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Growth-related myopathies affecting fast-growing broilers still represent a challenge for the poultry industry, and
the need for comprehensive and additional knowledge useful to mitigate the occurrence of these myopathies
persists. This study aimed at exploring the association between the proteome profiles and the meat quality traits
(i.e., weight, morphometric parameters, pHu, color, and compression force) of broiler breast fillets affected by
the white striping (WS), wooden breast (WB), and spaghetti meat (SM), as well as the normal ones (NB), by
applying the WGCNA approach (N = 12). The co-expression network analysis detected 10 color-coded modules
of co-expressed proteins significantly correlated with the meat quality traits, particularly characterizing the WB
defect in terms of meat quality differences, and thus leading to a focus on this specific myopathy for data
interpretation. The brown, turquoise, green, and black modules were significantly correlated with at least three
of the phenotypic traits and thus considered for further investigations. The outcomes were largely in accordance
with a wealth of literature regarding transcriptomic and proteomic characterizations of breast muscles affected
by these myopathies, evidencing proteins entering these modules enriched with terms involved in mitochondrial
and antioxidant activities, as well as collagen composition and extracellular matrix organization. Furthermore,
based on the results gained through the protein co-expression analysis, different roles between fibrillar and non-
fibrillar collagens in the characterization of the WB condition have been hypothesized, as well as an impairment
of the molecular processes involved in protein synthesis and quality-control, mainly regarding the eIF3 complex.

Introduction

According to the scientific and industry literature, broiler breast
myopathies known as white striping (WS), wooden breast (WB), and
spaghetti meat (SM) still present remarkable challenges for the poultry
meat industry (Barbut et al., 2024). As recently reviewed by Greene
et al. (2025a), despite the big efforts in gathering knowledge regarding
their causative mechanisms to help identifying strategies to mitigate
their prevalence and severity, as well as carrying out in-depth charac-
terizations of these conditions from physiological and molecular points
of view (Papah et al., 2018; Lake et al., 2021; Soglia et al., 2021;
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Alnahhas et al., 2023; Wang et al., 2025), the understanding of their
etiologies remains limited while their incidence levels are still rising
(Greene et al., 2025a). This can predominantly be due to the complexity
of factors associated with their occurrence and progression, as demon-
strated by numerous studies published in the past decade (Bailey et al.,
2015, 2020; Che et al., 2022; Bordignon et al., 2022; Bailey, 2023;
Barbut et al., 2024; Wang et al., 2025), which considered these myop-
athies as complex and multi-factorial conditions. These studies highlight
the need for additional investigations, which could assist in identifying
new and improved strategies to mitigate the occurrence of these
myopathies.
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Different omics approaches have been recently used to study com-
plex physiological phenotypes, as well as pathological conditions in
humans/animals, among which genomics, transcriptomics, proteomics,
and metabolomics have been the most widely applied (Karczewski and
Snyder, 2018; Zhou et al., 2025). This has become possible due to
outstanding progress in high-throughput technologies that have helped
boost the exploration of underlying mechanisms of intricate phenotypes
and conditions. At the same time, powerful bioinformatic strategies
were developed to transform information into data formats easier to
apply and helpful in understanding cellular and molecular pathways
underlying the biological systems under study (Pei et al., 2017; Nice,
2022; Rosati et al., 2024). In this context, tandem mass tagging
(TMT)-based proteomics, a high-throughput mass spectrometry
(MS)-based proteomic approach, provides quantitative measurement of
proteins, enabling the outlining of the proteome profiles of specific
phenotypic conditions (Du et al., 2021; Nice, 2022; Dang et al., 2022;
Zhou et al., 2025). As bioinformatic tools to interpret proteomic data,
network-focused approaches represent valuable strategies to investigate
the expression patterns of proteins of a particular tissue and obtain a
picture of cellular responses as complete as possible. Numerous studies
have recently applied the Weighted Gene Co-Expression Network
Analysis (WGCNA) as a bioinformatic approach to interpret and explore
high-throughput data, such as transcriptomic, proteomic, and metab-
olomic data in several research fields (Pei et al., 2017; Zhang et al.,
2018; Oulas et al., 2019; Zhou et al., 2024; Wei et al., 2024). Among
these, WGCNA has already been used to explore high-throughput
microarray and RNA-seq datasets obtained to investigate the cellular
and biological mechanisms underlying the onset of broiler breast my-
opathies (Pampouille et al., 2019; Bordini et al., 2021, 2022; Wang et al.,
2023a). Recently, researchers investigated human diseases by applying
WGCNA with proteomic datasets and achieved insights into proteome
profile changes associated with the condition under study (Li et al.,
2024).

In our present study, the aim was to explore potential interactions
between meat quality traits and proteomic profiles of Pectoralis major
muscles in broilers affected by growth-related myopathies, based on the
hypothesis of distinct patterns of protein expression between affected
and unaffected samples, and the potential use of protein network anal-
ysis to detect groups of co-expressed proteins associated with the vari-
ability of phenotypic traits characterizing myopathic fillets. For this we
employed the above-mentioned “WGCNA” approach (in R environment)
to identify networks of co-expressed proteins in muscles affected by WS,
WB, and SM as well as in their unaffected counterpart - control (normal
breast; NB), potentially revealing the dysregulation of pathways and
processes in affected samples and thus providing additional insights into
the pathogenic mechanisms of myopathies.

Materials and methods
Experimental design and sample collection

Eighty samples (20/group) of skinless breast fillets belonging to the
same flock of fast-growing broilers (Aviagen Ross 708; 2.5 kg live
weight) were collected at a commercial processing plant in Ontario,
Canada, and classified based on their macroscopic features as normal
(NB) and severely affected by WS, WB, or SM. Single fillets macroscopic
classification of each myopathy was performed by the same members of
the research team, following the criteria proposed by Barbut et al.
(2024).

Meat quality evaluation and sample selection

Each fillet brought to the University of Guelph meat laboratory was
measured to evaluate the morphometric measurements (i.e., fillet
weight, length, width, and height), as well as ultimate pH (pHu),
lightness (L*), redness (a*), yellowness (b*), and hardness (by a 20%
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compression force test) at 24 h post-mortem. The cranial part of each
breast fillet surface was used to measure the pHu and color, respectively
by using a pH meter (HI 98163, Hanna Instruments, Woonsocket, RI)
and a colorimeter (Chroma Meter CR-400; Konica Minolta, Mississauga,
ON, Canada). A compression force test was performed as previously
described by Wang et al. (2023b). To investigate proteome changes
characterizing chicken Pectoralis major muscles affected by WS, WB, and
SM myopathies, three samples per group were chosen to be submitted to
proteomic analysis. Overall, samples have been selected by considering
the macroscopic classification of each myopathy and textural charac-
teristics, specifically by considering samples with the highest hardness
(measured as compression force described above) for WB group and
lower hardness for the others (i.e., WS, SM, and NB), and taking the ones
with the highest degree of severity according to the classification
reviewed by in Barbut et al. (2024) for each specific myopathy (with no
signs ascribable to other myopathies).

Sample preparation for proteomics and quality control

One gram from each sample was used to extract proteins for prote-
ome analysis by TMT-based mass spectrometry. Briefly, samples were
analyzed for 12-plex TMT-based mass spectrometry analysis (Thermo
Fisher Center for Multiplexed Proteomics facility at the Harvard Medical
School). The 12-plex experiment was designed to contain 3 samples per
group (NB, WS, WB, and SM). Sample digestion, TMT labeling, TMT-
based mass spectrometry, as well as protein annotation and quantifi-
cation were performed at the same proteomic center. Specifically, mass
spectra were searched using the COMET algorithm against a Chicken
Proteome downloaded from UniProt (Bateman et al., 2025) in both
forward and reverse directions and considering contaminating protein
sequences. For each annotated protein, the corresponding gene symbol
was reported in the proteomic dataset. Searches were performed using a
peptide mass tolerance of 50 ppm, and a fragment ion tolerance of 0.4
ppm. Peptide spectral matches were filtered to a 1% false discovery rate
(FDR) using the target-decoy strategy combined with linear discrimi-
nant analysis. The proteins were filtered to a < 1% FDR and quantified
only from peptides with a summed signal-to-noise threshold of > 180.
Protein quantitation was performed by summing the signal-to-noise
values for all peptides for a given protein. Each TMT channel was
summed across all quantified proteins and normalized to enforce equal
protein loading. Each protein’s quantitative measurement was then
scaled to 100 to obtain a normalized relative abundance.

