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The present study aimed to find a blood marker for the prediction of wooden breast (WB)
in live broiler to assist the genetic selection of fast-growing chickens. The experiments
were carried out with two chicken flocks: 250 male broilers in flock 1 and 100 male
and female broilers in flock 2. Both flocks were slaughtered and measured. The breast
filets were assessed by combining subjective scoring and compression force at 28
(flock 1 only) and 42 days of age. The enzyme activity in serum and breast tissue
(flock 1 only) of normal and affected groups was tested. The results showed that the
compression force was significantly different between the normal and affected groups
at 28 and 42 days of age (P < 0.001), and it increased significantly with rising WB
and WS scores. The serum creatine kinase (CK) value increased significantly with rising
compression force at 42 days of age (P < 0.001). The serum CK positively correlated
with compression force (r = 0.608; P < 0.001) and the linear regression equation (serum
CK = 0.9960∗compression force + 1.884) was established for the line studied. The
association between serum CK and compression force is consistent between flocks
1 and 2. In conclusion, our study confirmed that compression force could be the
quantitative indicator to differentiate breast filets and found that serum CK could be
a candidate biomarker to predict WB in live broilers and assist genetic selection in
broiler breeding.

Keywords: creatine kinase, biomarker, predict, wooden breast, in vivo, chicken breeding

INTRODUCTION

The past five decades have witnessed an increase in consumer preference for chicken meat. To
satisfy the still-growing demand for poultry meat, poultry industry experts have implemented
different methods to increase the growth rate, feed efficiency, and muscle yield of broilers. However,
artificial selection for the traits above in meat-type chickens has been associated with certain
drawbacks, such as muscle fibers and meat quality alterations (Petracci et al., 2013; Velleman and
Clark, 2015). To be specific, wooden breast (WB) features out-bulging and pale areas of hardened
consistency and the distinctive traits of white striping (WS) is the presence of white striations
parallel to the direction of muscle fibers (Kuttappan et al., 2012a, 2013b; Sihvo et al., 2014). WB
and WS can appear together or individually and they are emerging globally in recent years. These
abnormal breast filets can be visually detected at processing sites and lead to downgrades, as well
as during packaging and marketing, and could contribute to consumer rejection. The problem
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is worsening and could hinder the advancement of the poultry
industry (Zuidhof et al., 2014; Tallentire et al., 2018).

Researchers and breeding companies have studied and
explored the contribution of genetic, nutrition, environmental,
and management factors associated with the occurrence of WS
and WB myopathies. Different dietary restriction schemes or
some feed additives have only mild efficacy in decreasing the
incidence of WS or WB (Bodle et al., 2018; Meloche et al.,
2018a,b; Petracci et al., 2019a,b). The environmental enrichment
does not appear to be a risk factor for WB (Pedersen et al.,
2020). Furthermore, genetic selection has been found to have a
significant effect on breast quality (Kuttappan et al., 2013a). In
this regard, it was also reported that the heritability of WB was
h2 < 0.1, WS was h2

≤ 0.338 (Bailey et al., 2015), and in the
pHu + line WS was h2 = 0.65 (Alnahhas et al., 2016). Moreover,
Pampouille et al. (2018) explained that there is no major gene
responsible for the occurrence of WS, but rather a polygenic
inheritance exists. Lake et al. identified candidate genes for WB
and WS in commercial broiler chickens, such as KCNQ1 and
LSP1 (Lake et al., 2021). According to previous research, poultry
breeding could be an important part of eliminating broiler meat
abnormalities in the future. Before key genes and mutations
that control WS and WB are resolved, live broiler breeder
selection may be an effective way to reduce the occurrence of
abnormal breast filets.

Kawasaki et al. (2016) reported the ability of wing lifting as
a diagnostic method for WB broilers. Nevertheless, screening
broilers only by appearance may neglect some less severe
individuals. It is also reported breast echogenicity can be an
additional tool to early detect alterations related to WB, and the
correlation between WB and echogenicity was 0.430 at 42 days
(Simoes et al., 2020). There is still need for quantitative and
convenient methods to assess breast meat defects in live broilers.
It is known that the damage that occurs in muscle tissue could be
reflected in plasma or serum biochemical profiles. It was reported
that the damage of muscle tissue could disrupt the integrity of
the sarcolemma resulting in the leaking of various enzymes, such
as creatine kinase (CK) and lactate dehydrogenase (LDH), into
the plasma or serum (Hoffman and Solter, 2008). Moreover, in
turkeys, it was also demonstrated that individuals with plasma
CK levels above 1,000 units/ml could be considered susceptible to
deep pectoral myopathy (Siller, 1985). We could not find a report
that focuses on serum enzyme activity and the degree of WB.
The purpose of this study is to assess whether different degrees
of WB can be reflected in serum enzyme levels and try to find the
boundary value to screen live broilers with breast meat defects in
broiler breeding.

