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Label‑free liquid 
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of the breast muscle proteome 
profiles in two fast‑growing broilers
Alessio Di Luca 1, Francesca Bennato 1, Andrea Ianni 1, Camillo Martino 2, Michael Henry 3, 
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Poultry meat-production is increasing worldwide; leading to the selection of chickens for meat-
production that show a fast growth. A label-free quantitative proteomic-approach and Western-blot 
were applied to investigate the dynamics of muscle protein under rapid growth conditions in two 
common fast-growing broiler genetic-lines (Ross 508 and AZ Extra Heavy Red-chicken). Muscle 
exudate from chicken Pectoralis major was used as substrate to unveil the proteome of these genetic-
lines. Six-hundred forty-five proteins were identified in total from all samples, and after statistical-
analysis 172 proteins were found to be differentially-expressed, clearly distinguishing the two chicken 
genetic-lines. Several of these differentially-expressed proteins were involved with the proteasome 
and glycolysis/gluconeogenesis-pathways. Changes in meat-quality traits were also observed, which 
were reflected in the proteomic-profile. Proteins involved in the ubiquitin–proteasome system were 
associated with the bigger muscle mass of Ross 508, while phosphoglucomutase 1 was associated 
with a possible higher capability of AZ Extra Heavy Red-chickens to cope with stressors. This pilot 
proteomic-approach applied on muscle exudate samples provided key evidence about the pathways 
and processes underlying these two chicken genetic-lines and their meat-quality parameters. We also 
identified potential biomarkers that could determine the peculiar production potentials (e.g. breast-
growth) of these broilers-lines, which arise from differences in their genetic-backgrounds.

Domesticated chickens (Gallus gallus domesticus) are important animals used worldwide as a rich source of high-
quality proteins. Several factors have contributed to their widespread distribution, including shorter production 
cycles compared to other farm animals, easiness of trading chickens, and the absence of cultural or religious 
restrictions on their meat consumption1–3. Moreover, thanks to the improvement of genetics, animal welfare, 
nutrition, and management systems among the animal production industries, the sector of poultry production 
is growing faster4. Indeed, over the last few decades, significant improvements in genetics, statistical analysis, 
and to some extent, nutrition and management have led to a notable increase in growth rate, feed efficiency, and 
meat yield5,6. Ross 508 (white chicken) and AZ Extra Heavy Red chicken (red chicken) are two fast-growing 
broilers used by the poultry industry7,8. Both chicken genetic lines have been selected to confer to the birds a 
fast growth, a good resistance to diseases, a good conformation of the body, and meat-yield9,10. There are limited 
studies comparing these genetic types. For example, Rimoldi et al.11 investigated the expression profile of genes 
and productive performance in fast- and slow-growing broiler strains bred under heat stress conditions. Their 
study identified genetic markers that could aid in the selection of broilers that are more resistant to heat stress. 
Baxter et al.12 comparing Hubbard Redbro broilers with Ross 308 broilers observed that the Hubbard Redbro 
broilers were willing to show some natural behaviours and maintained better health throughout the production 
cycle. Similar outcomes were also observed comparing Hubbard JA787 with Ross 30813.
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Proteomics is the global analysis of proteins from a cell, tissue, or organism at a particular time under given 
conditions14. Thanks to the advancement in proteomics instrumentation and methods, such as label-free LC–MS, 
there has been a substantial improvement in proteome identification and quantification15. Over the last decade, 
there has been an increasing number of studies applying this technique in animal science, including poultry sci-
ence. For example, Di Luca et al.16 investigated transport stress in pigs, Boudon et al.17 applied this technique to 
identify beef protein biomarkers for tenderness, whereas Tang et al.18 studied the heat stress response in broiler 
liver. Label-free quantitative proteomics has also been applied to unravel proteomics differences between breeds. 
Di Luca et al.19 identified a total of 41 proteins that are able to discriminate between an autochthon goat breed 
and a breed that are commonly used by the industry. Similarly, using the same approach between pig breeds, 25 
proteins clearly differentiate two pig breeds20. In poultry science, quantitative phosphoproteomic analysis was 
applied to investigate the effect of phosphoproteins on meat quality in slow-growing and fast-growing broilers21.