Protein co-expression network analysis

Normalized relative abundance of proteins quantified by at least two
peptides and detected in at least 2 of the 3 samples per each experi-
mental group were considered for the subsequent bioinformatic anal-
ysis. Overall, the proteome profiles and the phenotypic data of the 12
samples selected for the proteomic analysis were used to perform the
weighted co-expression network analysis (N = 12), using the “WGCNA”
package (version 1.72-5) (Langfelder and Horvath, 2008) in R envi-
ronment (version 4.3.2; R Core Team, 2020). We acknowledge potential
limitations of this study related to the sample size. In any case, according
to the recommendation from developers for somewhat small dataset
(<20 samples), the following aspects have been considered to imple-
ment the co-expression network analysis and outlier detection, as well as
to verify that our network adheres to an appropriate scale-free topology
in order to ensure reliability of our dataset (Langfelder and Horvath,
2008; Horvath, 2011). Briefly, the construction of unsigned weighted
co-expression networks was achieved by using the normalized proteo-
mic profile of each sample with no missing values. In particular, the gene
symbols referring to each protein, entering the proteome dataset, have
been used to create an adjacency matrix in which the nodes correspond
to the normalized relative abundance of each protein, and the edges are
represented by their pairwise Pearson’s correlation (Langfelder and
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Horvath, 2008). To establish the adjacency matrix, an appropriate soft
threshold power (p value) of 9 was chosen, applying the approximate
scale-free topology criterion. Briefly, according to the developers’ in-
structions for small dataset, this value was chosen as the scale-free to-
pology index (R?) reached the peak (R? > 0.90) for the first time when p
= 9. Then, the protein network was constructed using the block-
wiseModules function, and groups of co-expressed proteins (i.e., mod-
ules) were detected by employing the Dynamic Tree Cut algorithm
(Langfelder and Horvath, 2008) and choosing 2 for the DeepSplit
parameter and 30 for the minimum module size in the blockwiseModules
function. Afterward, to detect the group of co-expressed proteins most
significantly related to the meat quality evaluation and morphometric
measures of WS, WB, SM and NB, we investigated correlations between
module eigenproteins (ME) and phenotypic traits. More in detail, once
the modules have been detected and identified as color-coded labels, the
ME of each group has been calculated using the principal component
analysis criterion (Langfelder and Horvath, 2008). This allowed us to
assess the relationship between modules and traits by using the ME as a
weighted average expression level of each module and thus used to
identify the “module-trait association” as the means of Pearson’s cor-
relation between every ME and external trait. Benjamini-Hochberg FDR
has been considered as adjusted P value. For each selected module, the
software calculated the protein significance (PS), which corresponds to
the correlation value between each phenotype and protein expression
level, as well as the module membership (i.e., the intramodular con-
nectivity) of each protein belonging to a specific module (Langfelder and
Horvath, 2008).

Protein modules selection

Our investigation focused on modules significantly correlated with at
least three of the phenotypic traits considered for the present study.
More specifically, we decided to consider for further analysis the tur-
quoise, brown, green, and black modules to point out the most relevant
functional terms enriched with these protein expression patterns.

Functional annotation of co-expressed proteins

The lists of gene symbols referring to each protein entering the
modules selected for further analysis were individually used to perform
two different functional enrichment analyses. First, ClueGO v2.5.5
(Bindea et al., 2009), a Cytoscape software 3.10.2 plugin (Shannon
et al., 1971) allowing to gain biological information for large lists of
genes or proteins (Mlecnik et al., 2018), was used to perform the func-
tional characterization of the selected protein modules (i.e., brown,
turquoise, green, and black) by the using UniProt-GOA Database for
Gene Ontology (GO) functional annotation. Also, the ClueGo plugin
enabled us to explore how functional terms are interconnected with each
other by displaying an “annotation network” of color-coded functional
terms based on the term-term similarity. More in detail, the term-term
similarity was calculated using the corrected kappa statistic, which de-
termines the association strength between the terms (Bindea et al.,
2009). A Benjamini-Hochberg FDR adjusted P < 0.05 was chosen as the
threshold for significance.

Secondly, an additional functional enrichment analysis was per-
formed using the Database for Annotation, Visualization and Integrated
Discovery (DAVID Knowledgebase v2024q4) (Huang et al., 2008;
Sherman et al., 2022) to understand the biological meaning and func-
tional grouping of the proteins entering the modules most significantly
related to the considered phenotypic traits. The list of gene symbols
referring to each protein belonging to the modules selected for func-
tional analyses has been individually analyzed using the Functional
Annotation Clustering tool. Biological Processes (BP), Molecular Func-
tion (MF), and Cellular Components (CC) have been considered as GO
term categories included in the DAVID Knowledgebase for functional
characterization. For this analysis, a Benjamini-Hochberg FDR was used
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to adjust P values. Enriched GO terms with FDR-adjusted P < 0.05 were
considered statistically significant. Also, FDR-adjusted P < 0.01 was
considered as the threshold to identify the most significant functional
categories.

Homo sapiens background was used as the reference organism for
both DAVID and Cytoscape enrichment analyses.

Western blot analysis

Considering the specific focus on the WB defect, three target collagen
proteins, the fibrillar Collagen type III (i.e., Collagen type III alpha 1
chain; COL3A1) and those composing the non-fibrillar Collagen type IV
(i.e., Collagen type IV alpha 1 and 2 chains; COL4A1 and COL4A2), were
chosen to validate and further investigate some of the results obtained in
this study. Briefly, one gram of each frozen samples belonging to the WB
and NB group (n = 3/group) was used to extract the insoluble protein
fraction enriched in myofibrillar and structural proteins and perform
western blot analysis following the procedure described by Soglia et al.
(2022). In detail, a rabbit polyclonal anti-human COL4A1 (LS-C352029,
LSBio, Lynnwood, WA; 1:4,000), a rabbit polyclonal anti-COL4A2
(Abcam, ab125208, Cambridge, UK; 1:4,000) and a rabbit
anti-COL3A1 (Abcam, ab185659, Cambridge, UK; 1:4,000) primary
antibodies were used. Final detection and densitometry differences were
analyzed as described by Soglia et al. (2022). Considering NB group as
reference, results were expressed as fold change of the normalized
expression of each protein in WB.

Statistical analysis

Data elaboration and statistical analysis have been carried out in R
environment (version 4.3.2). Specifically, the effect of WB, WS, and SM
on the considered traits (i.e., morphometric measures of raw fillets, pHu,
color, and compression force) have been statistically evaluated to assess
differences between groups by one-way ANOVA. Thus, the “group” was
considered as the main effect, and — when significant — mean values were
separated via the parametric Tukey-HSD test. As for the western blot
results, differences between the WB and NB samples in the expression of
target proteins considered for validation were assessed by using a non-
parametric t-test (Mann-Whitney U-test), due to the small number of
replicates per group. Overall, differences were considered statistically
significant at a P value < 0.05.

Results
Meat quality evaluation

The effects of WS, WB, and SM myopathies on fillet weight and
morphometric measurements (fillet length, height, and width), pHu,
color (L*, a*, and b*) and compression force are reported in Table 1.

Proteomic profiles of the Pectoralis major muscles

From TMT-based mass spectrometry, 4,199 proteins were quantified
and mapped to the Gallus gallus Uniprot database. Since only proteins
identified by at least 2 peptides were considered for downstream anal-
ysis, the normalized relative abundance of 3,277 proteins was used to
construct the co-expression networks. As the first step into the co-
expression network analysis, the normalized proteomic dataset, with
no missing values, has been used to cluster the samples and potentially
identify outliers (Figure 1). Overall, no outliers were found. Also, results
from sample clustering based on their proteomic profiles showed that
samples clustered according to the experimental group to which they
belonged.
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Table 1

Effects of broiler breast myopathies (NB = Normal Breast; WS = White Striping;
WB = Wooden Breast; SM = Spaghetti Meat) for different raw fillets parameters
(N = 80; 20 muscles/experimental group) tested by one-way ANOVA. Tukey-
HSD test was carried out to separate the means (P < 0.05).

