification of 28 differentially expressed proteins by 2DE and MALDI-TOF/TOF analysis in yak and cattle

Sample Protein 
Name

Accession 
No. Species MW PI Score/

Peptides

Structural Proteins

1 Myosin, light chain 6B tr|Q148H2 Bos taurus 23502.3 5.4 44/5

2 Keratin 10 tr|A6QNZ7 Bos taurus 54987.2 5.01 144/15

3 Actin, alpha tr|A4IFM8 Bos taurus 42338 5.23 412/7

4 Myosin regulatory light chain 2 sp|Q0P571 Bos taurus 19114.4 4.91 199/10

5 Alpha-crystallin B chain sp|P02510 Bos taurus 20024.4 6.76 308/13

6 Myosin-7 sp|Q9BE39 Bos taurus 223889.2 5.58 414/51

7 MYH1 protein tr|Q05B72 Bos taurus 34018 5.76 526/24

8 Keratin 4 tr|A4IFP2 Bos taurus 58466.6 7.46 119/16

9 Myosin-2 tr|F1MRC2 Bos taurus 224106.4 5.63 707/44

10 Troponin T sp|Q8MKH6 Bos taurus 31265.1 5.71 456/11

Glycolytic Enzyme

11 Triosephosphate isomerase sp|Q5E956 Bos taurus 26900.9 6.45 634/14

12 Thioredoxin-dependent peroxide reductase sp|P35705 Bos taurus 28405.5 7.15 211/9

13 Adenylate kinase isoenzyme sp|P00570 Bos taurus 21764.3 8.4 467/100

14 Flavin reductase (NADPH) sp|P52556 Bos taurus 22232.4 6.58 159/4

15 Triosephosphate isomerase sp|Q5E956 Bos taurus 26900.9 6.45 695/17

16 ATP synthase subunit alpha tr|F1MLB8 Bos taurus 59766.7 9.21 358/21

17 Glyceraldehyde-3-phosphate dehydrogenase tr|Q712W6 Bos taurus 28908 9.21 147/7

Stress Related Proteins 18 Heat shock 27kDa protein sp|Q5E956 Bos taurus 22436.3 5.98 720/14

Transporter Proteins
19 Hemoglobin subunit alpha sp|P01966 Bos taurus 15174.9 8.07 571/12

20 Hemoglobin beta tr|D4QBB4 Bos taurus 16001.3 7.01 741/12

Binding Proteins

21 Galectin-1 sp|P11116 Bos taurus 15076.4 5.37 289/8

22 Prohibitin sp|Q3T165 Bos taurus 29842.9 5.57 594/9

23 Elongation factor Tu sp|P49410 Bos taurus 49709.1 6.72 297/16

24 Myozenin-1 sp|Q8SQ24 Bos taurus 31653.8 9.17 256/10

25 Beta-defensin tr|G8CY11 Bos taurus 15026.3 8.17 42/4

Other Proteins

26 Eukaryotic translation initiation factor sp|Q6EWQ7 Bos taurus 17049.5 5.08 269/5

27 Es1 protein r|Q3T0U3 Bos taurus 29023.1 8.76 58/8

28 Serine/arginine-rich-splicing factor 6 tr|F1MXY9 Bos taurus 39809.5 11.47 42/10

Fig 1. 2DE gel images of proteins extracted from yak 
and Cattle LL muscle at days 0 and 1 during post-
mortem aging. The protein loading was 200 μg and 
the gel was stained with Coomassie blue 600G-250. 28 
spots identified were found to be significantly different 
in abundance and listed in Table 2
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subunit alpha, MYH1 protein, Keratin 10, Heat shock 27 
kDa protein, Serine/arginine-rich-splicing factor 6, Alpha- 
crystallin B chain, Es1 protein, Myosin light chain 6B, Thio-
redoxin-dependent peroxide reductase were upregulated 
at 24 h and the proteins Hemoglobin subunit alpha and 
Alpha-crystallin B chain were down-regulated.

There were 14 differently expressed proteins between 0 h 
and 24 h in yak were down- regulated at 24 h (P<0.05, 
Table 4), including triosephosphate isomerase, myosin 
light chain 6B, heat shock 27 kDa protein, keratin 10, thio- 
redoxin-dependent peroxide reductase, prohibitin, actin 
alpha, myosin regulatory light chain 2, MYH1 protein, 
eukaryotic translation initiation factor, myosin-2, galectin-1, 
alpha-crystallin B chain, adenylate kinase isoenzyme, 

glyceraldehyde-3-phosphate dehydrogenase. Whereas 
heat shock 27 kDa protein, thioredoxin-dependent per-
oxide reductase, myosin regulatory light chain 2 and 
glycer-aldehyde-3-phosphate dehydrogenase were up-
regulated in expression at 24 h.

There were ten proteins for which expression were up-
regulated in between yak compared to cattle at 0 h (P<0.05, 
Table 5). Triosephosphate isomerase, Alpha-crystallin B 
chain, Myosin-7, Hemoglobin beta, MYH1 protein, Adenylate 
kinase isoenzyme, Keratin 10, Actin alpha, Troponin T, KRT4 
protein). And Myosin-7, Hemoglobin beta and Troponin T 
were down-regulated expression in yak compared to cattle.