MATERIALS AND METHODS

Broilers Husbandry and Sample
Collection
All the chickens in this study were obtained from a 9th generation
(G9) fast-growing white-feathered line B chickens and produced
by the Xinguang Agricultural and Animal Industrials Co., Ltd.
(Mile, China). The broilers of flock 1 were raised by the

company farm. Chickens in flock 2 were raised by IAS in
the CAAS Experimental Base. All Broilers were raised in stair-
step cages with individual pens under the same recommended
environmental and nutritional conditions (Feeding Standard of
Chickens, China, NY 33-2004). Broilers were free access to feed
and water and the composition of ingredients used in the diets is
shown in Table 1.

Broilers of flock 1 were fasted for 12 h and individually
weighed at 28 and 42 days of age. The average weights of the 100
broilers at 28 and 150 broilers 42 days of age were determined,
respectively, in the flock 1. The blood samples were collected from
the wing vein and centrifuged (2,500 RPM for 10 min) to obtain
serum and stored at −80◦C until analyses of enzyme activity.
All the broilers were electrically stunned, bled for 3 min, and
scalded at 60◦C for 45 s to de-feather. The right breasts were
snap-frozen immediately in liquid nitrogen then stored at −80◦C
for subsequent analyses. The left breasts were deboned by a small
group of trained personnel (6–8 people) to avoid any filet weight
difference and stored in 4◦C for 3 h before scoring. Broilers
of flock 2 were also collected blood and left breast samples at
42 days, and the procedure was the same as for flock 1.

Wooden Breast and White Striping
Scores
All the deboned left filets were submitted to trained personnel
(2–3 people) to provide WB and WS scores. The WB scores were
as described by Tijare et al. (2016) and included the absence of
WB (normal breast score 0), mild hardening in the upper part
of the filet (score 1), moderate hardening in the upper and/or
lower part of the filet (score 2), severe hardening (score 3) and
severe hardening with hemorrhagic lesions, increased volume
and presence of yellow fluid (score > 3). The WS scores included
no distinct white line (normal breast score 0), moderate WS
(small white lines, generally <1 mm thick, but visible on the filet
surface score 1), severe WS (white lines 1–2 mm thick, very visible
on the filet surface, score 2), and extreme severe WS (thick white
bands > 2 mm thickness, covering almost the entire surface of
filet, score 3; Kuttappan et al., 2012b).

Compression Force Measurement
The left filets were used for compression force analysis according
to the method reported by the Sun et al. (2018). Filets were
compressed to 20% on different cranial regions using a 6-mm flat
probe on a TA.XT Plus Texture Analyzer (Stable Micro Systems
Ltd., Godalming, United Kingdom). The trigger force was set at
5 g, probe height was set at 55 mm (higher than the thickest filet
sample); pre- and post-probe speeds were both 10 mm/s and the
test speed of the probe was 5 mm/s. All the breast filets were
measured three times at different positions of the filet cranial
region, and the average compression force values were used for
statistical analysis.

Enzyme Activity in Serum and Breast
Tissue
The serum stored at −80◦C were used to estimate the
activities of CK, LDH, aspartate transaminase (AST), and alanine
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TABLE 1 | Ingredient composition of diets fed to Line B broilers from 1 to 42 days of age.

Item Pre-Starter 1–7 days Starter 8–20 days Grower 21–34 days Finisher 35–42 days