NB WS WB SM P
value
Fillet weight (g)  173.90 &+ 270.34 + 313.55 + 294.55 +
5.23c 7.20b 8.24a 10.63ab
Fillet length 15.33 + 16.61 + 16.88 + 16.98 +
(cm) 0.20b 0.19a 0.17a 0.17a
Fillet width 8.65 + 9.88 + 9.53 + 9.90 +
(cm) 0.12b 0.16a 0.20a 0.14a
Fillet height 2.53 + 3.48 + 4.05 + 3.48 +
(cm) 0.07c 0.07b 0.09a 0.10b
pHu 5.74 + 5.75 + 6.04 £ 5.76 £
0.03b 0.03b 0.05a 0.04b
Lightness (L*) 51.82 + 51.86 + 56.06 + 53.53 +
0.58b 0.55b 0.57a 0.43b
Redness (a*) 1.36 + 2.23 + 1.52 + 1.99 +
0.24b 0.27a 0.16b 0.25ab
Yellowness (b*) 2.98 + 5.83 + 417 + 5.29 +
0.45cd 0.43a 0.43bc 0.26ab
Compression 2.32 + 3.98 + 12.11 + 3.51 +
force (N) 0.22b 0.42b 0.99a 0.27b

a4 ; Mean value + SE followed by different letters in each row are significantly
different.

" =P <0.001.

" =P <0.05.

Protein co-expression network analysis

The protein co-expression network was constructed using the
normalized TMT-based proteomic datasets of the 12 fillets selected for
proteomics with no missing values and the corresponding phenotypic
traits of raw fillets (i.e., weight, morphometric parameters, pHu, color,
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and compression force). To construct the network, we first found the
optimal soft-thresholding power (f) to transform the co-expression
similarity into the adjacency matrix by performing the analysis of
network topology for several soft-thresholding parameters. Figure 2A
reports the f§ estimated through the function pickSoftThreshold in the
WGCNA package. A power of 9 was chosen, based on the first time p
reached a scale-free topology index at peak (R? > 0.90). Once the
network had been constructed by the software (Figure 2B), the analysis
revealed a total of 10 color-coded modules of co-expressed proteins that
ranged in size from 1,797 (i.e., turquoise module) to 45 (i.e., magenta
module) proteins.

The identification of biologically significant modules and proteins/
genes is one of the major goals of co-expression analysis. In this regard,
the WGCNA R package enables users to quantify correlation values be-
tween each protein module and the considered phenotype (Langfelder
and Horvath, 2008), thus assessing the module-trait association. To do
so, once the groups of proteins characterized by a similar trend of
expression (i.e. modules named using different color labels) have been
identified, the ME of each module was calculated using the principal
component analysis criterion. This allowed us to calculate Pearson’s
correlations between each ME and trait, and thus to identify the
module-trait relationship. Correlations between ME and phenotypic
traits evidenced that four modules were significantly related (P < 0.05)
to breast weight (i.e., brown, blue, turquoise, and black), three modules
to compression force (i.e., turquoise, green, and black), two modules to
breast length (i.e., grey and brown), five modules to breast height (i.e.,
brown, blue, turquoise, green, and black), three modules to the pHu (i.
e., turquoise, green, and black), and one module was significantly
related to yellowness (b*) (i.e., grey). As shown by the heatmap
(Figure 3), several traits share the same significantly associated groups
of co-expressed proteins, which are characterized by different strengths
and directions in terms of correlation values.

Because of the high amount of data obtained through WGCNA in
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expression module.

terms of protein expression patterns associated with the traits of interest,
we decided to focus our attention on modules significantly related with
at least three of the considered phenotypic traits. Therefore, the brown,
turquoise, green, and black modules, which respectively include 192,
1,797, 115, and 70 proteins were considered. Among those, only the
turquoise module showed a positive correlation with the traits of in-
terest. More specifically, the turquoise module was positively related (P
< 0.01) to breast weight and height (+0.82 and +0.90, respectively), as
well as to compression force of the fillets and pHu (+0.86 and +0.64,
respectively). On the other hand, the brown module was negatively
related to fillet weight (—0.87; P < 0.001), width (—0.68; P < 0.05), and
height (—0.77; P < 0.01). The green module was negatively related to
compression force (—0.75; P < 0.01), fillet height (—0.61; P < 0.05), and
pHu (—0.59; P < 0.05), while the black module was negatively related to
fillet weight (—0.65; P < 0.05), fillet height (—0.78; P < 0.001),

compression force (—0.66; P < 0.05), and pHu (—0.68; P < 0.05).
Table 2 reports all the correlation values between each module and trait.
It is worth noting that all the considered traits showed significant dif-
ferences among the experimental groups (WS, WB, SM, and NB), thus
allowing us to explore the differences in the proteome profiles in relation
to the phenotypic variability of quality and morphological traits
measured in normal and myopathic fillets. However, the results allowed
us to specifically characterize the WB samples, but not the WS and SM
groups. This is particularly evident when considering the significantly
higher values of fillet height, pHu, L*, and compression force of WB
samples compared to all the other groups (Table 1). Also, sample clus-
tering based on the Pectoralis major muscles’ proteomic profiles clearly
showed differences between the WB and the other groups, thus rein-
forcing the discussion focused on protein expression patterns charac-
terizing this condition.
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Module-trait relationships

Module

Fig. 3. Module-trait relationships. The heatmap shows associations between modules and meat quality and morphometric traits measured for each sample: fillet
weight, fillet length, fillet width, fillet height, ultimate pH, lightness (L*), redness (a*), yellowness (b*), and compression force (Comp. Force). Traits are reported on
the x-axis, and modules are reported on the y-axis. The heatmap is color-coded by correlation values: green represents a negative correlation, while red represents a

positive correlation.

Table 2

Pearson’s correlation values between the color-coded modules (module eigenprotein values) and the quality traits of Pectoralis major muscles included in the present
study: fillet weight, compression force, fillet length, width and height, ultimate pH (pHu), lightness (L*), redness (a*), and yellowness (b*). Benjamini-Hochberg FDR
has been considered as adjusted P value. Protein modules are reported following the same order reported by the module-trait relationships heatmap in Figure 3.

Significant values are shown in bold.

Modules Fillet weight Comp. Fillet length Fillet width Fillet height pHu L a* b
Force

Brown —0.87** —0.51 —0.22 —0.68" —0.77** —0.24 —0.38 +0.15 —0.04
Pink —0.44 —0.03 -0.35 —-0.41 —-0.32 —0.08 —0.05 +0.16 —0.01
Blue +0.74** +0.48 +0.09 +0.52 +0.66* +0.31 +0.25 —0.09 —0.02
Turquoise +0.82* +0.86""* +0.10 +0.38 +0.90%** +0.64* +0.50 —-0.16 -0.21
Yellow -0.07 -0.35 -0.25 +0.14 -0.32 -0.27 —0.43 +0.43 +0.13
Green —-0.31 —0.75"* +0.09 +0.12 —0.61* —0.59* —-0.43 +0.19 +0.37
Red +0.09 —0.44 +0.11 +0.37 -0.17 —0.38 —0.27 +0.07 +0.27
Black —0.65* —0.66 —0.62" —0.36 —0.78"* —0.68* —0.48 +0.47 +0.15
Magenta +0.01 -0.25 -0.21 +0.06 -0.17 —-0.22 —-0.07 +0.09 +0.16
Grey +0.31 —-0.15 +0.28 +0.65* +0.02 —0.24 —-0.08 —0.02 +0.64*

" = p value < 0.001.
™ = P value < 0.01.
* = P value < 0.05.