There were 13 proteins which were expressed more in 
cattle LL muscle than in yak at 24 h (P<0.05, Table 6), namely 
keratin 10, myosin-2, troponin T, heat shock 27kDa protein, 
thioredoxin-dependent peroxide reductase, ATP synthase 
subunit alpha, KRT4 protein, myosin-7, myosin light chain 
6B, elongation factor Tu, MYH1 protein, actin alpha and 
myozenin-1. Myosin-2, heat shock 27kDa protein, myosin-7 
and MYH1 protein were up-regulated expression in yak LL 
muscle compared to cattle.

The Correlation of Differentially Expressed Proteins and 
Meat Quality

The 7 target proteins (MLC, HSP 27, TIM, KRT 10, 
LGALS1, GAPDH and HBA) were screened in our study, 
they could play an important role in WHC of Yak and 
Cattle meat (Table 7). The results showed that TIM had 
significant negative correlation with WBSF, HSP 27 had 
significant positive correlation with WBSF, and GAPDH 
had significant positive correlation with pH0h (P<0.05), 
those three proteins could be used the marker as 
tenderness. HBA was down-regulated during postmortem 
aging, and it had significant negative correlation with 
a* and L* (P<0.05). LGALS1 and KRT 10 were often 
considered as hypoxia-inducible factor. Baes on our 
analysis, we could presumptively use HBA, LGALS1 and KRT 
10 as a meat color marker. MLC and HSP 27 had significant 
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Table 3. Fold change of cattle 0 h Vs 24 h in differentially expressed proteins

Spot No. 0 h 24 h Protein Name

1722 -3.53173 3.53173 Beta-defensin

1853 -1.89029 1.89029 Flavin reductase (NADPH)

2083 1.77176 -1.77176 Hemoglobin subunit alpha

1369 -1.67566 1.67566 MYH1 protein

1879 -1.61470 1.61470 Keratin 10

1601 -1.59417 1.59417 Heat shock 27kDa protein

1718 -1.59081 1.59081 Serine/arginine-rich-splicing  
factor 6

1974 1.58358 -1.58358 Alpha-crystallin B chain

1878 -1.54175 1.54175 Es1 protein

1891 -1.25692 1.25692 Myosin, light chain 6B

1883 -1.23285 1.23285 Thioredoxin-dependent peroxide 
reductase

Table 4. Fold change of yak 0 h Vs 24 h in differentially expressed proteins

Spot No. 0 h 24 h Protein Name

1588 3.78994 -3.78994 Triosephosphate isomerase

1667 2.90849 -2.90849 Myosin, light chain 6B

1600 -2.77437 2.77437 Heat shock 27kDa protein

1735 2.56359 -2.56359 Keratin 10

1661 -2.35641 2.35641 Thioredoxin-dependent 
peroxide reductase

1444 2.14926 -2.14926 Prohibitin

1684 2.12196 -2.12196 Actin, alpha 1

1736 -1.85353 1.85353 Myosin regulatory light chain 2

1394 1.84813 -1.84813 MYH1 protein

1815 1.82861 -1.82861 Eukaryotic translation initiation 
factor

1905 1.69458 -1.69458 Galectin-1

1689 1.65970 -1.65970 Alpha-crystallin B chain

1650 1.57537 -1.57537 Adenylate kinase isoenzyme

1278 -1.55399 1.55399 Glyceraldehyde-3-phosphate 
dehydrogenase

Table 5. Fold change of yak Vs cattle at 0 h in differentially expressed 
proteins

Spot No. Yak Cattle Protein Name

1749 2.57159 -2.57159 Triosephosphate isomerase

1851 2.18073 -2.18073 Alpha-crystallin B chain

710 -2.03445 2.03445 Myosin-7

1970 -1.83371 1.83371 Hemoglobin beta

1270 1.78043 -1.78043 MYH1 protein

1812 1.76758 -1.76758 Adenylate kinase isoenzyme

1950 1.70511 -1.70511 Keratin 10

1636 1.54484 -1.54484 Actin, alpha

1450 -1.51909 1.51909 Troponin T

1973 1.50355 -1.50355 KRT4 protein
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negative correlation with WHC, and KRT 10 had significant 
positive correlation with WHC (P<0.05), all these findings 
highlight the importance of MLC, HSP 27 and KRT 10 in WHC.

Bioinformatics Analysis

Three structured terms (cellular component, molecular 
function and biological process) are widely used in 
proteome, metabolome, transcriptome and genome research 
and according to similarity properties, we grouped our 
proteins under these categories (Fig. 2).

Functional enrichment analysis was conducted on all 
differentially expressed proteins by blast2GO 2.8 soft- 
ware [24]. As for GO term enrichment of cellular components, 
proteins related to Cell, Organelle, Extracellular region, 
Macromolecular complex and Membrane were the top 5 
enriched. Similarly, as for GO term enrichment of molecular 
function, proteins related to Binding, Catalytic, Structural 
molecule, Transporter and Electron carrier were the top five 
enriched. Proteins involved in biological processes, such 
as Single-organism process, Cellular process, Metabolic 
process, Multicellular organismal process and Biological 
regulation, were found to be the top 5 enriched.