Ingredients, %

Corn 54.8 57.5 58.5 62

Soybean meal 38.22 35 32.33 28.53

Soybean oil 4.5 5 5.2 5.5

Limestone 0 0 1.95 1.95

Dicalcium phosphate 1.72 1.74 1.35 1.35

Salt 0.3 0.3 0.3 0.3

DL-Met 0.26 0.26 0.16 0.16

Premix compound 0.2 0.2 0.2 0.2

Nutrient composition, %

ME, MJ/kg 12.78 12.99 12.94 13.13

CP 22.1 20.9 19 18

Ca 0.5 0.5 0.57 0.55

Nonphytate P 0.4 0.4 0.31 0.3

Lys 1.1 1.1 1 1

Met 0.6 0.6 0.42 0.42

For starter diet, premix compound provided per kilogram of diet: vitamin A 12,500 IU; vitamin D 3,750 IU; vitamin E 33 IU; vitamin K 2.5 mg; thiamin 2.5 mg; riboflavin,
10.0 mg; vitamin B6, 2.5 mg; vitamin B12, 0.015 mg; calcium pantothenate, 15 mg; niacin 32.5 mg; folic acid 1.25 mg; biotin 0.125 mg; choline 700 mg; Cu 8 mg; Mn
100 mg; Fe 80 mg; Zn 60 mg; I 0.35 mg; Se 0.15 mg. For grower diet, premix compound provided per kilogram of diet: vitamin A 10,000 IU; vitamin D3,300 IU; vitamin
E 20 IU; vitamin K 2.0 mg; thiamin 2.0 mg; riboflavin 8.0 mg; vitamin B6 2.0 mg; vitamin B12 0.01 mg; calcium pantothenate 12.5 mg; niacin 26.0 mg; folic acid 1.0 mg;
biotin 0.10 mg; choline 500 mg; Cu 8 mg; Mn 80 mg; Zn 40 mg; Fe 80 mg; I 0.35 mg; Se 0.15 mg. For finish diet, premix compound provided per kilogram of diet: vitamin
A 9,500 IU; vitamin D 3,000 IU; vitamin E 16 IU; vitamin K 2.0 mg; thiamin 1.8 mg; riboflavin 6.4 mg; vitamin B6 2.0 mg; vitamin B12 0.01 mg; calcium pantothenate
10 mg; niacin 26.0 mg; folic acid 1.0 mg; biotin 0.10 mg; choline 500 mg; Cu 6 mg; Mn 60 mg; Zn 30 mg; Fe 80 mg; I 0.35 mg; Se 0.15 mg.

TABLE 2 | Bodyweight, filet weight, and wooden breast and white striping scores at 28 and 42 days of age in flock 1.

Group Score Body weight (g) (mean ± SD) Filet weight (g) (mean ± SD) N

28 days

NORM WS + WB = 0 1,288 ± 6 120 ± 3a 10

MILD WB = 1 1,274 ± 29 134 ± 3b 10

P-value ns <0.01

42 days

WB score

NORM WB = 0 2,530 ± 138b 241 ± 19b 67

MILD WB = 1 2,528 ± 121b 242 ± 45b 37

MOD WB = 2 2,603 ± 175c 259 ± 25c 31

P-value <0.05 <0.05

WS score

NORM WS = 0 2,531 ± 151 241 ± 22 73

MOD WS = 1 2,565 ± 137 250 ± 38 62

P-value ns ns

WS and WB

NORM WS + WB = 0 2,520 ± 127a 236 ± 17a 39

MILD WS + WB ≥ 1 2,536 ± 151a 245 ± 35a 77

MOD WS + WB = 3 2,639 ± 123b 268 ± 15b 19

P-value <0.01 <0.01

a,bDifferent letters indicate a significant difference (P < 0.01).
b,cDifferent letters indicate a significant difference (P < 0.05).

transaminase (ALT) and the right breast tissues were used to
estimate the activities of CK and LDH. The brief procedures are
as below: 100 mg breast tissue and 0.9 ml 0.9% NaCl solution was
put in the tube and smashed for 1–2 min with tissue grinder,

then centrifuged at 2,500 g for 10 min at 4◦C to obtain the
supernatant. Total protein concentrations in the supernatant
were measured using a BCA protein assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The enzyme
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TABLE 3 | Spearman’s correlation coefficients between WB and WS scores, bodyweight, filet weight and compression force in flock 1.

Category WB WS WB + WS Body weight Filet weight Compression force

WB 1

WS 0.138 1

WB + WS 0.872** 0.606** 1

Body weight 0.179* 0.119 0.203* 1

Filet weight 0.224** 0.146 0.253** 0.500** 1

Compression force 0.718** 0.336** 0.693** 0.094 0.228** 1

WB, wooden breast score; WS, white striping score; WS + WB, wooden breast score plus white striping score.
**Significantly different (P < 0.01).
*Significantly different (P < 0.05).

FIGURE 1 | (A) Compression force in the normal and mild/moderate groups at 28 (n = 20 in total) and 42 days of age (n = 49 in total); (B) compression force of
different wooden breast and white striping scores at 42 days of age (n = 135 in total). ***P < 0.001; **P < 0.01.

FIGURE 2 | Serum alanine transaminase (ALT) and aspartate transaminase (AST) activity at 28 (n = 20 in total) and 42 days of age (n = 49 in total). (A) ALT activity;
(B) AST activity. *P < 0.05; ns, P > 0.05.
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FIGURE 3 | Creatine kinase (CK) activity in serum and breast tissue at 28
(n = 20 in total) and 42 days of age (n = 49 in total). ***P < 0.001; *P < 0.05;
ns, P > 0.05.

FIGURE 4 | Lactate dehydrogenase activity in serum and breast tissue at 28
(n = 20 in total) and 42 days of age (n = 49 in total). **P < 0.01; ns, P > 0.05.

activity in breast supernatant and serum were determined using
the detection kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). All the procedures were carried out according to
the manufacturers’ instructions. Enzyme activity in breast tissue
and serum were expressed as units per milligram of protein and
units per milliliter, respectively.