When comparative proteomics approaches are used to investigate a specific state of the animals under study 
(e.g., disease) or specific characteristics (such as breed differences, meat quality, etc.), they can provide a bio-
chemical profile at the protein level. This profile offers new insights for a better understanding of animal health, 
diseases, meat quality, and more. Moreover, the advancement of this technology have added a new dimension 
to the study of animal origin samples, providing biomarkers that can be used early and easily to accurately 
predict diseases, meat quality, etc22. Thus, label-free LC–MS proteomic was applied in our study to investigate 
the expression profile of proteins and related protein biomarkers contributing to the development of the pro-
teome in two common fast-growing broiler genetic lines (Ross 508 and AZ Extra Heavy Red chicken) used 
by the poultry industry. Following bioinformatics analyses, two proteins were further confirmed by Western 
blot analysis. Our ultimate goal was to better understand the biological processes that underlie their different 
production performances.

Results
Identification of the different meat quality attributes
Table 1 shows the mean and the standard errors of key meat quality parameters in Ross 508 (white chicken) and 
AZ Extra Heavy Red chicken (red chicken) populations. No significant difference was observed for pH 24 h and 
drip loss. The genetic line had a significant effect on lightness (L) (p ≤ 0.05), while redness (a*) did not increase 
significantly (p > 0.05) between genetic lines. Cooking loss was higher in Ross 508 (p ≤ 0.05).

Quantification and statistical analysis of proteins in chicken genetic lines
In order to analyse chicken breast muscle protein changes between the two chicken genetic lines [Ross 508 
(White chicken) and AZ Extra Heavy Red chicken genetic lines (Red chicken)], we applied a label-free LC–MS 
approach to quantify all proteins in the exudate collected following centrifugation from the breast muscle. 
Following label-free LC/MS analysis of peptides from the muscle exudate, we identified 645 proteins in all 12 
samples (6 samples from each genetic line). This corresponded to the accurate identification of 2.878 peptides 
(supplementary Table S1).

PANTHER was used for gene ontology (GO) analysis of all 645 proteins identified, using the Gallus gallus 
genome annotations as background. Figure 1 shows the categorization of biological processes for all the proteins 
identified. The identified proteins were principally involved in cellular process 33.9%, in metabolic process 24.4% 
and cellular component organization or biogenesis 12.7%.

The identified proteins (Ross 508 versus AZ Extra Heavy Red chicken genetic lines) were analysed using 
LC–MS proteomics data analysis software, applying the following threshold criteria: p-value ≤ 0.05, fold 
change ≥ 1.5 and proteins with ≥ 2 peptides matched. A total of 172 proteins (from 834 peptides) were expressed 
differentially, with 162 (from 737 peptides; 94.2%) up-regulated in the Ross 508 chicken and 10 (from 97 peptides; 
5.8%) up-regulated in the AZ Extra Heavy Red chicken, as shown in supplementary Table S2. Table 2 presents 
a condensed version of supplementary Table S2, highlighting 18 proteins that were differentially expressed 
(p-value ≤ 0.001, fold change ≥ 3, and with proteins having ≥ 5 peptides matched) between the Ross 508 and AZ 
Extra Heavy Red chicken genetic lines following label-free LC–MS/MS.

Table 1.   Meat quality characterization (mean ± standard error) from breast meat samples obtained from 
broilers, Ross 508 (white chicken) and AZ Extra Heavy Red chicken (red chicken) genetic lines. Different 
letters in the same row indicate significant differences (p < 0.05). Lightness: L*; redness: a*; yellowness: b*.

Trait Ross 508 AZ Extra Heavy Red

Live weight (kg) 3.5 ± 0.3a 1.7 ± 0.16b

pH 24 h 5.89 ± 0.09 5.87 ± 0.1

CIE L* 28.41 ± 2.70a 24.76 ± 1.3b

CIE a* −1.69 ± 0.16 −1.58 ± 0.15

CIE b* 0.22 ± 0,83 0.10 ± 0,36

Drip loss (%) 0.89 ± 0.15 0.83 ± 0.22

Cooking loss (%) 17.13 ± 2.48a 12.05 ± 1.75b
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Figure 1.   Proteins classification according to their biological processes of the 645 identified proteins 
(supplementary Table S1).