We used the KEGG database to understand the key role of 
each protein identified in our database [25] (Fig. 3). It showed 
that proteins differentially expressed were significantly 
enriched in multiple biological processes, including carbon 
metabolism, gluconeogenesis, biosynthesis of aminoacids, 
pyruvate metabolism, TCA cycle, oxidative phosphorylation 
and MAPK signaling pathways (Fig. 4).

DISCUSSION
Characteristics of Meat Quality

Myoglobin is the principal pigment responsible for the 
redcolor of meat, and may increase reflectance providing a

lighter appearance and increased yellow coloration related 
to the increased free water content of tissue surface [26]. Yak 
was significantly higher than cattle in meat redness (a*) 

Table 6. Fold change of yak Vs cattle at 24 h in differentially expressed 
proteins

Spot No. Yak Cattle Protein Name

1958 -3.11075 3.11075 Keratin 10

899 2.92031 -2.92031 Myosin-2

1597 -2.27384 2.27384 Troponin T

1975 2.21049 -2.21049 Heat shock 27kDa protein

1883 -1.96894 1.96894 Thioredoxin-dependent 
peroxide reductase

1015 -1.88184 1.88184 ATP synthase subunit alpha

2028 -1.85099 1.85099 KRT4 protein

1486 1.83274 -1.83274 Myosin-7

1891 -1.67549 1.67549 Myosin, light chain 6B

1242 -1.60325 1.60325 Elongation factor Tu

1432 1.56064 -1.56064 MYH1 protein

1369 -1.53975 1.53975 Actin, alpha

1601 -1.38845 1.38845 Myozenin-1

Table 7. the correlation of differentially expressed proteins and meat 
quality

Protein 
Name pH0h pH24h a* b* L* WBSF WHC

TIM 0.59 0.56 0.22 0.21 -0.23 -0.68* 0.13

HSP 27 0.41 0.33 0.03 0.15 -0.04 0.84* 0.80*

KRT 10 0.04 0.39 0.85* 0.11 0.08 0.37 -0.76*

MLC 0.34 0.32 0.41 0.18 0.29 0.36 0.91*

LGALS1 0.06 0.36 0.82* 0.12 0.11 0.29 0.27

GAPDH -0.79* 0.29 0.35 0.19 0.26 0.42 0.52

HBA 0.04 0.39 0.87* 0.07 0.06 0.49 0.36

Fig 2. Classification of differential expression 
proteins identified by GO functional classifi-
cation
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value, and was significantly lower than cattle in lightness  
(L; P<0.05). There were no significant difference in 
yellowness (b*) between yak and cattle (P>0.05). The 
result showed that the pH0h was also strongly consistent 
in yak meat with surface color at 0 h after slaughter, which 
confirms that early postmortem pH might represent a 
significant quality predictor for meat color in both groups, as 
previously found [27].

Yak WBSF values and WHC value was significantly higher 
than cattle (P<0.05). Meanwhile, yak intramuscular fat 
content was significantly lower than cattle (P<0.05). Yaks 
have numerous physiological traits that equip them for 
life at high altitudes, including more myofibrillar and 
cytoskeletal proteins. It is well known that after examining 
some myofibrillar proteins degraded and declined in 
intensity, high-altitude hypoxia results in less tender in  
yak meat than cattle [28]. 

Categories of Proteins Identified in Yak and Cattle Tissue

It was well known that the proteolytic degradation of 
structural proteins play a major role in increasing muscle 
moisture [29]. Structural proteins mainly included collagen, 
elastic protein and proteoglycan, which allow the binding 
of muscle tissue to other cellular material [30]. Once 
myofibrillar and cytoskeletal proteins are degraded during 
postmortem aging, muscle structures will become looser 
and muscle moisture content will descend [31]. Some myo-
fibrillar and cytoskeletal proteins varied significantly bet-
ween yak and cattle, namely Myosin and Keratin family 
proteins, Alpha-crystallin B chain, Troponin T and Actin [18].

Structural proteins are an important material component 
for cells and organisms. The myosin family of proteins are 
major structural protein associatedwith tubulin (such as 
actin); their soluble monomer can be made of long, rigid 

JIA, ZHANG, CHEN
ZHANG, LIN, ZHAO

Fig 3. Classification of differential expression 
proteins identified by KEGG pathway 
enrichment analysis