Statistical Analyses
In this study, the dietary treatment and all management factors
were the same to avoid any confounding effects. Each chicken
was an individual experimental unit. All results were presented as
mean and standard deviation and analyzed by GraphPad Prism 8
software (GraphPad Software, Inc. San Diego, CA, United States).
One-way analysis of variance was used to compare the mean

differences among the different groups. P < 0.05 or 0.01 was
assigned as a significance level.

RESULTS

Assessment of Breast Filet and
Identification of Candidate Biomarkers
Bodyweight, filet weight and the scores of the WB and WS
at 28 and 42 days of age are shown in Table 2. Despite the
similar bodyweight of the two groups, the filet weight of the
mild group was significantly higher than the normal group at
28 days of age (P < 0.01). There were no severe WS and WB
filets in this study and more than half of the affected breast
filets appeared as WS and WB together at 42 days of age. The
bodyweight and filet weight of the moderate WB group were
significantly higher than the other two groups (P < 0.05), and
there was no significant difference according to the WS score
(P > 0.05). Spearman’s correlation coefficients between the WB
and WS scores, bodyweight, and filet weights are presented in
Table 3.

The compression force was significantly different between
the normal and affected group at 28 and 42 days (P < 0.001,
Figure 1A), and it increased significantly with the rising WB and
WS scores (P < 0.01, Figure 1B) at 42 days. WB = 0 (normal
group), WB = 1 (mild group), and WB = 2 (moderate group)
corresponded to compression forces 3.18 ± 0.55 N, 4.62 ± 0.34
N, and 6.42 ± 0.95 N, respectively. WS = 0 (normal group) and
WS = 1(moderate group) could be represented by compression
force 4.06 ± 1.45 N and 4.70 ± 1.20 N. As shown in Table 3,
compression force had a positive strong correlation (P < 0.001)
with WB score (r = 0.718) and WB + WS score (r = 0.693). All the
observations demonstrated that compression force could be the
quantitative indicator to differentiate WB affected breast filets.

The serum ALT of the normal and affected group had no
significant differences at 28 and 42 days (P > 0.05, Figure 2A).
The serum AST of the mild group was significantly higher than
the normal group (P = 0.031) at 28 days but not at 42 days
(P > 0.05, Figure 2B). CK activity in serum and breast tissue of
the moderate group was remarkably higher than in the normal
group at 42 days of age (P < 0.05, P < 0.001, Figure 3). The
tendency of the two groups at 28 days was the same as at 42 days
but did not show a significant difference (P > 0.05, Figure 3).
The LDH activity of the mild and moderate group in serum was
higher than in the normal group at 28 and 42 days, but there
were no significant differences (P > 0.05, Figure 4). These results

TABLE 4 | Serum creatine kinase (CK) level of different groups at 42 days of age in flock 1.

Group Compression force range (N) Compression force (N) Creatine kinase (U/ml) N

Normal <4 3.2 ± 0.6a 4.8 ± 1.5a 39

Mild 4–5.5 4.6 ± 0.3b 6.3 ± 1.6b 36

Moderate ≥5.5 6.4 ± 1.0c 8.7 ± 1.6c 17

P-value <0.001 <0.001

a,b,cDifferent letters indicate significant difference (P < 0.001).
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FIGURE 5 | Correlation analysis between serum CK level and compression
force (r = 0.608, P < 0.001). n = 92.

indicated that CK could be a potential blood marker to predict
defects in the breast filet.

Validation of Serum Creatine Kinase as a
Biomarker
The above results demonstrate that compression force could be
the quantitative indicator to differentiate breast filets. To verify
the biomarker, serum was grouped by compression force as
shown in Table 4. The results showed that the CK value increased
significantly with compression force increasing at 42 days of
age (P < 0.001). Correlation analysis between serum CK level
and compression force is described in Figure 5. It shows that
the serum CK level positively correlated with compression force
(r = 0.608, P < 0.001). The equation of linear regression was
described as serum CK = 0.9960∗compression force + 1.884.

To verify the results, the flock 2 serum was divided into
three groups according to the criteria set by flock 1. The results
showed that serum CK value increased significantly with rising
compression force (P < 0.05, Table 5).