Functional analysis

Biological interpretations of protein modules selected for functional
analysis were carried out by using both the ClueGO Cytoscape plug-in
and DAVID Knowledgebase online tool. More in detail, lists of gene
symbols referring to the proteins entering each selected module (i.e.,
brown, turquoise, green, and black) were individually submitted to
DAVID and the ClueGO Cytoscape plugin to understand their biological
meaning. These functional enrichment analyses allowed us to point out
the most relevant functional terms associated with proteins entering the
considered modules, which are significantly related to the phenotypic
variability of the morphological measures and meat quality traits
considered in the present study. Figures 4-7 display the annotation
networks of GO terms clustered based on their term-term similarities
(Bindea et al., 2009), and referring to the turquoise (Figure 4), brown
(Figure 5), black (Figure 6), and green (Figure 7) modules. Tables 3-6
report the most significant functional terms (Benjamini-Hochberg FDR

adjusted P value < 0.01) identified through the DAVID analysis by
individually considering the lists of gene symbols encoding for proteins
belonging to the turquoise (Table 3), brown (Table 4), black (Table 5),
and green (Table 6) modules. Interestingly, both enrichment analyses
identified “glycolytic process”, “Arp2/3 complex-mediated actin nucle-
ation”, “cytoplasmic translational initiation” and “purine nucleotide
biosynthetic process” as some of the most significant GO terms enriching
the turquoise module, and thus positively related to the breast weight
and height, compression force and pHu. As for the brown module,
“mitochondrial electron transport, ubiquinol to cytochrome c”, “cristae
formation”, “acetyl-CoA biosynthetic process from pyruvate”, and “py-
ruvate dehydrogenase (NAD+) activity” were found as significant
functional terms by both the functional annotation approaches. Simi-
larly, functional analysis of proteins entering the black module evi-
denced terms related to “aerobic respiration”, “mitochondrial electron
transport, NADH to ubiquinone”, “mitochondrial respiratory chain

complex I assembly”, “mitochondrial electron transport, cytochrome c
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Fig. 4. ClueGO functional analysis of proteins belonging to the turquoise module. The figure shows the most significant GO terms (Biological Process) identified by
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biggest node size are the most significant ones.

to oxygen”, “NADH dehydrogenase (ubiquinone) activity”, and “cyto-
chrome-c oxidase activity” by considering both the functional annota-
tion approaches. Lastly, “formation of cytoplasmic translation initiation
complex” and “translation initiation factor activity” were found by the
ClueGO and DAVID analyses as functional GO terms enriching the green
module. The comprehensive results obtained from the ClueGO and
DAVID analyses are reported in Supplementary Tables S2 and S3,
respectively.

Western blot analysis

Results of the target collagen proteins quantification in WB and NB
groups carried out by western blot analysis are reported in Table 7.
Bands having a molecular weight of 114, 119, and 116 kDa, respectively
ascribed to the COL3A1, COL4A1l, and COL4A2 native proteins, were
detected. Compared to NB, a tendency of higher COL3A1 expression (FC
=1.51; P = 0.08), as well as of lower COL4A2 abundance (FC = 0.52; P
= 0.08) was found in WB. On the other hand, results showed no dif-
ferences in the COL4A1 normalized expression between the groups.

Discussion

Over the past decades, significant advancements in high-throughput
technologies have provided researchers with outstanding opportunities
to explore the regulatory mechanisms underlying complex traits and
diseases in humans and animal species. As an example, co-expression
network analysis has emerged as a widely adopted and effective strat-
egy for elucidating the molecular processes underlying both physiolog-
ical functions and pathological conditions of traits/conditions under

study. Indeed, this bioinformatic analysis has been proposed as a
powerful tool to identify groups of co-expressed genes, proteins and
metabolites (Pei et al., 2017) associated with specific traits or clinical
features in humans and animal species (Zhang et al., 2018; Chen et al.,
2021; Zhou et al., 2024; Wei et al., 2024).

In recent years, several studies have applied the WGCNA method to
microarray and RNA-seq datasets to investigate gene expression patterns
associated with the occurrence of broiler breast myopathies with the aim
of elucidating the main molecular and cellular pathways associated with
their occurrence (Pampouille et al., 2019; Bordini et al., 2021, 2022;
Wang et al., 2023a). However, to the best of our knowledge, WGCNA
using proteomic data has not been carried out yet to explore protein
expression patterns associated with the occurrence of broiler myopa-
thies. The present study thus aimed at exploring key modules (i.e.,
patterns of co-expressed proteins) significantly correlated with the
phenotypic variability of meat quality traits substantially affected by the
manifestation of WS, WB and SM myopathies (Table 2).

Following a similar approach used in previous studies (Bordini et al.,
2021, 2022), it has been decided to assess the differences in the protein
expression profiles in relation to the phenotypic variability of quality
and morphological traits measured in normal and abnormal fillets (i.e.,
severely affected by WS, WB or SM). More specifically, WGCNA allowed
us to investigate the proteome profiles of fillets affected and not affected
by breast myopathies by identifying patterns of co-expressed proteins
that were significantly correlated with the phenotypic variability of the
considered traits. In this regard, it is now well-established that the
occurrence of broiler myopathies, especially considering the WS and WB
defects, is associated with the improved growth performance (e.g., fast
growth-rate and hypertrophy of breast muscle) of modern broiler
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Fig. 5. ClueGO functional analysis of proteins belonging to the brown module. The figure shows the most significant GO terms (Biological Process) identified by the
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node size are the most significant ones.

hybrids (Barbut et al., 2024), which also implies associations between
their occurrence and the morphometric measures such as fillet weight,
length and thickness characterizing commercial fast-growing broilers.
This was demonstrated by several studies showing an association be-
tween the severity of WB and WS and increased fillet thickness and
weight (Petracci et al., 2019; Che et al., 2022). Moreover, breast my-
opathies manifestation is known to severely impact the main meat
quality traits of fast-growing chickens, such as pHu, color (L*, a*, b*),
and hardness (Tasoniero et al., 2016; Baldi et al., 2018; Che et al., 2022;
Barbut et al., 2024). In this regard, our results reinforced prior evidence
by showing significant differences among the experimental groups (WS,
WB, SM, and NB) for all the considered traits. More in detail, the eval-
uation of physical parameters (i.e., fillet weight, height, length, and
width) evidenced that NB samples were characterized by lower values of
fillet weight, height, length, and width, compared to the myopathic
muscles, which is in line with other evidence reported in the literature
(Zambonelli et al., 2016; Xing et al., 2020; Che et al., 2022). While no
differences among WS, WB and SM fillets were found in terms of fillet
length and width, WB samples were characterized by a significantly
higher fillet weight and height compared to the other groups. Similarly,
WB-affected fillets showed significantly higher values of pHu, L*, and
compression force when compared to all the other groups (Table 1).
These outcomes, other than supporting results already reported in
literature (Kuttappan et al., 2017; Tasoniero et al., 2020; Wang et al.,

2023b), allowed us to explore the differences in the proteome profiles in
relation to the phenotypic variability of quality and morphological traits
measured in normal and myopathic fillets, with a special focus on the
WB myopathy. Indeed, depending on the results obtain by the study, we
were able to only discuss certain differences in terms of protein
co-expression patterns associated with the meat quality variability
clearly characterizing breast fillets affected by the woody breast con-
dition. More specifically, it was decided to focus our attention on protein
modules identified by WGCNA that were significantly correlated with at
least three of the considered phenotypic traits: i.e., the brown, turquoise,
green, and black modules (Table 2). It is worth noting that, among those,
the turquoise module was positively correlated with the fillet weight,
fillet height, pHu, and compression force. Because all these phenotypes
were characterized by significantly higher values in WB samples
compared to all the other groups, the significantly positive correlations
of the turquoise module with these traits have been considered useful to
explore proteins involved in pathways significantly associated with the
occurrence of the WB myopathy. Differently, the brown, green, and
black modules were overall negatively correlated with fillet weight,
height, width, compression force, and pHu. The opposite directions in
terms of correlation values between these protein modules and the
considered traits allowed us to explore the biological meanings of the
co-expressed protein networks associated with the presence/absence of
broiler myopathies, with a particular reference to the WB condition.



M. Bordini et al.

ATP synthesis

Poultry Science 105 (2026) 106818

respirato i 0 i
coupled glectron electroﬁ t"a“rsypo"t ”b;r;g:ll:eoolitclde ribonucleoside
trahspqre chain, process triphosphate
metabolic
process branched-chain
amino acid
metabolic
purine nucleoside process
tl'iPhO-‘:bP}';ate 7 purine nucleotide
metabolic purine metabolic i
process il ATP metabolic nbonucleo_tlde process . ) bri?;:qn?agizam
oxidative process metabolic valine metabolic catabolic process
phosphorylation ] process process
W
mitochondrial mitochondrial metalloaminopeptidase
4 | electron ATP synthesis activity
mlt'ochondnall transport, NADH coupleg electron
respiratory chain. to lbiguinione transport
complex'|
assembly .
purine nucleoside 3
ribonucleoside triphosphate cutochToma—c aerobic elec;rgn
triphosphate NADH metabolic o>¥idase activit Yensport chain
metabolic dehydrogenase process Y
process (ubiquinone)
activity aerobic
respiration
mitochondrial
respiratory chain
complex mitochondrial
assembly NADH electron
dehydrogenase transport,
NADH (quinone) activity cytochrome c to
dehydrogenase oxygen
complex
assembly