Fig 4. Protein-protein interaction networks 
of the differential abundance proteins of 
Yak and Cattle groups in LL muscle based 
on Cytoscape 3.0 software. The nodes were 
proteins from Bos Taurus database and the 
lines were the predicted functional annotations 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the web version of this article)
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fiber, and form the cytoskeleton by polymerization [32]. 
The solubility of some myosin proteins decreased and 
some myofibrillar proteins were fragmented and released 
during muscle aging [33]. Many scholars [34] showed that 
denaturation of the myosin could contribute to myofibrillar 
lateral shrinkage and reduced muscle WHC. Myosin light 
chain (MLC) proteins play an important role in forming 
muscle protease catalysis supramolecular complexes, 
and MLC could catalyze phosphorylation by MLCK which 
is a type of calmodulin dependent enzyme. Actomyosin 
could activate myosin ATPase to cause smooth muscle 
contraction activity [35]. MLC provided an important 
contribution to the structure and tensile strength of meat, 
and expression was up-regulated after 24 h of aging in yak 
and cattle. The result was that muscles need to improve the 
anaerobic energy metabolism for the supply of ATP during 
postmortem aging. This conclusion was similar to Jia [36] 

who found myosin family proteins could accelerate the 
systolic shrink of muscle fibers in overgrowth phenomenon 
of cattle. Therefore, MLC may act as a potential biomarker 
of WHC related to meat aging.

Keratin family, Alpha-crystallin B chain and Troponin T 
proteins could inhibit the actomyosin ATPase activity, and 
protect the overall integrity of muscle cells, and once those 
proteins are degraded, the integrity of meat myofibril 
could be disrupted [28]. In recent years, more and more 
study showed keratin 4 has more complex functions in cell 
growth, translation process, cell proliferation, organelle 
transport and stress response and protection. This study 
results showed that KRT4 has a significant positive 
correlation with a* value, we speculated that it played 
an important role in protecting cells against external 
environmental stress and injury.

When the animals were killed, it would stop their circulation 
of blood and cut off the oxygen supply [33]. The muscles 
can no longer remove metabolic products, leading to 
lactic acid accumulation by glycolysis of muscle glycogen. 
Muscle pH then lowers compared to within the than living 
body, meanwhile, myosin and actin were linked, the WHC 
of muscle was reduced and calcium was released [37]. In 
our study, eight kinds of proteins in metabolic enzymes 
(Table 2) were found to be present in different abundance 
comparing yak and cattle tissue. Thioredoxin-dependent 
peroxide reductase, Triosephosphate isomerase, ATP 
synthase subunit alpha, Glyceraldehyde-3-phosphate 
dehydrogenase, Flavin reductase (NADPH) were the key 
proteins for glycolysis and tricarboxylic acid cycle, in which 
it catalyzes the interconversion of dihydroxyacetone 
phosphate and D-glyceraldehyde 3-phosphate, and it is 
essential for efficient energy production.

Through the research in recent years, it was shown that 
differences of protein expression in tender meat mainly 
included structural proteins, metabolic enzymes and stress 
related proteins [24,38]. The mechanism was that high glyco-
lysis rate contributes to lactate accumulation, and the 

decrease of pH reduced the ions repulsion between the 
myofibrillar proteins and it could decrease the repulsion 
between filaments of myofibrillar, which contributed to 
lateral shrinkage of the muscle fibres, then sarcomere 
extension, and lead to higher WHC [39].

The study found that high degree of tender meat had 
a relatively high of Thioredoxin-dependent peroxide 
reductase, it could be used as a prediction of protein 
hydrolysis and tender meat of marker protein in beef. At 
the same time, the expression quantity of Triosephosphate 
isomerase and ATP synthase subunit alpha decreased 
during refrigeration. The active site of TIM was glutamate 
residues, when it bind to substrate, the catalytic reaction is 
quickly activated, and this reaction could accelerate meat 
tenderness.

Previous research found that the expression of stress 
related proteins could increase in hyperthermia, hypoxia, 
nutritional deficiency, oxidative stress, ultraviolet radiation 
and reperfusion following ischemic injury [40]. The expression 
and phosphorylation of HSP 27 could be up-regulation 
and prevent structural damage and degradation of 
proteins under the pressure. HSP 27 and Daxx could inhibit 
the apoptosis which was mediated by Fas. Apoptosis was 
closely related to shrinkage and water loss of cells. HSP 
27 would inhibit the release of C cytochrome to prevent 
the expression of pro-apoptotic protein, C cytochrome 
regulates TNF-α and Fas ligand to induce apoptosis, 
so HSP27 would have effect on WHC by regulating cell 
apoptosis and have potential as biomarkers for moderate 
to good WHC [41].

Early thermo resistance was mainly influencing cyto-
skeleton, it could break actin filaments and resolve micro-
tubules [26]. HSP 27 participated in thermo resistance 
process by regulating the polymerization of actin, and it 
was necessary to structural stability of actin microtubules 
in HSP 27 phosphorylation. The abundance of both the 
stress-induced thioredoxin-dependent peroxide reductase 
and glyceraldehyde-3-phosphate dehydrogenase was 
higher in 24 h than 0 h of yak and cattle meat. Thioredoxin-
dependent peroxide reductase and Glyceraldehyde-3-
phosphate dehydrogenase played a role in mechanisms of 
cellular detoxification and cellular resistance to oxidation, 
and under the condition of oxidation, the expression 
quantity of HSP 27 phosphorylation was up-regulation, and 
the affinity of actin poly was weaken, then HSP 27 was 
dissociation from actin poly, and the actin monomers 
enhanced the binding force with microtubules, and 
improved the resilience on oxidation of actin microtubules. 
All these findings highlight the importance of stress  
and related proteins in the proteomic response associated 
with WHC [42].