DISCUSSION

Over the past decade, the increasing occurrence of WS and WB
in commercial broilers has triggered considerable concern in
the poultry industry. Previous studies suggested that the main
reason for the myopathies might be linked to the intensive
broiler selection scheme for massive breast yield (Kuttappan
et al., 2012a, 2013a; Petracci et al., 2013; Malila et al., 2018). The
bodyweight and breast filet weight of the WB affected broilers
were significantly higher than that of normal broilers in the
studied line (P < 0.05). Published data, as well as data from
the present study, corroborate that the growth rate, especially
the breast filet yield may be the origin of the myopathies. The
rapid growth and inadequate vascularization in breast induced
the hypoxic conditions, then kinds of response mechanisms
such as energetic metabolism, inflammation, degeneration, and
regeneration were modified or triggered. All these alterations
were strictly related to the progression of myopathic disorders
(Soglia et al., 2021). In addition, significant accumulation of
lipofuscin was associated with the development of WB (Hasegawa
et al., 2021). Fibrosis was also one of the main features of
WB and this may be related to the activation of transforming
growth factor-beta signaling and the dysregulation of the matrix
metalloproteinases and tissue inhibitor of metalloproteinases
system (Xing et al., 2021). Besides, Praud et al. (2020) suggested
that a balance between TGFB1 and PPARG would be essential
for fibrosis or adiposis induction during the development of
WB and WS. All the results suggested that there are several
biological pathways, as well as response mechanisms involved in
the development of WB.

Generally, breast meat defects are subjectively judged by
prominent characteristics. WB was identified by assessing the filet
hardness and WS was divided by the thickness of white stripes
(Sihvo et al., 2014; Tijare et al., 2016). Dalgaard et al. (2018)
reported a classification method of WB affected breast including
the moisture content, resistance to compression, mobile water
fraction, drip loss and cooking loss, as well as intramuscular
and surface pH. This method removed the subjectiveness of the
previous method, but need many laboratory tests. Thus, there
is still need for an objective and fast method to quantify the
meat defects. Previous research found that the compression test
can be an objective and effective tool to identify and determine
the severity of WB (Mudalal et al., 2015; Soglia et al., 2017;
Sun et al., 2018; Campo et al., 2020). In this study, despite no
severe WB and WS, compression force increased significantly
with the increase in WB and WS scores. Different compression

TABLE 5 | Serum CK level of different group at 42 days of age in flock 2.

Group Compression force range (N) Compression force (N) Creatine kinase (U/ml) N

Normal <4 2.4 ± 0.9a 4.6 ± 1.3d 49

Mild 4–5.5 4.3 ± 0.2b 5.1 ± 1.5e 13

Moderate ≥5.5 6.2 ± 0.8c 6.4 ± 1.5f 8

P-value <0.001 <0.05

a,b,cDifferent letters indicate significant difference (P < 0.001), d,e,fdifferent letters indicate significant difference (P < 0.05).
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force ranges could present normal, mild, and moderate WB and
WS groups. Moreover, compression force had a strong positive
correlation (P < 0.001) with WB score (r = 0.718) and WB + WS
score (r = 0.693). These results suggest that compression force
could be an objective and quantitative index to differentiate the
affected breast filets, especially for WB and when WB and WS
appear together in breast meat.

It was reported that increasing levels of ALT, AST, CK, and
LDH were associated with liver or muscle damage; and that a
CK assay with blood samples was mainly a major marker of
skeletal muscle injury (Hoffman and Solter, 2008; Lumeij, 2008).
Kuttappan et al. (2013b) showed that broilers with severe WS
(P < 0.05) had elevated serum levels of CK, ALT, AST, and
LDH. Kawasaki et al. (2018) demonstrated that serum CK and
AST values in most WB affected broilers were higher than those
in normal broilers at 20 days of age. In addition, research by
Meloche et al. (2018a,b)) demonstrated that plasma CK and
LDH increased (P < 0.05) with increasing WB and WS scores.
However, they believed that LDH may have more value as a
predictor of myopathy. Serum CK was selected as an indicator
to assess the effects of different feed schemes in reducing the
occurrence of WS and WB (Simoes et al., 2020) and can be used as
an independent factor for predicting amyotrophic lateral sclerosis
in patients (Chen et al., 2021).

In this study, the liver damage was slight because there was
no significant difference in ALT and AST at 42 d of age. This
result indicated that most of the serum enzyme activity variation
was derived from muscles or other organs but not the liver at
42 days. The AST level of the mild group was significantly higher
than the normal group at 28 days. This alteration may relate
to myocardial injury and functional compensation due to rapid
weight gain with a high metabolic rate and more oxygen demand
at 28 days of age. This result was in step with Takeshi Kawasaki
et al. (2018). Changes in LDH serum levels did not respond to
the degree of WB and WS which were not wholly consistent
with previous reports (Meloche et al., 2018a,b). Different broiler
lines and different degrees of WB and WS may contribute to the
variations. Also, the LDH level in serum was higher than that of
breast tissue and indicated that it may be inappropriate to take
LDH as a predictor of WB and WS.