Table 2.   18 proteins differentially expressed (p-value ≤ 0.001, fold change ≥ 3 and with proteins with ≥ 5 
peptides matched) between Ross 508 (White chicken) and AZ Extra Heavy Red chicken genetic lines (Red 
chicken) following label-free LC–MS/MS (see Table S2 for the full list of protein that were differentially 
expressed in the comparison). Up-regulated protein in Ross 508 chicken (17 proteins) and AZ Extra Heavy 
Red chicken (1 protein). a Accession number. b Peptides used for quantitation. c MASCOT score. d Shows 
proteins that were up-regulated in Ross 508 (White) or in AZ Extra Heavy Red chicken (Red).

UniProta) Gene name Description Peptidesb Scorec Anova (p) Fold change Highest conditiond

A0A1D5PY67 ANXA6 Annexin 23 57.66 0.000023 8.84 White

A0A1D5NW68 ALB Serum albumin 20 59.95 0.000207 3.14 White

A0A0A0ADU8 N301_11515 Alpha-2-macroglobulin-like 1 18 51.31 0.000367 6.56 White

A0A493T9F7 C3 Complement C3 16 44.06 0.000049 16.14 White

A0A1C9KD18 ANXA2 Annexin 13 32.66 0.000001 10.95 White

A0A3Q2TXL9 STIP1 Stress induced phosphoprotein 1 10 22.96 0.000013 3.60 White

F1NVB3 UNC45B Unc-45 myosin chaperone B 10 21.70 0.000492 3.16 White

G1NQ91 POSTN Periostin 10 29.40 0.000798 41.30 White

E1BQC2 TF Ovotransferrin 9 25.98 0.000198 9.07 White

Q5ZIY8 RNH1 Ribonuclease inhibitor 8 23.84 0.000006 7.05 White

F1P593 HSPB1 Heat shock protein beta-1 6 20.70 0.000011 38.90 White

A0A1D5P9Z1 ACP1 Low molecular weight phosphoty-
rosine protein phosphatase 6 15.37 0.000120 3.11 White

O93601 apoAIV Apolipoprotein AIV 6 16.34 0.000295 5.46 White

F1NYB1 TUBB4B Tubulin beta chain 6 13.39 0.000980 22.64 White

A0A452J7T9 CFL2 Cofilin-2 5 18.38 0.000294 3.61 White

A0A1D5PAE8 LTA4H Leukotriene A(4) hydrolase 5 12.41 0.000693 7.91 White

F1NRI3 WDR1 WD repeat-containing protein 1 5 10.01 0.000751 3.79 White

F1NVD4 ADSSL1 Adenylosuccinate synthetase 
isozyme 1 5 13.85 0.000684 3.56 Red
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Functional annotation of significantly different proteins
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG23) annotations pathway were 
used to functionally annotate the proteins identified in the comparison of muscle exudate from the chicken 
genetic lines. Enrichment analyses were performed using Cytoscape. Sixty-eight GO:BP terms (associated with 
91 proteins differentially expressed) were retrieved (supplementary Table S3, Fig. 2). Proteins from both chicken 
genetic lines were mainly involved in various functions related to actin. The most common biological process 
included actin filament fragmentation (100%); positive regulation of establishment of protein localization to 
telomere (57.14%); establishment of protein localization to telomere (33.33%); positive regulation of actin fila-
ment depolymerisation (30%).

Supplementary Table S4 and Fig. 3 shows the 18 KEGG pathways involving the 64 proteins from these path-
ways. These proteins were primarily associated with proteasome and glycolysis/gluconeogenesis pathways. All 
the proteins involved in the proteasome pathways had a higher abundance in the Ross 508 chicken, whereas 

Figure 2.   Gene enrichment analyses of the identified proteins (172 proteins; Ross 508 versus AZ Extra Heavy 
Red chicken). The percentage of input proteins found associated with respect to the number of proteins directly 
annotated with the functional term are represented by bars. The number of input proteins related to the term are 
next to each bar. Bars that share the same color are clustered in the same functional group (see supplementary 
Table S3 for details).
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most of the proteins involved in the glycolysis/gluconeogenesis pathways had higher abundance in the AZ Extra 
Heavy Red chicken genetic line.