Our study, compared to cattle at 0 h, hemoglobin alpha was 
identified showing a lower abundance in 24 h compared 
to 0 h of both cattle and yak. Studies had shown that 
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Hemoglobin alpha had strong ability of the combination 
to nucleotide, so we think that Hemoglobin alpha could 
play a role in nucleotide carrier for muscles, meanwhile, 
the expression quantity of Hemoglobin alpha would be 
greatly up-regulated under oxidation, and it also could 
play a role in cell growth and development by the pathway 
of cell mitochondrial synthesis and transport [43]. Results  
of the aforementioned studies indicated the need for 
further research on the role of this protein in yak and 
cattle meat.

The meat color was determined by concentration and 
chemical state of Hemoglobin alpha [44]. Yak increase the 
Hemoglobin alpha content of meat to meet the demand 
for oxygen, so the yak meat had a darker red color. In our 
study, we showed that the content of Hemoglobin alpha 
had positive correlation with a*.

Binding proteins are a type of glycoprotein macromolecule, 
commonly found in Animal tissues, which play an 
important role in many physiological and pathological 
process, such as cell adhesion, apoptosis, inflammatory 
response and neoplasm metastasis [45].

In Doutaud’s study, the expression of Galectin-1, which is 
a type of hypoxia regulatory proteins, was up-regulated in 
a hypoxic environment, possibly to promote the growth 
of vascular tissue. On the contrary, the expression of 
Galectin-1 was invariant in normal tissue. We could use 
Galectin-1 as the marker of hypoxia. In our study, there 
were Galectin-1 in yak and cattle meat and we speculate 
that the phenomenon could be associate with the low 
oxygen environment in which both animals live.

Proteins serve as fundamental parts of protein complexes 
in living cells, and adjust and mediate by other proteins to 
carry out shared functions. It was important for revealing 
the function of the protein to explore the protein-protein 
interaction networks [36]. Some proteins acted as core 
proteins as shown by gene name in biological interaction 
networks (BIN), such as MLC, HSP 27, TIM, KRT 10, LGALS1, 
GAPDH and HBA (Fig. 4). In BIN, gene names of differentially 
expressed proteins could be summarized into two major 
categories. One showed the enzymes of glycolytic and 
energy metabolism, and the other was cell structure.

This study provides a better understanding of proteome 
changes in yak and cattle muscle.

HSP 27, MLC and KRT 10 indicate differential expression 
patterns between yak and cattle groups after 0 h and 24 
h of postmortem aging. The bioinformatics results showed 
that differential expressed proteins involved in glycolytic 
and energy metabolism enzymes and structural proteins. 
Further studies about post-translational modifications 
and the changes in metaboliteof the related proteins 
remain to be explored. The functions of the identified 
proteins contribute to a more detailed molecular view of 

the processes behind WHC and are a valuable resource for 
future investigations.

ConflıCts of ınterest

The authors declare no conflict of interest.

ACknowledgments

This work was supported by National Natural Science 
Foundation of China (No. 31660662; No. 31560701), the 
program for International Cooperation and Exchange of 
the Ministry of Education (No. 2015-12), Natural Science 
Foundation of Qinghai (2016-ZJ-935Q) and Special Science 
and Technology Cooperation Foundation of Qinghai 
(No.2016-HZ-823).

REFERENCE

1. Zhang L, Sun B, Xie P, Li H, Su H, Sha K, Huang C, Lei Y, Liu X, Wang 
H: Using near infrared spectroscopy to predict the physical traits of Bos 
grunniens meat. LWT Food Sci Technol, 64, 602-608, 2015. DOI: 10.1016/j.
lwt.2015.06.022

2. Kuchtík J, Zapletal D, Šustovác K: Chemical and physical 
characteristics of lamb meat related to crossbreeding of Romanov ewes 
with Suffolk and Charollais sires. Meat Sci, 90 (2): 426-430, 2012. DOI: 
10.1016/j.meatsci.2011.08.012

3. Bowker B, Zhuang H: Relationship between water-holding capacity 
and protein denaturation in broiler breast meat. Poult  Sci, 94 (7): 1657-
1664, 2015. DOI: 10.3382/ps/pev120

4. D’Alessandro A, Marrocco C, Zolla V, D’Andrea M, Zolla L: Meat 
quality of the longissimus lumborum muscle of Casertana and Large White 
pigs: Metabolomics and proteomics intertwined. J Proteomics, 75 (2): 610-
627, 2011. DOI: 10.1016/j.jprot.2011.08.024

5. Di Luca A, Mullen AM, Elia G, Davey G, Hamill RM: Centrifugal 
drip is an accessible source for protein indicators of pork ageing and 
water-holding capacity. Meat Sci, 88, 261-270, 2011. DOI: 10.1016/j.
meatsci.2010.12.033