Fig. 6. ClueGO functional analysis of proteins belonging to the black module. The figure shows the most significant GO terms (Biological Process) identified by the
ClueGO Cytoscape plugin and how terms are grouped and interact with each other. Different groups of functional terms are distinguished by different colors. Terms
displaying the same color belong to the same network of functional terms, based on the kappa statistics score: 0.7. Terms reported in bold indicate the leading group
of each GO term (according to Benjamini-Hochberg FDR adjusted P value), while nodes size reflects the enrichment significance of the terms: terms having the biggest
node size are the most significant ones.

regulation of

[ ) { regulation of release of
- . cardiac muscle sequestered regulation of
viral translation translation contraction by calcium ion into cardiac muscle
regulator activity ~ <alcium ion cytosol by cell action
signaling sarcoplasmic potential
reticulum

y - s

O y
L y \ / )

viral translational

il e translation y A :
. n 1 regulation of cell
termination-reinitiation reglator activity, . cgmmunication
nucleic acid - G
bindi translation by electrical Pars :
fneing initiation factor coupling involved roulation o itheli
d o in cardiac cardiac muscle epithelial tube
translation factor activity K cell action branchin
R activity, RNA / conduction | ac . hing
[ bi g.’ g potential involved involved in lung
@ inding in regulation of morphogenesis
cytoplasmic cell contraction
translation e icati .
Yy cobm ’2;2';?:;?" receptor-mediated
{ ycoupling endocytosis of
- . . virus by host cell endocytosis . :
ey : . P nitric oxide
4 cytoplasmic '“"°|‘é?d In involved in viral homeostasis
[ ) translational caJ lac entry into host
- initiation conduction cell
formation of
cytoplas_mic keratan sulfate
translation biosynthetic
initiation - . process
complex .
\'t;/ nucleobase-containing glycosalmlnoglycan
g ositive i
proteasome-activating regpulation of _5"“3" molect_]le catabolic process
ivi interconversion
ATPase activity TOR signaling
keratan sulfate
K I metabolic
eratan su_ ate process
catabolic
process

Fig. 7. ClueGO functional analysis of proteins belonging to the green module. The figure shows the most significant GO terms (Biological Process) identified by the
ClueGO Cytoscape plugin and how terms are grouped and interact with each other. Different groups of functional terms are distinguished by different colors. Terms
displaying the same color belong to the same network of functional terms, based on the kappa statistics score: 0.7. Terms reported in bold indicate the leading group
of each GO term (according to Benjamini-Hochberg FDR adjusted P value), and nodes size reflects the enrichment significance of the terms: terms having the biggest
node size are the most significant ones.

Besides, we performed functional enrichment analyses to point out the
most relevant functional terms associated with proteins entering these

selected modules to investigate more in depth the biological processes,
molecular functions and cellular components involved in these



M. Bordini et al. Poultry Science 105 (2026) 106818

Table 3 Table 4
DAVID functional annotation. Gene ontology (GO) term enrichment (BP: Bio- DAVID functional annotation. Gene ontology (GO) term enrichment
logical Process; MF: Molecular Function; CC: Cellular Component) for proteins in (GOTERM BP: Biological Process; GOTERM_MF: Molecular Function;

the turquoise module. Benjamini-Hochberg false discovery rate (FDR) adjusted GOTERM_CC: Cellular Component) for proteins in the brown module.

P value < 0.01.

Benjamini-Hochberg false discovery rate (FDR) adjusted P value < 0.01.

Category Term Protein Adjusted Category Term Protein Adjusted
Count P value Count P value
GOTERM_BP G0:0090148~membrane fission 18 2.39E-06 GOTERM_BP G0:0007007~inner mitochondrial 8 9.63E-08
G0:0006511~ubiquitin-dependent 44 1.03E-04 membrane organization
protein catabolic process G0:0006122~mitochondrial electron 7 3.17E-07
G0:2000434~regulation of protein 10 1.20E-04 transport, ubiquinol to cytochrome ¢
neddylation G0:0042407 ~cristae formation 7 6.25E-07
G0:0098869~cellular oxidant 21 2.81E-04 G0:0045333~cellular respiration 8 9.62E-06
detoxification G0:0006086~acetyl-CoA biosynthetic 5 2.83E-05
GO0:0060048~cardiac muscle 15 6.62E-04 process from pyruvate
contraction GOTERM_MF  GO:0034604~pyruvate dehydrogenase 5 3.15E-05
G0:0000338~protein deneddylation 8 8.83E-04 (NAD+) activity
G0:2000767~positive regulation of 9 1.73E-03 GO0:0009055~electron transfer activity 7 2.51E-03
cytoplasmic translation G0:0015078~proton transmembrane 5 8.02E-03
G0:0006937~regulation of muscle 8 2.93E-03 transporter activity
contraction GOTERM_CC G0:0045275~respiratory chain 7 2.30E-08
G0:0051128~regulation of cellular 8 2.93E-03 complex III
component organization G0:0140275~MIB complex 6 1.46E-06
G0:0045116~protein neddylation 10 2.95E-03 G0:0001401~SAM complex 6 1.46E-06
GO0:0006096~glycolytic process 15 2.95E-03 GO0:0045254~pyruvate dehydrogenase 5 8.86E-06
G0:0034314~Arp2/3 complex- 10 7.60E-03 complex
mediated actin nucleation G0:0005788~endoplasmic reticulum 13 2.55E-04
G0:0030048~actin filament-based 9 7.60E-03 lumen
movement G0:0062023~collagen-containing 14 4.07E-04
G0:0070934~CRD-mediated mRNA 7 7.60E-03 extracellular matrix
stabilization G0:0005604~basement membrane 7 2.61E-03
GO0:0035542~regulation of SNARE 7 7.60E-03 GO0:0045273~respiratory chain 3 5.68E-03
complex assembly complex II (succinate dehydrogenase)
G0:0002183~cytoplasmic translational 7 7.60E-03
initiation
G0:0030049~muscle filament sliding 8 9.85E-03
G0:0006164~purine nucleotide 8 9.85E-03 Table 5
biosynthetic process DAVID functional annotation. Gene ontology (GO) term enrichment
GOTERM_MF  G0:0005523~tropomyosin binding 15 4.08E-05 (GOTERM_BP: Biological Process; GOTERM_MF: Molecular Function;
GO:0003755~peptidyl-prolyl cis-trans 40 6.00E-04 GOTERM_CC: Cellular Component) for proteins in the black module. FDR
Isomerase activity adjusted P value < 0.01.
G0:0140839~RNA polymerase II CTD 42 1.02E-03
heptapeptide repeat P3 activity Category Term Protein Adjusted
G0:0140840~RNA polymerase II CTD 42 1.02E-03 Count P value
geé’_tg‘gggifgjiﬂi‘;;ggif;‘zomr s N GOTERMBP  GO:0009060~aerobic respiration 32 6.63E-61
o : G0:0006120~mitochondrial electron 29 1.09E-59
activity . transport, NADH to ubiquinone
G0:0160072~ubiquitin ligase complex 8 6.40E-03 GO:0042776~proton motive force- 31 1.09E-59
scaffold activity dri . . .
i i riven mitochondrial ATP synthesis
GOTERM_CC G0:0005865~striated muscle thin 9 9.38E-06 G0:0032981 ~mitochondrial 97 2.39E.48
filament . .
G0:0032982~myosin filament 11 3.22E-05 respiratory chain complex I assembly
X G0:1902600~proton transmembrane 31 1.39E-44
G0:0005885~Arp2/3 protein complex 6.20E-05 transport
ggfggggijg::izz;lgnalosome ;3 ?;iggi G0:0045333~cellular resp‘iration 8 1.10E-09
) . . ’ G0:0006123~mitochondrial electron 7 2.11E-09
G0:0031588~nucleotide-activated 8 1.21E-04
o transport, cytochrome c to oxygen
protein kinase complex ) GOTERM_MF  GO:0008137~NADH dehydrogenase 30 7.97E-64
G0:0030665~clathrin-coated vesicle 12 2.51E-04 - ..
(ubiquinone) activity
membrane G0:0004129~cytochrome-c oxidase 4 3.09E-04
G0:0000502~proteasome complex 16 3.21E-04 activity
G0:0031461~cullin-RING ubiquitin 8 6.21E-04 GOTERM.CC  GO:0045271~respiratory chain 31 3.46E-66
ligase complex - complex I
G0:0012506~vesicle membrane 12 9-44E-04 G0:0005743~mitochondrial inner 40 1.60E-46
G0:0030127~COPII vesm'le co'at 8 9.78E-04 membrane
GQ:0970971 ~endoplasmic reticulum 11 1.19E-03 G0:0005739~mitochondrion 45 4.41E-33
exit site GO:0045277~respiratory chain 7 1.19E-09
G0:0005643~nuclear pore 20 1.33E-03 complex IV
G0:0005851 ~eukaryotic translation 5 1.48E-03
initiation factor 2B complex
G0:0016459~myosin complex 13 3.07E-03 . . . . . .
G0:0016460~myosin 1T complex 3.12F.03 myopathies. Functional annotations of proteins entering the considered
G0:0030131~clathrin adaptor complex 3.80E-03 co-expressed networks are discussed below.
G0:0030016~myofibril 10 8.93E-03

10

Turquoise module

Functional analysis of proteins enriching the turquoise module —
positively correlated with fillet weight, height, pHu, and compression
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Table 6
DAVID functional annotation. Gene ontology (GO) term enrichment
(GOTERM_BP: Biological Process; GOTERM_MF: Molecular Function;

GOTERM_CC: Cellular Component) for proteins in the green module. Benjamini-
Hochberg false discovery rate (FDR) adjusted P value < 0.01.