Protein protein interaction (PPI) analysis
STRING was used to identify the functional connections among the differentially expressed proteins. The analysis 
revealed a connected protein network (Fig. 4), which was divided into the following components: (1) one big 
module composed of 137 nodes (93.8%), (2) one small module of five nodes (3.4%) and (3) two small compo-
nents of two proteins (2.7%). The PPI enrichment had a p-value of < 1.0e−16 (with 130 expected edges vs. 341 
detected edges), indicating that the proteins are at least partially biologically connected. The majority of the 
proteins in this network interacted with four or five other partners (average node degree equal to 4.67). The big 
module shows two clusters: one cluster consist of nine proteasome proteins (PSMA1, PSMC1, PSMC2, PSMC5, 
PSMC6, PSMD1, PSMD11, PSMD2 and PSMD3, represented by red nodes), while the second cluster comprises 
six proteins involved in the glycolysis/gluconeogenesis pathways (ALDOC, GAPDH, GPI, HK1, LDHA and 
PGM1, represented by blue nodes). Most of the proteins within these clusters were included in the GO and KEGG 
enriched processes showing a clear differentiation between the chicken genetic lines under study (in terms of 
direction of the relative level of expression).

Confirmation of differential protein expression using Western blot
Western blot was used to confirm the abundance pattern of two proteins [phosphoglucomutase 1 (PGM 1) and 
Troponin T (TNNT) among the proteins differentially expressed that were identified. Three technical replicates 
were analysed for each sample. The average of the normalised band density of the three technical replicates 
was used for statistical comparison. Figure 5 shows representative images for PGM 1 and TNNT proteins. Fol-
lowing label-free proteomics, PGM 1 was more abundant in the AZ Extra Heavy Red chicken (Red chicken), 
whereas TNNT was more abundant in Ross 508 (White chicken), and Western blot analysis confirmed the pat-
tern observed by label-free proteomics. This is shown quantitatively in the graph in Fig. 5, which presents the 
abundance pattern of PGM 1 and TNNT.

Discussion
This study aimed to use proteomics as a tool to investigate protein composition changes in chicken breast muscle 
between two common fast-growing broilers used by the poultry industry, Ross 508 (white chicken) and AZ Extra 
Heavy Red chicken (red chicken). We found that genetic lines had a significant effect on two meat quality traits 
when comparing these chicken genetic lines. For example, cooking loss was higher in Ross 508 chickens. Water 
holding capacity is the ability of meat to retain inherent or added water and it is known that water is lost dur-
ing the cooking procedure24. Cooking loss is a valuable method to investigate the ability of meat to retain water 
during cooking as meat with high cooking loss has a poor appearance and texture25. These findings illustrate the 
changes that can occur between chicken genetic lines, and these differences were also evident in the proteomic 
profiles, where 172 proteins exhibited changes in abundance between the genetic lines. Zuo et al.26 correlated 
the up-regulation of some proteins such as desmin and troponin-T, with high levels of cooking loss in the lon-
gissimus thoracis of yak. In our study, we observed similar up-regulation of these proteins in the genetic line 
with the highest level of cooking loss (Ross 508), which could partially account for the increased cooking loss in 
this genetic line. Indeed, during cooking, the rise in temperature increases the risk of protein denaturation and 
contraction, which can lead to water debinding and migration27. Desmin is an intermediate filament protein 
playing a pivotal role in maintaining the structural integrity and function of the muscle28, while troponin-T is the 
sarcomeric thin filament anchoring subunit of the troponin complex in striated muscles29. These proteins tend 
to form a network of proteins that can promote shrinkage of myofibrils and cause a great loss of water during 
cooking30. It has also been postulated that the degradation of these proteins plays a role in changes in cooking 
loss during meat aging31. The quantification of protein changes that are linked to cooking loss may contribute 
to a deeper understanding of the molecular processes behind cooking loss in chicken muscle. Additionally, it 

Figure 3.   Gene enrichment analyses of the identified proteins (172 proteins; Ross 508 versus AZ Extra Heavy 
Red chicken)23. The percentage of input proteins found associated with respect to the number of proteins 
directly annotated with the functional term are represented by bars. The number of input proteins related to the 
term (see supplementary Table S4 for details).
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may offer potential biomarkers for an early prediction of water holding capacity in meat, which could eventually 
assist the meat industry in the management decisions.