6. Kristensen L, Purslow PP: The effect of ageing on the water-holding 
capacity of pork: Role of cytoskeletal proteins. Meat Sci, 58, 17-23, 2001. 
DOI: 10.1016/S0309-1740(00)00125-X

7. Pearce KL, Rosenvold K, Andersen HJ, Hopkins DL: Water distribution 
and mobility in meat during the conversion of muscle to meat and ageing 
and the impacts on fresh meat quality attributes. Meat Sci, 89, 111-124, 
2011. DOI: 10.1016/j.meatsci.2011.04.007

8. Farouk MM, Mustafa NM, Wu G, Krsinic G: The “sponge effect” 
hypothesis: An alternative explanation of the improvement in the 
waterholding capacity of meat with ageing. Meat Sci, 90, 670-677, 2012. 
DOI: 10.1016/j.meatsci.2011.10.012

9. Gui LS, Wang ZY, Jia JL, Zhang CT, Chen YZ, Hou SZ: IGF-1 gene 
polymorphisms influence bovine growth traits in Chinese Qinchuan 
Cattle. Kafkas Univ Vet Fak Derg, 24 (3): 387-392, 2018. DOI: 10.9775/
kvfd.2017.19036

10. Zheng AJ, Liu GH, Zhang YS, Hou S, Chang W, Zhang S, Cai H, 
Chen G: Proteomic analysis of liver development of lean Pekin duck 
(Anas platyrhynchos domestica). J Proteomics, 75, 5396-5413, 2012. DOI: 
10.1016/j.jprot.2012.06.019 

11. Laville E, Sayd T, Morzel M, Blinet S, Chambon C, Lepetit J, Renand 
G, Hocquette JF: Proteome changes during meat aging in tough and 
tender beef suggest the importance of apoptosis and protein solubility 
for beef aging and tenderization. J Agric Food Chem, 57, 10755-10764, 
2009. DOI: 10.1021/jf901949r

12. Suman SP, Rentfrow G, Nair MN, Joseph P: Proteomics of muscle-
and species-specificity in meat color stability. J Anim Sci, 92, 875-882, 

JIA, ZHANG, CHEN
ZHANG, LIN, ZHAO

https://www.sciencedirect.com/science/article/pii/S0023643815004491?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S030917401100297X
https://academic.oup.com/ps/article/94/7/1657/1554267
https://www.sciencedirect.com/science/article/pii/S1874391911004398?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174010004717
https://www.sciencedirect.com/science/article/abs/pii/S030917400000125X
https://www.sciencedirect.com/science/article/abs/pii/S0309174011001434
https://www.sciencedirect.com/science/article/abs/pii/S0309174011003494
http://vetdergikafkas.org/uploads/pdf/pdf_KVFD_2341.pdf
https://www.sciencedirect.com/science/article/pii/S187439191200485X?via%3Dihub
https://pubs.acs.org/doi/abs/10.1021/jf901949r
https://academic.oup.com/jas/article-abstract/92/3/875/4702358?redirectedFrom=fulltext


700
Meat Water Holding Capacity of Yak and Cattle

2014. DOI: 10.2527/jas.2013-7277

13. Franco D, Mato A, Salgado FJ, López-Pedrouso M, Carrera M, 
Bravo S, Parrado M, Gallardo JM, Zapata C: Tackling proteome changes 
in the longissimus thoracis bovine muscle in response to pre-slaughter 
stress. J Proteomics, 122, 73-85, 2015. DOI: 10.1016/j.jprot.2015.03.029 

14. Zuo H, Han L, Yu Q, Niu K, Zhao S, Shi H: Proteome changes on 
water-holding capacity of yak longissimus lumborum during postmortem 
aging. Meat Sci, 121, 409-419, 2016. DOI: 10.1016/j.meatsci.2016.07.010

15. Honikel KO: Reference methods for the assessment of physical 
characteristics of meat. Meat Sci, 49, 447-457, 1998. DOI: 10.1016/S0309-
1740(98)00034-5  

16. Laghi L, Venturi L, Dellarosa N, Petracci M: Water diffusion to assess 
meat microstructure. Food Chem, 236 (1): 15-20, 2017. DOI: 10.1016/j.
foodchem.2016.12.043

17. Dai Y, Lu Y, Wu W, Lu XM, Han ZP, Liu Y, Li XM, Dai RT: Changes 
in oxidation, color and texture deteriorations during refrigerated storage 
of ohmically and water bathcooked pork meat. Innov Food Sci Emerg 
Technol, 26, 341-346, 2014. DOI: 10.1016/j.ifset.2014.06.009

18. Wheeler TL, Shackelford SD, Koohmaraie M: Sampling, cooking, 
and coring effects on Warner-Bratzler shear force values in beef. J Anim 
Sci, 74, 1553-1562, 1996.