Category Term Protein Adjusted
Count P value

GOTERM_BP GO0:0001732~formation of cytoplasmic 7 9.21E-08
translation initiation complex
GO0:0006413~translational initiation 8 4.13E-06
G0:0075525~viral translational 4 3.52E-04
termination-reinitiation

GOTERM_MF G0:0003743~translation initiation 8 3.43E-06
factor activity
G0:0030021 ~extracellular matrix 4 4.08E-03
structural constituent conferring
compression resistance

GOTERM_CC GO0:0005852~eukaryotic translation 7 1.53E-08
initiation factor 3 complex
G0:0033290~eukaryotic 48S 7 1.53E-08
preinitiation complex
GO0:0016282~eukaryotic 43S 7 1.67E-08
preinitiation complex
G0:0071541~eukaryotic translation 4 1.46E-04
initiation factor 3 complex, elF3m

Table 7

Abundance of target proteins (COL3Al, COL4Al, and COL4A2) in wooden
breast (WB) samples expressed as fold change relative to the control group (NB).
Differences in the normalized abundance of each target protein between WB and
NB were assessed by Mann-Whitney U-test.

Target protein Symbol Molecular weight Fold P
(kDa) Change value

Collagen type Illalpha ~ COL3A1 114 1.51 0.08
1 chain

Collagen typeIValpha ~ COL4A1 119 1.04 0.66
1 chain

Collagen typeIValpha  COL4A2 116 0.52 0.08
2 chain

force — evidenced several terms already reported to be associated with
the WB occurrence and progression. Among those, “cellular oxidant
detoxification” and “antioxidant activity” identified respectively by the
DAVID tool and ClueGO functional analyses are in line with the cellular
mechanisms that may occur as a response to the oxidative stress con-
dition characterizing WB-affected muscles (Mutryn et al., 2015; Petracci
et al., 2019; Xing et al., 2021; Barbut et al., 2024; Wang et al., 2025).
More in detail, proteins enriching these functional terms belong to the
Glutathione S-transferases (GSTs) family (e.g., Glutathione S-transferase
kappa, GSTK1; Glutathione S-transferase Mu 2, GSTM2; Glutathione
S-transferase omega 2; GSTO2; Glutathione S-transferase theta-1,
GSTT1), which play significant roles in antioxidant protective
response, especially through reactive oxygen species (ROS) detoxifica-
tion (Alnasser, 2025). Notably, in humans, the GSTM2 involvement in
attenuating DNA damage in cardiomyocytes under cardiac hypertrophy
conditions has been demonstrated (Xu et al., 2023). This could be
considered in line with the DNA damage response during oxidative
stress events hypothesized to occur in samples affected by both WB and
WS myopathies (Bordini et al., 2022). Also, several peroxiredoxins — a
family of cysteine (Cys)-centered redox proteins exerting multiple roles
in redox-reactive reactions in physiological and pathological processes
(Stancill and Corbett, 2022) — were found enriching the “cellular oxidant
detoxification” term: Peroxiredoxin-3 (PRDX3), Peroxiredoxin-4
(PRDX4), and Peroxiredoxin-6 (PRDX6). These proteins are actively
involved in protecting cells from oxidative damage by reacting with
hydrogen peroxide, peroxynitrite, or lipid peroxides (Stancill and Cor-
bett, 2022). Different peroxiredoxin isoforms differ in their subcellular
localization. Specifically, PRDX3 localizes into mitochondria, while
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PRDX4 and PRDX6 localize to the endoplasmic reticulum and cyto-
plasm, respectively (Stancill and Corbett, 2022), thus suggesting
disseminating oxidative stress events taking place in different cellular
compartments. As additional players involved in antioxidant activity,
Glutathione Peroxidase 1 (GPX1) and Glutathione Peroxidase 3 (GPX3)
were found in our study. In accordance with our results, Carvalho et al.
(2023) evidenced through label-free comparative proteomic analysis an
increased abundance of PRDX1, PRDX6, and Glutathione S-transferase
(GSH-ST) in WB samples. Researchers hypothesized the involvement of
these proteins in contrasting the pro-oxidative status occurring in
affected samples (Carvalho et al., 2023; Petracci et al., 2019). However,
as recently reviewed by Wang et al. (2025), the excessive production of
ROS taking place in WB muscles overcome the muscle ability of the
tissue to implement efficient antioxidant defense, thus resulting in an
inefficient cellular response to detoxification.

As for other terms consistent with the results reported by Carvalho
et al. (2023), “Arp2/3 complex-mediated actin nucleation” and “Arp2/3
protein complex” were identified in the present study. In this regard,
Carvalho et al. (2023) found an increased abundance of Arp2/3 complex
34 kDa subunit in muscles affected by WB and hypothesized its
involvement in the functional alterations of myofibrillar proteins and
cross-linking of actin filaments, possibly contributing to the higher
hardness observed in WB meat. In our study, Arp2/3 complex subunit 2
and 3 (ARPC2 and ARPC3), Actin-related protein 3 (ACTR3), and
Actin-related protein 2 (ACTR2) were among the proteins entering these
functional terms and, thus, the network of co-expressed proteins posi-
tively associated with the compression force trait. These proteins are
known to be involved in the actin polymerization process, which con-
sists of constructing new actin filament networks by promoting actin
nucleation for the formation of a new branch from an existing filament
and play pivotal roles in myoblast fusion, which is crucial for a proper
muscle development (Pollard and Beltzner, 2002; Bai et al., 2023).
These results seemed to support evidence of their involvement in the
higher hardness observed in WB meat. Also, it could be speculated that
an altered activity of the Arp2/3 complex may be associated with the
degeneration/regeneration processes undergoing the breast muscles
affected by WB myopathy.

Breast muscles affected by the growth-related myopathies, with
special reference to WB, have been reported to exhibit an altered
sarcomere architecture (Velleman and Clark, 2015; Papah et al., 2017;
Velleman et al., 2017; Liu et al., 2020). In this regard, the present study
evidenced several proteins composing sarcomeric structures, such as
Tropomodulin subunits (i.e., TMD1, TMOD3, and TMOD4) and
numerous Myosin heavy chain isoforms (MYH7, MYH9, MYH10,
MYH11, and MYH15) as part of the turquoise module and enriched in
the following functional terms: “myosin filament”, “myofibril”, “tropo-
myosin binding”, and “striated muscle thin filament”. These results
strengthened the evidence of alterations at the sarcomere level in
myopathic muscles.