Among the 172 proteins identified, several proteins involved in the proteasome and glycolysis/gluconeo-
genesis pathways were identified. The selection of broilers for meat production led to the development of a 
fast growth of muscles, especially in the case of breast muscle. This is especially evident when comparing these 
chickens to those selected for egg production32,33. The increase of muscle proteins is due to the balance between 
proteins synthesis and degradation. It has been reported that a diminution in rates of intracellular protein 
catabolism is found in broilers with a higher rate of growth. In this context, the ubiquitin–proteasome system is 
considered to play a pivotal role in the skeletal muscle protein breakdown34,35. The ubiquitin–proteasome system 
is one of the main processes involved in the breakdown of proteins in eukaryotic cells and plays a pivotal role 
in the control of muscle mass35. In our study, we compared two fast-growing broilers, and in the case of Ross 
508 chickens, there was an up-regulation of proteins involved with the proteasome pathways. This is probably 
indicative of the greater muscle mass observed in Ross 508 compared to AZ Extra Heavy Red chicken. Several 
conditions have been described to increase the ubiquitin–proteasome pathway activities, and among them is 
reduced muscle activity36. For example, Riley et al.37 observed that the breakdown of muscle fibers in space-
flown rats was correlated with an increased ubiquitin conjugation to myofibrillar proteins. Similar data were also 
obtained when studying rats subjected to hindlimb suspension (to keep their rear legs off the ground, their tails 
were suspended)38,39. It has been shown that the selection for growth rate increment and improved feed conver-
sion influenced negatively the activity of fast growing broilers40. This reduction in activity in broilers have been 
observed not only when comparing fast growing with slow growing broilers but also within the category of fast 
growing broilers. Additionally, it has been related to the body weight of the animal41,42. The reduced activity of 
fast growing broilers may stimulate the ubiquitin–proteasome pathways activity. This process is more evident 
in Ross 508 chickens, which have a bigger body weight than AZ Extra Heavy Red chickens. While speculative, 
this may allude to a system of compensation of the lower activity of Ross 508 due to the greater body weight. 

Figure 4.   PPI network of the identified proteins (172 proteins; Ross 508 versus AZ Extra Heavy Red chicken). 
Proteins are represented by nodes. Association line colors: (1) magenta is experimentally determined, (2) dark 
green is gene neighbourhood, (3) cyan is from curated databases, (4) black is coexpression, (5) purple is protein 
homology, (6) light green is textmining, (7) blue is gene co-occurrence. Red nodes are proteasome proteins; Blue 
nodes are proteins involved in the glycolysis/gluconeogenesis pathways.
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This mechanism may facilitate the adaptation of the muscle of Ross 508 to reduced activity. Ikemoto et al.39, in 
association with the activation of ubiquitin–proteasome pathways, highlighted the enhanced degradation of rat 
myosin heavy chain. It was shown that even subtle shifts in the rate of metabolism of myosin heavy chain can 
change cardiac muscle mass and could be an indicator to assess the catabolic state of striated muscles39,43. Simi-
larly, in chickens, different isoforms of myosin heavy chain are expressed during development44. Our study, in 
association with the ubiquitin–proteasome pathways, observed an up-regulation of the myosin heavy chain in 
Ross 508 chickens, which may allude a higher degradation of this protein. The relationship between the rate of 
expression of myosin heavy chain isoforms within the fast skeletal muscle and the faster growth of breast muscle 
have been previously documented45. The up-regulation of the proteins involved in the ubiquitin–proteasome 
pathways and myosin heavy chain observed in our study in chickens with improved breast meat (Ross 508), 
may serve as potential selection markers for the improvement of broiler breast growth. Indeed, breast meat is 
an important product for the poultry industry, which is constantly selecting broiler lines capable of developing 
large breast muscles at a faster rate.