The serum CK value was about 10–25% of that in breast
tissue, suggesting that the breast defects may make a great
contribution to the serum CK. However, all the serum CK values
increased with age but the moderate group was significantly
higher than the normal group at 42 days (P < 0.05) and
the tendency was the same at 28 days (P > 0.05). These
indicated that despite serum CK value increasing with age, it
mirrored the damage of the breast issue well and could be a
candidate blood marker to predict filet defects at 42 days of
age. Besides, the correlation between serum CK and compression
force at 35 d or earlier deserves to study to screen the
affected broilers as early as possible. Moreover, the results of
the confirmatory experiment showed that the serum CK value
increased significantly with compression force increasing in the
two chicken flocks (P < 0.001). However, the compression force
and CK value of flock 2 were lower than that of flock 1, which
could be explained by different gender because the occurrence

of WB and WS in male broilers was higher than that of female
broilers (Trocino et al., 2015).

Most importantly, the serum CK positively correlated
with compression force (r = 0.608, P < 0.001) and the
equation of the linear regression was described as serum
CK = 0.9960∗compression force + 1.884. Because different
compression force ranges could present normal, mild, and
moderate WB groups for specific line, the breast compression
force of live broilers can be predicted and the WB broilers could
be screened by serum CK detection. However, the incidence of
WB and the production performance of their offspring should
be analyzed when discarding broilers by this method, because
keeping a good balance between high-quality breast and high
yield is a great challenge for broiler breeding. Furthermore, to
avoid adverse effects on breast yield, the genetic correlation
between serum CK level and filet weight should be studied further
in the next generation.

CONCLUSION

In conclusion, this study confirmed that compression force could
be the quantitative indicator to differentiate breast filets and
found that serum CK could be an objective testing method for
the prediction of compression force through the linear regression
equation in broiler breeding. Different compression force ranges
could represent normal or affected groups for specific line, so the
WB affected broilers could be screened by serum CK detection.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

Broiler experiments were conducted under the guidelines for
experimental animals established by the Ministry of Science
and Technology (Beijing, China). Ethical approval on animal
survival was given by the animal welfare and ethics committee of
Institute Animal Sciences (IAS, Beijing, China) and the Chinese
Academy of Agricultural Sciences (CAAS, Beijing, China) with
the following reference number: IAS2019-44.

AUTHOR CONTRIBUTIONS

FK collected all the data, performed the analyses, and drafted
the first manuscript. GZ, ZH, and JS contributed to the data
interpretation and manuscript revision. XW, DL, and DZ
contributed to the chicken raising, sample and data collection. JW
and RL designed the research and contributed to data collection,
data analysis and interpretation, and revise the manuscript. All
authors submitted comments on the draft and approved the
final manuscript.

Frontiers in Physiology | www.frontiersin.org 7 August 2021 | Volume 12 | Article 711711

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-711711 August 3, 2021 Time: 21:0 # 8

Kong et al. Predict Wooden Breast in vivo

FUNDING

This study was funded by the National Key Research and
Development Program of China (No. 2018YFD0500401); the

Agricultural Science and Technology Innovation Program
(CAAS-ZDRW202005); the National Nonprofit Institute
Research Grant (Y2020PT02); and the China Agriculture
Research System of MOF and MARA (CARS-41).

REFERENCES
Alnahhas, N., Berri, C., Chabault, M., Chartrin, P., Boulay, M., Bourin, M. C.,

et al. (2016). Genetic parameters of white striping in relation to body weight,
carcass composition, and meat quality traits in two broiler lines divergently
selected for the ultimate pH of the pectoralis major muscle. BMC Genet. 17:61.
doi: 10.1186/s12863-016-0369-2

Bailey, R. A., Watson, K. A., Bilgili, S. F., and Avendano, S. (2015). The genetic basis
of pectoralis major myopathies in modern broiler chicken lines. Poult. Sci. 94,
2870–2879. doi: 10.3382/ps/pev304

Bodle, B. C., Alvarado, C., Shirley, R. B., Mercier, Y., and Lee, J. T. (2018).
Evaluation of different dietary alterations in their ability to mitigate the
incidence and severity of woody breast and white striping in commercial male
broilers. Poult. Sci. 97, 3298–3310. doi: 10.3382/ps/pey166

Campo, M. D., Mur, M. L., Guerrero, A., Barahona, M., Resconi, V. C., Magalhaes,
D. R., et al. (2020). Differentiating breast myopathies through color and texture
analyses in broiler. Foods 9:824. doi: 10.3390/foods9060824

Chen, X. P., Wei, Q. Q., Ou, R. W., Hou, Y. B., Zhang, L. Y., Yuan, X. Q.,
et al. (2021). Creatine kinase in the diagnosis and prognostic prediction of
amyotrophic lateral sclerosis: a retrospective case-control study. Neural Regen.
Res. 16, 591–595. doi: 10.4103/1673-5374.293159