Interestingly, some of the sarcomeric proteins enriched in these
terms are reported in the literature as specific isoforms of cardiac
muscles. For instance, three different Myosin Binding Protein-C (MyBP-
C) were identified in the turquoise module: two expressed in skeletal
muscle (MYBPC1 and MYBPC2) and one predominantly expressed in
cardiac muscle (MYBPC3) (McNamara and Sadayappan, 2018). Several
studies reported that, in humans, the expression of the cardiac-type
isoform is restricted to cardiac muscles and that mutations in its cod-
ing gene are causative of different cardiomyopathies (e.g., hypertrophic
cardiomyopathy and dilated cardiomyopathy) (Lin et al., 2013; McNa-
mara and Sadayappan, 2018; Song et al., 2023). Otherwise, in chickens,
the cardiac-type isoform of Myosin Binding Protein-C has been detected
not only in cardiac muscles, but also as transiently expressed at the early
stage of skeletal muscle development, before skeletal muscle-type iso-
forms become detectable (Yasuda et al., 1995). In this regard, it could be
speculated that an abnormal expression of the cardiac-type isoform in
adult skeletal muscles might be related to a shift toward an
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embryonic-like expression pattern in myopathic fillets. This would be in
line with the theory reported by Velleman (2020) that took into
consideration the higher expression level of specific components of the
extracellular matrix of WB muscles (e.g., Collagen type III), which are
known to be highly expressed during the early stage of muscle devel-
opment. However, it could also be speculated that the activation of
embryonic molecular pathways may be ascribable to the regeneration
processes taking place in myopathic muscles. A different hypothesis has
been suggested by Padilha et al. (2024), who investigated candidate
genes potentially involved in WS condition through RNA-sequencing.
The results published by this study evidenced genes encoding for the
MYBPC1 and MYBPC3 isoforms as upregulated in WS-affected muscles,
leading the researchers to conclude that the upregulation of these genes
might be involved in the shift from fast- to slow-muscle fiber’s devel-
opment, thus altering muscle structure and affecting the functional
properties of the skeletal muscle (Padilha et al., 2024).

It is also worth noting that, in humans, MYBPC3 is associated with
the development of hypertrophic cardiomyopathy. This is particularly
interesting when considering that, in our study, the ClueGO analysis
evidenced several functional terms related to cardiac muscle develop-
ment and organization, such as “cardiac muscle fiber development”,
“cardiac myofibril assembly”, and “cardiac muscle cell differentiation”.
Similarly, “cardiac muscle contraction” was found to be a significant
term for the turquoise module by DAVID tool. Proteins enriching these
terms (e.g., TNNT2 and CSRP3), some of those already mentioned in this
discussion (e.g., MYH7 and MYBPC3), belong to common genetic
pathways in cardiomyopathies among different species, humans, cattle,
turkeys, chickens, and companion animals (Simpson et al., 2017).
Therefore, it could be hypothesized as an association between the WB
condition and biological pathways involved in cardiac myopathy.
Similarly, Che et al. (2023) suggested that WB may predispose broiler to
dorsal recumbency syndrome, which leads birds to death due to
cardio-pulmonary insufficiency. However, a recent study investigating
cardiac implications of chicken WB myopathy (Stple et al., 2025)
showed no signs of fibrosis in hearts of chickens affected by this con-
dition, even though the study did not take into consideration hearts of
birds showing no signs of myopathy at the skeletal muscle level. In this
regard, the authors highlighted the lack of a healthy control group as a
limitation of the study. Nevertheless, at the transcriptomic level, the
study evidenced differences between muscles showing various degrees
of WB and concluded that they may become more prominent with age,
potentially leading to cardiac dysfunction (Stgle et al., 2025).

Different fibrillar collagen proteins were also found entering the
turquoise module: Collagen type III alpha 1 chain (COL3A1), Collagen
type V alpha 1 chain (COL5A1), Collagen type I alpha 1 chain (COL1A1),
and Collagen type VI alpha 3 chain (COL6A3). These specific types of
fibrillar collagen - representing some of the major players of the
extracellular matrix (ECM) of muscular and connective tissues — are
known to exert crucial roles in the proper development and maintenance
of skeletal muscle structure and function, both in mammals and birds
(Velleman, 2002; Csapo et al., 2020; Zhang et al., 2021). The positive
correlation values between the co-expression network they belonged to
and the phenotypic variability of fillet weight, height, pHu and
compression force are in line with the higher expression level found for
these proteins and their coding genes in myopathic muscles, already
reported in the literature. In particular, numerous scientific studies
identified genes coding for alpha chains composing the Collagen type I,
III, and VI proteins as upregulated in breast muscles affected by WB
myopathy (Pampouille et al., 2018; Papah et al., 2018; Praud et al.,
2020; Zhang et al., 2024; Zhao et al., 2024). Notably, COL6A3 coding
gene has been found as a hub gene in a previous WGCNA study
considering microarray data to identify molecular pathways and key
genes involved in WS and WB occurrences (Bordini et al., 2022). Simi-
larly, in the same study, the gene coding for the alpha 2 chain of
Collagen type V (COL5A2) was one of the hub genes detected by the
analysis. A recent study by Zhang et al. (2024), performing a
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meta-analysis using 5 different transcriptomic datasets to identify
differentially expressed and hub genes associated with WB myopathy,
detected COL1A1, COL1A2, COL3A1, COL6A2, andCOL6A3 genes as hub
nodes in the molecular pathways associated with this myopathy. In line
with this, the results obtained in the present study by western blot
analysis, showing a tendency of a 1.51-fold higher expression of COL3A1
in WB compared to the normal ones, corroborate the assumption of its
involvement in this condition, which has been suggested by the positive
correlation between the turquoise module and the phenotypic vari-
ability of fillet weight and height as well as pHu, and compression force.

Furthermore, types of collagens belonging to the FACIT (Fibril-
Associated Collagens with Interrupted Triple helices) family (Kaur and
Reinhardt, 2015) were also found in the turquoise module: the Collagen
type XIV alpha 1 chain (COL14A1) and Collagen type XII alpha 1 chain
(COL12A1). As for these two collagen proteins, Che et al. (2024) showed
higher expression levels of the second one coding gene (COL12A1) in
WB samples compared to the normal breast, while no significant dif-
ferences in the COL14A1 transcription level were found. On the con-
trary, Papah et al. (2018) reported a higher expression level of COL14A1
in WB-affected compared to non-affected samples, which is in accor-
dance with the results obtained in this study.

Overall, the higher expression both at the gene and protein levels of
these components is in line with the extensive fibrosis characterizing WB
muscles. Indeed, an aberrant deposition of ECM components has been
hypothesized to be one of the key events leading to the impressive
fibrosis commonly observed in WB (Velleman, 2020, 2023). Considering
all the above, our results corroborate the evidence of a strong positive
relationship between the occurrence of the WB myopathy and the
exceptional deposition of fibrillar collagen proteins.

Brown module

The protein co-expression network identified by WGCNA as the
brown module, showing a negative correlation with fillet weight, width,
and height traits, was also investigated. Because of its negative corre-
lation with these traits, a negative correlation with WB myopathy can be
speculated. It is worth noting, especially if considering the results dis-
cussed above for the turquoise module, that several non-fibrillar
collagen proteins composing the basement membrane of skeletal mus-
cle tissues were found in this module. More specifically, within the
“basement membrane” category referring to cellular component func-
tional terms, the non-fibrillar Collagen types XV and XVIII were found (i.
e., COL15A1 and COL18A1). Although non-fibrillar collagens remain
relatively less characterized compared to the fibrillar ones, they are
increasingly recognized for their diverse roles in physiological and
pathological processes, including tissue growth, homeostasis, repair,
and disease (Bretaud et al., 2020). Type XV collagen is part of an
evolutionarily conserved subgroup of non-fibrillar basement membrane
(BM)-associated collagens known as multiplexins, which are defined by
their multiple interrupted triple-helical domains (Bretaud et al., 2020).
This subgroup also includes the structurally related Collagen type XVIII
(Bretaud et al., 2020). Interestingly, Collagen type XV has been reported
to function as a crucial structural component stabilizing skeletal muscle
cells and microvessels in humans and mice (Eklund et al., 2001; Muona
et al., 2002). Besides, the study by Eklund et al. (2001) performed his-
tological analysis of skeletal muscle from COL15AI-null mice and
revealed features consistent with myopathic disorders, including
degenerating fibers, an increased proportion of centrally nucleated
myofibers, and fiber size variability. These alterations emerged by
approximately 3 months of age and became more pronounced with
advancing age (Eklund et al., 2001). The pronounced alterations
observed in Collagen type XV-deficient muscle fibers likely reflect a
disruption in the linkage between the muscle cell basement membrane
and the surrounding fibrillar ECM. Thus, in WB-affected birds, the lower
abundance of the non-fibrillar Collagen type XV could be involved in the
insufficient stabilization of muscle cells. Additional non-fibrillar
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collagen proteins entering the brown module are the two alpha chains
composing Collagen type IV: Collagen type IV alpha 1 (COL4A1) and
Collagen type IV alpha 2 (COL4A2). Intriguingly, the present results
suggested a lower expression of non-fibrillar collagens composing the
basement membrane of the skeletal muscles of WB-affected birds, which
is in line with the 0.52-fold change expression (P = 0.08) of COL4A2 in
WB compared to NB evidenced by the western blot analysis. Thus,
considering the essential roles played by these collagens in maintaining
the integrity of the ECM (Csapo et al., 2020), their involvement in the
alterations characterizing WB muscles could be speculated (Velleman,
2020). In this regard, our previous research paved the way for hypoth-
esizing the involvement of alterations of Collagen type IV as a factor
potentially contributing to activating the endoplasmic reticulum stress
either at the muscular or vascular level, which is supposed to be one of
the primary alterations characterizing muscles affected by
growth-related myopathies (Bordini et al., 2021, 2022, 2024).