19. Jia JL, Zhang LP, Wu JP, Wang J, Ding Q: Establishment of the 
optimum two-dimensional electrophoresis system of ovine ovarian 
tissue. Genet Mol Res, 13 (3): 6528-6538, 2014. DOI: 10.4238/2014.
August.26.3

20. Wu W, Gao XG, Dai Y, Fu Y, Li XM, Dai RT: Post-mortem changes 
in sarcoplasmic proteome and its relationship to meat color traits in M. 
semitendinosus of Chinese Luxi yellow cattle. Food Res Int, 72, 98-105, 
2015. DOI: 10.1016/j.foodres.2015.03.030

21. Zuo H, Han L, Yu Q, Niu K, Zhao S, Shi H: Proteome changes on 
water-holding capacity of yak longissimus lumborum during postmortem 
aging. Meat Sci, 121, 409-419, 2016. DOI: 10.1016/j.meatsci.2016.07.010

22. Polati R, Menini M, Robotti E, Millioni R, Marengo E, Novelli E, 
Balzan S, Cecconi D: Proteomic changes involved in tenderization of 
bovine Longissimus dorsi muscle during prolonged ageing. Food Chem, 
135, 2052-2069, 2012. DOI: 10.1016/j.foodchem.2012.06.093

23. Lomiwes D, Farouk MM, Wiklund E, Young OA: Small heat shock 
proteins and their role in meat tenderness: A review. Meat Sci, 96, 26-40, 
2014. DOI: 10.1016/j.meatsci.2013.06.008

24. Yates JR, Ruse CI, Nakorchevsky A: Proteomics by mass spectro-
metry: Approaches, advances, and applications. Annu Rev Biomed Eng, 11, 
49-79, 2009. 10.1146/annurev-bioeng-061008-124934

25. Qiang P, Jia L, Linyuan S, Xuewei L, Shunhua Z, Li Z: Application 
of modification-specific proteomics in the meat-quality study. Hereditas, 
37 (4): 327-335, 2015. DOI: 10.16288/j.yczz.14-417

26. Kim YHB, Lonergan SM, Grubbs JK, Cruzen SM, Fritchen AN, 
della Malva A, Marino R, Huff-Lonergan E: Effect of low voltage 
electrical stimulation on protein and quality changes in bovine muscles 
during postmortem aging. Meat Sci, 94, 289-296, 2013. DOI: 10.1016/j.
meatsci.2013.02.013 

27. Hwang IH, Park BY, Kim JH, Cho SH, Lee JM: Assessment of 
postmortem proteolysis by gel-based proteome analysis and its 
relationship to meat quality traits in pig longissimus. Meat Sci, 69, 79-91, 
2005. DOI: 10.1016/j.meatsci.2004.06.019

28. Huff-Lonergan E, Zhang WG, Lonergan SM: Biochemistry of post-
mortem muscle-Lessons on mechanisms of meat tenderization. Meat Sci, 
86, 184-195, 2010. DOI: 10.1016/j.meatsci.2010.05.004

29. Zhang WG, Lonergan SM, Gardner MA, Huff-Lonergan E: Contribution 
of postmortem changes of integrin, desmin and μ-calpain to variation in 
water holding capacity of pork. Meat Sci, 74, 578-585, 2006. DOI: 10.1016/j.

meatsci.2006.05.008

30. Kristensen L, Purslow PP: The effect of ageing on the water-holding 
capacity of pork: Role of cytoskeletal proteins. Meat Sci, 58, 17-23, 2001. 
DOI: 10.1016/S0309-1740(00)00125-X

31. Schäfer A, Rosenvold K, Purslow PP, Andersen HJ, Henckel P: 
Physiological and structural events post mortem of importance for 
drip loss in pork. Meat Sci, 61, 355-366, 2002. DOI: 10.1016/S0309-
1740(01)00205-4

32. Pearce KL, Rosenvold K, Andersen HJ, Hopkins DL: Water 
distribution and mobility in meat during the conversion of muscle to 
meat and ageing and the impacts on fresh meat quality attributes. Meat 
Sci, 89, 111-124, 2011. DOI: 10.1016/j.meatsci.2011.04.007

33. Lund MN, Heinonen M, Baron CP, Estévez M: Protein oxidation 
in muscle foods: A review. Mol Nutr Food Res, 55 (1): 83-95, 2011. DOI: 
10.1002/mnfr.201000453

34. Marino R, Albenzio M, della Malva A, Caroprese M, Santillo A, 
Sevi A: Changes in meat quality traits and sarcoplasmic proteins during 
aging in three different cattle breeds. Meat Sci, 98 (2): 178-186, 2014. DOI: 
10.1016/j.meatsci.2014.05.024 

35. Au Y: The muscle ultrastructure: A structural perspective of the 
sarcomere. Cell Mol Life Sci, 61, 3016-3033, 2004. DOI: 10.1007/s00018-
004-4282-x

36. Jia X, Ekman M, Grove H, Faergestad EM, Aass L, Hildrum KI, 
Hollung K: Proteome changes in bovine longissimus thoracis muscle 
during the early postmortem storage period. J Proteome Res, 6, 2720-
2731, 2007. DOI: 10.1021/pr070173o

37. Bouley J, Chambon C, Picard B: Mapping of bovine skeletal muscle 
proteins using two-dimensional gel electrophoresis and mass spectrometry. 
Proteomics, 4, 1811-1824, 2004. DOI: 10.1002/pmic.200300688