Dalgaard, L. B., Rasmussen, M. K., Bertram, H. C., Jensen, J. A., Møller, H. S., and
Aaslyng, M. D. (2018). Classification of wooden breast myopathy in chicken
pectoralis major by a standardised method and association with conventional
quality assessments. Int. J. Food Sci. Technol. 53, 1744–1752. doi: 10.1111/ijfs.
13759

Hasegawa, Y., Kawasaki, T., Maeda, N., Yamada, M., Takahashi, N., Watanabe, T.,
et al. (2021). Accumulation of lipofuscin in broiler chicken with wooden breast.
Anim. Sci. J. 92:e13517. doi: 10.1111/asj.13517

Hoffman, W. E., and Solter, P. F. (2008). “Diagnostic enzymology of domestic
animals,” in Clinical Biochemistry of Domestic Animals, 6th Edn, eds J. J.
Kaneko, J. W. Harvey, and M. L. Bruss (Burlington, MA: Academic Press),
351–378.

Kawasaki, T., Iwasaki, T., Yamada, M., Yoshida, T., and Watanabe, T. (2018).
Rapid growth rate results in remarkably hardened breast in broilers during the
middle stage of rearing: a biochemical and histopathological study. PLoS One
13:e0193307. doi: 10.1371/journal.pone.0193307

Kawasaki, T., Yoshida, T., and Watanabe, T. (2016). Simple method for screening
the affected birds with remarkably hardened pectoralis major muscles among
broiler chickens. J. Poult. Sci. 53, 291–297.

Kuttappan, V. A., Brewer, V. B., Apple, J. K., Waldroup, P. W., and Owens, C. M.
(2012a). Influence of growth rate on the occurrence of white striping in broiler
breast fillets. Poult. Sci. 91, 2677–2685. doi: 10.3382/ps.2012-02259

Kuttappan, V. A., Brewer, V. B., Mauromoustakos, A., McKee, S. R., Emmert,
J. L., Meullenet, J. F., et al. (2013a). Estimation of factors associated with the
occurrence of white striping in broiler breast fillets. Poult. Sci. 92, 811–819.
doi: 10.3382/ps.2012-02506

Kuttappan, V. A., Huff, G. R., Huff, W. E., Hargis, B. M., Apple, J. K., Owens, C. M.,
et al. (2013b). Comparison of hematologic and serologic profiles of broiler birds
with normal and severe degrees of white striping in breast fillets. Poult. Sci. 92,
339–345. doi: 10.3382/ps.2012-02647

Kuttappan, V. A., Lee, Y. S., Erf, G. F., Meullenet, J. F., McKee, S. R., and Owens,
C. M. (2012b). Consumer acceptance of visual appearance of broiler breast
meat with varying degrees of white striping. Poult. Sci. 91, 1240–1247. doi:
10.3382/ps.2011-01947

Lake, J. A., Dekkers, J. C. M., and Abasht, B. (2021). Genetic basis and identification
of candidate genes for wooden breast and white striping in commercial broiler
chickens. Sci. Rep. 11:6785. doi: 10.1038/s41598-021-86176-4

Lumeij, J. T. (2008). “Avian clinical biochemistry,” in Clinical Biochemistry of
Domestic Animals, 6th Edn, eds J. J. Kaneko, J. W. Harvey, and M. L. Bruss
(Burlington, MA: Academic Press), 839–872.

Malila, Y., Srimarut, Y., Chaiwiwattrakul, P., Uengwetwanit, T., Arayamethakorn,
S., Visessanguan, W., et al. (2018). Monitoring of white striping and wooden
breast cases and impacts on quality of breast meat collected from commercial
broilers (Gallus gallus). Asian Australas. J. Anim. Sci. 31, 1807–1817. doi: 10.
5713/ajas.18.0355

Meloche, K. J., Fancher, B. I., Emmerson, D. A., Bilgili, S. F., and Dozier, W. A.
(2018a). Effects of reduced digestible lysine density on myopathies of the
pectoralis major muscles in broiler chickens at 48 and 62 days of age. Poult.
Sci. 97, 3311–3324. doi: 10.3382/ps/pey171

Meloche, K. J., Fancher, B. I., Emmerson, D. A., Bilgili, S. F., and Dozier, W. A.
(2018b). Effects of reduced dietary energy and amino acid density on pectoralis
major myopathies in broiler chickens at 36 and 49 days of age1. Poult. Sci. 97,
1794–1807. doi: 10.3382/ps/pex454