Glycolysis and gluconeogenesis are two pathways that the liver employs to provide glucose to other organs 
during fasting46. In our study, a higher number of proteins involved in these pathways were up-regulated in 
AZ Extra Heavy Red chickens. Phosphoglucomutase 1 (PGM1) mediates the interconversion of glucose-1P to 
glucose-6-phosphate and is thereby involved in both the synthesis of glycogen and degradation47. Despite its 
pivotal biological roles and regulatory mechanisms, the activity of PGM1 remains largely unknown48. It has been 
postulated that PGM1 is important for satisfying cellular demands during nutritional stress49, and its absence 
can lead to deficiencies in glycogen metabolism, resulting in disease50. It has been shown that Hubbard Redbro 
broilers remained healthier throughout the production cycle when compared with Ross 30812. Similar results 
have been also observed when comparing Hubbard JA787 with Ross 30813. The higher abundance of PGM1 
observed in AZ Extra Heavy Red chickens may allude that this genetic line has a higher capability to cope with 
stressors compared to the Ross 508 chickens.

This study employs quantitative proteomics (label-free LC–MS proteomics and two proteins confirmed by 
Western blot) to explore the protein profile of two fast growing broilers. While our study should be regarded 
as a pilot study and has certain limitations, future research should aim to be more comprehensive. Specifically, 
differences in the proteome should be confirmed with a larger sample size and validated through real-time PCR. 
Despite these limitations, the identification of 172 proteins between broiler lines underscore the complexity 
of such analysis. Some of these proteins were associated with the proteasome and glycolysis/gluconeogenesis 
pathways. Our study illustrates that genetic differences between broiler lines can be discerned at the proteome 

Figure 5.   Western blot of phosphoglucomutase 1 (PGM 1) and Troponin T (TNNT) in chicken breast muscle 
(Pectoralis major) exudate. Means are derived from six biological replicates used for each genetic lines. Numbers 
(1 to 12) at the bottom of the image indicate the twelve birds used in the experiment for each chicken [1 to 6: 
Ross 508 (White chicken); 7 to 12: AZ Extra Heavy Red chicken (Red chicken)], each of which was run in an 
individual gel lane. Three technical replicates were run for each animal and the normalised value was used for 
statistical analysis. The graph shows the normalised average band density of PGM 1 and TNNT across the two 
broiler genetic lines, superscripts show which phenotype are significantly different at p < 0.05 [(a,b) for PGM 1 
(dots) and (c,d) for TNNT (segments)]. The original Western blots are presented in Supplementary Fig. S1.
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level in chicken breast muscle exudate. Several potential protein biomarkers have been identified that could be 
valuable in defining the distinct production capabilities, such as breast growth, meat quality, etc., of these broilers 
lines. Once validated, these markers may find novel applications in breeding programs.

Methods
Ethics statement
Animal care procedures for the experiment were conducted in strict accordance with the recommendations of 
the Italian and European legislations51. The birds were slaughtered at a local poultry farm following standard 
procedures, making it unnecessary to seek approval from an ethics committee. The study was carried out in 
compliance with the ARRIVE guidelines. All methods were carried out in accordance with relevant guidelines 
and regulations.

Animals and samples
Broilers, Ross 508 (white chicken) and AZ Extra Heavy Red chicken (red chicken) genetic lines were housed in 
separate indoor pens, each measuring 700 m2 (70 m × 10 m) within an environmentally controlled room on a 
farm located in the Abruzzo region (Italy). Each pen accommodated three thousand birds from each genetic line, 
resulting in a pen density of 4.8 birds/m2. Both chicken genetic lines, bred in parallel throughout the entire pro-
duction cycle, were managed similarly. Classic neon lighting was used, with temperatures maintained at 27/31 °C 
during the first week of the production cycle and 23/26 °C from the second week until the end of the production 
cycle. Birds from both genetic lines were fed the same diet, consisting of a three phase feeding program: (i) starter 
from day 1 to day 12; (ii) grower from day 13 to day 21; (iii) finisher from day 22 to 48 days of age. The chemical 
characterization of the diet has already been reported in a previous publication7. A total of 15 chickens from each 
genetic line were randomly selected at the end of the feeding period (commercial weight: 3.5 ± 0.3 kg Ross 508 
and 1.7 ± 0.16 kg AZ Extra Heavy Red chicken, live weight; day 48) and slaughtered the same day in the company’s 
commercial abattoir after 12 h fasting. After slaughtering, chicken breast muscle specimens (Pectoralis major) 
were collected, labeled, and stored at 4 °C until they were processed for meat quality measurements and protein 
extraction (exudate). Care was taken to handle birds and their samples from both genetic lines in the same ways, 
ensuring consistency from the beginning of the production cycle up to meat quality and proteomics analysis.