38. Canto AC, Suman SP, Nair MN, Li S, Rentfrow G, Beach CM, Silva 
TJ, Wheeler TL, Shackelford SD, Grayson A, McKeith RO, King DA: 
Differential abundance of sarcoplasmic proteome explains animal effect 
on beef Longissimus lumborum color stability. Meat Sci, 102, 90-98, 2015. 
DOI: 10.1016/j.meatsci.2014.11.011

39. Van de Wiel DFM, Zhang WL: Identification of pork quality para-
meters byproteomics. Meat Sci, 77, 46-54, 2007. DOI: 10.1016/j.meatsci. 
2007.04.017

40. Zhang WG, Lonergan SM, Gardner MA, Huff-Lonergan E: 
Contribution of postmortem changes of integrin, desmin and μ-calpain 
to variation in water holding capacity of pork. Meat Sci, 74, 578-585, 2006. 
DOI: 10.1016/j.meatsci.2006.05.008

41. Lo Bello M, Nuccetelli M, Caccuri AM, Stella L, Parker MW, 
Rossjohn J, McKinstry WJ, Mozzi AF, Federici G, Polizio F, Pedersen 
JZ, Ricci G: Human glutathione transferase P1-1 and nitric oxide carriers: 
A new role for an old enzyme. J Biol Chem, 276, 42138-42145, 2001. DOI: 
10.1074/jbc.M102344200

42. Lametsch R, Karlsson A, Rosenvold K, Andersen HJ, Roepstorff P, 
Bendixen E: Postmortem proteome changes of porcine muscle related 
to tenderness. J Agric Food Chem, 51 (24): 6992-6997, 2003. DOI: 10.1021/
jf034083p

43. Paredi G, Raboni S, Bendixen E, de Almeida AM, Mozzarelli A: 
“Muscle to meat” molecular events and technological transformations: 
The proteomics insight. J Proteomics, 75 (14): 4275-4289, 2012. DOI: 
10.1016/j.jprot.2012.04.011

44. Bendixen E: The use of proteomics in meat science. Meat Sci, 71 (1): 
138-149, 2005. DOI: 10.1016/j.meatsci.2005.03.013

45. Zheng A, Liu G, Zhang Y, Hou S, Chang W, Zhang S, Cai H, Chen 
G: Proteomic analysis of liver development of lean Pekin duck (Anas 
platyrhynchosdomestica). J Proteomics, 75, 5396-5413, 2012. DOI: 10.1016/ 
j.jprot.2012.06.019

https://academic.oup.com/jas/article-abstract/92/3/875/4702358?redirectedFrom=fulltext
https://www.sciencedirect.com/science/article/pii/S1874391915001402?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174016302200
https://www.sciencedirect.com/science/article/abs/pii/S0309174098000345
https://www.sciencedirect.com/science/article/pii/S0308814616320520?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1466856414001040?via%3Dihub
https://pdfs.semanticscholar.org/50a6/da69e09f70a9c49f94795887b871b1e5b2d7.pdf
http://www.funpecrp.com.br/gmr/year2014/vol13-3/pdf/gmr4369.pdf
https://www.sciencedirect.com/science/article/pii/S0963996915001350?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174016302200
https://www.sciencedirect.com/science/article/pii/S0308814612010667?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174013002854
https://www.annualreviews.org/doi/10.1146/annurev-bioeng-061008-124934
http://en.cnki.com.cn/Article_en/CJFDTOTAL-YCZZ201504003.htm
https://www.sciencedirect.com/science/article/abs/pii/S0309174013000661
https://www.sciencedirect.com/science/article/abs/pii/S0309174004001639
https://www.sciencedirect.com/science/article/abs/pii/S0309174010001816
https://www.sciencedirect.com/science/article/abs/pii/S030917400600163X
https://www.sciencedirect.com/science/article/abs/pii/S030917400600163X
https://www.sciencedirect.com/science/article/abs/pii/S030917400000125X
https://www.sciencedirect.com/science/article/abs/pii/S0309174001002054
https://www.sciencedirect.com/science/article/abs/pii/S0309174011001434
https://onlinelibrary.wiley.com/doi/abs/10.1002/mnfr.201000453
https://www.sciencedirect.com/science/article/abs/pii/S0309174014001557
https://link.springer.com/article/10.1007%2Fs00018-004-4282-x
https://pubs.acs.org/doi/abs/10.1021/pr070173o
https://onlinelibrary.wiley.com/doi/abs/10.1002/pmic.200300688
https://www.sciencedirect.com/science/article/abs/pii/S0309174014004987
https://www.sciencedirect.com/science/article/abs/pii/S0309174007001386
https://www.sciencedirect.com/science/article/abs/pii/S030917400600163X
http://www.jbc.org/content/276/45/42138
https://pubs.acs.org/doi/abs/10.1021/jf034083p
https://www.sciencedirect.com/science/article/pii/S1874391912002175?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0309174005001154
https://www.sciencedirect.com/science/article/pii/S187439191200485X?via%3Dihub