Moreover, functional enrichment analyses performed using both the
DAVID tool and ClueGO pointed out several terms related to the mito-
chondrial inner membrane organization and function, specifically
referring to structural aspects (e.g., “inner membrane organization” and
“cristae formation”), molecular machinery (e.g., “respiratory chain
complex III”), and metabolic processes (e.g., “mitochondrial electron
transport” and “oxidative phosphorylation”). Among the proteins
enriching these terms, several Ubiquinol-Cytochrome ¢ Reductase sub-
units (UQCRQ, UQCRC1, UQCRC2, UQCR10, and UQCR11) composing
the respiratory chain complex III, as well as Ubiquinol-Cytochrome c
Reductase Binding Protein (UQCRB), were found. Besides, proteins
involved in the tricarboxylic acid (TCA) cycle were found enriching the
“Pyruvate dehydrogenase (NAD+) activity” and “acetyl-CoA biosyn-
thetic process from pyruvate” functional terms. More specifically, the
Pyruvate dehydrogenase complex subunits (e.g., PDHX, PDHB and
PDHAZ2) were some of the proteins found in the brown module. Similar
results showing a significant downregulation of PDHB and PDHX coding
genes in WB samples were reported by Zhang et al. (2024). Overall,
these results agreed with the theory of a downgraded TCA cycle and
dysregulated mitochondrial functionality supported by the evidence
reported in several studies (Papah et al., 2017; Hosotani et al., 2020;
Lake et al., 2021; Wang et al., 2023a; Bordini et al., 2024).

Black module

Similar to what has been found for the brown module, proteins
belonging to the black module were significantly enriched with func-
tional terms related to mitochondrial activity (e.g., “respiratory chain
complex I”, “mitochondrial electron transport, NADH to ubiquinone”,
and “aerobic respiration”). Considering the negative correlation be-
tween the black module and fillet weight, length, height, compression
force, and pHu, these results further strengthened the evidence of dys-
regulated mitochondrial activity in WB samples compared to the normal
ones, with a specific reference to some of the complexes involved in the
oxidative phosphorylation. Indeed, subunits of the complex I of the
respiratory chain, such as NADH-ubiquinone oxidoreductase chains
(MT-ND6, MT-ND1, and MT-ND4) and several NADH dehydrogenase
subunits (e.g., NDUFA5, NDUFA2, NDUFC2, NDUFS8, NDUFS7,
NDUFS6, NDUFS5, and NDUFAB1) were among the proteins entering
the brown co-expression network. Lower expression levels of genes
encoding several subunits of the complex I in WB chickens were
described by previous studies (Papah et al., 2017; Hosotani et al., 2020;
Hasegawa et al., 2022; Wang et al., 2023a; Bordini et al., 2024). Most
recently, Greene et al. (2025b) demonstrated altered mitochondrial
biogenesis, morphology and activity in WB by showing downregulation
in gene/protein expression of players involved in OXPHOS and ATP
production. Because complex I dysfunction is one of the most common
OXPHOS alterations, and abnormalities in the complex I assembly pro-
cess are often associated with mitochondrial abnormalities (Mimaki
etal., 2012), the present results support the overall altered mitochondria
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biogenesis and functionality described in WB-affected tissues (Lake
et al., 2021; Bordini et al., 2024; Greene et al., 2025b).

Green module

Functional enrichment analyses performed by both the DAVID tool
and ClueGO evidenced the “formation of the cytoplasmic translational
complex” as well as other related terms such as the “eukaryotic trans-
lation initiation factor 3 complex”, representing a crucial step in protein
synthesis (Hinnebusch, 2006; Jackson et al., 2010), as significant cate-
gories enriching the proteins belonging to the green module. In the
process of protein synthesis, translation initiation is considered a
rate-limiting step and is controlled by the availability and activity of the
elFs protein family, among which eIF3 is one of the most intricate
members (Hinnebusch, 2006; Wolf et al., 2020). Our results showed
several elF3 complex subunits (EIF3K, EIF3L, EIF3I, EIF3G, EIF3H,
EIF3D, and EIF3A) belonging to the green module. In broiler chickens, a
comparative study using proteomics to investigate the effects of creatine
pyruvate on lipid and protein metabolism (Chen et al., 2012) showed a
higher expression of eukaryotic translation initiation factors 2 and 3.
Due to their role in initiating the protein synthesis process, the re-
searchers concluded that their greater expression in the experimental
group (supplemented with 5% creatine pyruvate) may have resulted in
increased protein synthesis and cell growth (Chen et al., 2012). In our
study, the negative correlation between the green module and the traits
showing significantly higher values in WB compared to NB let us assume
a reduction in the eIlF3 Complex presence and activity in myopathic
muscles. Notably, in humans and animal models, the loss/depletion of
elF3 is associated with decreased synthesis of mitochondrial proteins
and decreased Complex I activity in skeletal muscle (Wolf et al., 2020),
which overlap the results highlighted in the present study as well as
those previously reported in the literature (Papah et al., 2017; Hosotani
etal., 2020; Wang et al., 2023a). Furthermore, taking into consideration
the relevant role of the eIF3 complex in the protein synthesis process, it
could be noted that these proteins were found as negatively correlated
with those traits significantly characterizing WB muscles. This could be
considered slightly unexpected since, as reviewed by Soglia et al.
(2021), the outstanding breast muscle development achieved by
fast-growing broilers certainly requires an increased protein deposition.
However, Soglia et al. (2021) also reported that this intensification in
protein synthesis could potentially overcome the capability of some
cellular structures involved in this process (e.g., endoplasmic reticulum)
and fail to properly monitor and optimize protein folding, thus leading
to the buildup and accumulation of deleterious misfolded or dysfunc-
tional proteins. Thus, in view of the role of the eIF3 complex in
recruiting protein quality-control factors (Sha et al., 2009; Wolf et al.,
2020), alteration of this process due to a depletion in their expression
and activity could also be speculated.

Conclusions

Overall, the present study applied for the first time a co-expression
network analysis to proteomic data, aiming at further exploring the
biological mechanisms and cellular components potentially involved in
the occurrence of the breast myopathies affecting fast-growing chickens.
In view of the differences found between WS, WB, SM and the not-
affected fillets in terms of meat quality evaluation, results gained by
the WGNCA analysis performed combining the proteomic profiles and
meat quality data of chicken fillets affected by myopathies allowed us to
consider this approach suitable for exploring protein expression net-
works involved in the occurrence of these myopathies, with a particular
reference to the WB condition due to the specific results gained in the
present study. To strengthen this assumption, it could be noted that the
results obtained in this study were largely in accordance with a wealth of
literature regarding transcriptomic and proteomic characterizations of
breast muscles affected by these myopathies. In this sense, the outcomes
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of the present study provided further evidence for the involvement of
extracellular matrix and mitochondrial dysfunctions in WB. As novel
outcomes, different roles between fibrillar (e.g., COL1A1, COL3Al,
COL5A1, and COL6A3) and non-fibrillar collagens (COL4A1, COL4A2,
COL15A1, and COL18A1) in the characterization of this condition have
been hypothesized. Furthermore, impairment of the molecular processes
involved in protein synthesis and quality-control, mainly regarding the
elF3 complex, thus potentially leading to the accumulation of aberrant
proteins in WB tissues, could be speculated. Considering the somewhat
small sample dataset used for this work, additional research involving a
larger sample size is recommended to broaden the considerations and
assumptions raised in this study. Also, to expand this approach to find
patterns of co-expressed proteins specifically characterizing the WS and
SM defects, further studies should include additional traits clearly dis-
tinguishing these conditions and thus allowing a more focused investi-
gation of protein expression patterns associated with these specific
myopathies affecting fast-growing chickens.
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