Meat quality measurements
Fifteen chickens from each genetic line were used for meat quality measurements (pH measurement, colour, 
drip loss and cooking loss). Details of the protocols used for these measurements have already been described 
in a previous publication7.

Statistical analysis
Fifteen birds per group were used for the statistical analyses. Results were reported as mean values with the 
corresponding standard deviations using SigmaPlot 12.0 by Systat software Inc (San Jose, CA, USA). Pairwise 
comparisons were carried out using Student’s t-tests (p ≤ 0.05).

Protein extraction, digestion and label‑free LC–MS/MS analysis
Six chicken samples out of the 15 chickens from each genetic line were randomly selected for protein extraction. 
Proteins (from exudate) were extracted following centrifugation from chicken breast muscle (Pectoralis major) 
on the same day of slaughtering (refer to Di Luca et al. for the extraction protocol19). 5 μl to 940 µl (176 μl of 
average) of exudate were collected from the AZ Extra Heavy Red chicken and 20 μl to 1400 µl (455 μl of aver-
age) were collected from the Ross 508. Bradford method was performed in triplicate for protein quantification52. 
Protein purification and tryptic digestion were achieved following the Filter Aided Sample Preparation (FASP) 
protocol53,54. Peptides from all samples were collected for Nano LC–MS/MS analysis and following resuspension, 
the peptides were quantified using a Nanodrop One spectrophotometer (Labtech International). Ultimate 3000 
RSLCnano systems coupled in-line with an Orbitrap Fusion Tribrid™ mass spectrometer (Thermo Scientific, 
USA) were used for the analysis.

The MS raw files were combined and subjected to database searches for protein identification using Proteome 
Discoverer v.2.2 (Thermo Fisher Scientific, USA). LC–MS proteomics data analysis was conducted using the 
software Progenesis QI for proteomics v.2.0 (NonLinear Dynamics, Newcastle upon Tyne, UK). These searches 
were conducted through identification efforts in a UniProtKB database (containing 32,426 protein sequence 
entries, downloaded August 2020) containing Gallus gallus (Chicken) proteins.

The methods and parameters used for MS analysis and protein identification are described in detail by Di 
Luca et al.19.

Bioinformatics
Identified proteins between chicken genetic lines were classified using PANTHER (Protein ANalysis THrough 
Evolutionary Relationships) database system, v.14.155.

Functional interpretation of the identified proteins was achieved using Cytoscape56 with the plug-in ClueGO57. 
Gene enrichment analysis and functionally organised pathway term networks were obtained using Gallus gallus 
specific functional annotations (May 2020) as previously described19.

STRING v.11 (Search Tool for the Retrieval of Interacting Genes/Proteins) database58 was used for in silico 
Protein–Protein Interaction (PPI) analysis. For the analysis Gallus gallus specific interactome was used (STRING 
combined score > 0.7).
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The parameters used for all the analyses were consistent with those described in previous studies19,20.

Western blot
Western blotting was performed on two proteins from six biological replicates using antibodies against the 
following proteins: phosphoglucomutase 1 [PGM 1 (D-8): sc-373796; 1:1000, Santa Cruz, USA] and Troponin 
T-C [TNNT (CT3): sc-20025; 1:100, Santa Cruz, USA]. For all primary antibodies, the secondary antibody used 
was polyclonal donkey anti-mouse IgG HPR conjugated (1:2500, SA1-100, Thermo Fisher Scientific). The signal 
intensities of proteins were acquired using Azure Biosystems C400 (USA) and analysed using Image J software59 
as already described16. The statistical analysis of the normalised average band density of the two proteins was 
carried out across the two genetic lines using ANOVA and Tukey’s test on R60. Phenotype was included as a 
fixed effect.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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