Mudalal, S., Lorenzi, M., Soglia, F., Cavani, C., and Petracci, M. (2015).
Implications of white striping and wooden breast abnormalities on quality
traits of raw and marinated chicken meat. Animal 9, 728–734. doi: 10.1017/
S175173111400295X

Pampouille, E., Berri, C., Boitard, S., Hennequet-Antier, C., Beauclercq, S. A.,
Godet, E., et al. (2018). Mapping QTL for white striping in relation to breast
muscle yield and meat quality traits in broiler chickens. BMC Genomics 19:202.
doi: 10.1186/s12864-018-4598-9

Pedersen, I. J., Tahamtani, F. M., Forkman, B., Young, J. F., Poulsen, H. D., and
Riber, A. B. (2020). Effects of environmental enrichment on health and bone
characteristics of fast growing broiler chickens. Poult. Sci. 99, 1946–1955. doi:
10.1016/j.psj.2019.11.061

Petracci, M., Mudalal, S., Bonfiglio, A., and Cavani, C. (2013). Occurrence of white
striping under commercial conditions and its impact on breast meat quality in
broiler chickens. Poult. Sci. 92, 1670–1675. doi: 10.3382/ps.2012-03001

Petracci, M., Mudalal, S., Soglia, F., and Cavani, C. (2019a). Meat quality in
fast-growing broiler chickens. Worlds Poult. Sci. J. 71, 363–374. doi: 10.1017/
s0043933915000367

Petracci, M., Soglia, F., Madruga, M., Carvalho, L., Ida, E., and Estévez, M. (2019b).
Wooden-breast, white striping, and spaghetti meat: causes, consequences and
consumer perception of emerging broiler meat abnormalities. Compr. Rev. Food
Sci. Food Saf. 18, 565–583. doi: 10.1111/1541-4337.12431

Praud, C., Jimenez, J., Pampouille, E., Courousse, N., Godet, E., Le Bihan-
Duval, E., et al. (2020). Molecular phenotyping of white striping and wooden
breast myopathies in chicken. Front. Physiol. 11:633. doi: 10.3389/fphys.2020.
00633

Sihvo, H. K., Immonen, K., and Puolanne, E. (2014). Myodegeneration
with fibrosis and regeneration in the pectoralis major muscle
of broilers. Vet. Pathol. 51, 619–623. doi: 10.1177/03009858134
97488

Siller, W. G. (1985). Deep pectoral myopathy: a penalty of successful selection for
muscle growth. Poult. Sci. 64, 1591–1595.

Simoes, C. T., Vieira, S. L., Stefanello, C., Kindlein, L., Ferreira, T., and Xavier,
B. (2020). An in vivo evaluation of the effects of feed restriction regimens on
wooden breast using ultrasound images as a predictive tool. Br. Poult. Sci. 61,
583–589. doi: 10.1080/00071668.2020.1764909

Soglia, F., Gao, J., Mazzoni, M., Puolanne, E., Cavani, C., Ertbjerg, P., et al. (2017).
Superficial and deep changes of histology, texture and particle size distribution
in broiler wooden breast muscle during refrigerated storage. Poult. Sci. 96,
3465–3472. doi: 10.3382/ps/pex115

Soglia, F., Petracci, M., Davoli, R., and Zappaterra, M. (2021). A critical review
of the mechanisms involved in the occurrence of growth-related abnormalities
affecting broiler chicken breast muscles. Poult. Sci. 100:101180. doi: 10.1016/j.
psj.2021.101180

Sun, X., Koltes, D. A., Coon, C. N., Chen, K., and Owens, C. M. (2018).
Instrumental compression force and meat attribute changes in woody broiler
breast fillets during short-term storage. Poult. Sci. 97, 2600–2606. doi: 10.3382/
ps/pey107

Frontiers in Physiology | www.frontiersin.org 8 August 2021 | Volume 12 | Article 711711

https://doi.org/10.1186/s12863-016-0369-2
https://doi.org/10.3382/ps/pev304
https://doi.org/10.3382/ps/pey166
https://doi.org/10.3390/foods9060824
https://doi.org/10.4103/1673-5374.293159
https://doi.org/10.1111/ijfs.13759
https://doi.org/10.1111/ijfs.13759
https://doi.org/10.1111/asj.13517
https://doi.org/10.1371/journal.pone.0193307
https://doi.org/10.3382/ps.2012-02259
https://doi.org/10.3382/ps.2012-02506
https://doi.org/10.3382/ps.2012-02647
https://doi.org/10.3382/ps.2011-01947
https://doi.org/10.3382/ps.2011-01947
https://doi.org/10.1038/s41598-021-86176-4
https://doi.org/10.5713/ajas.18.0355
https://doi.org/10.5713/ajas.18.0355
https://doi.org/10.3382/ps/pey171
https://doi.org/10.3382/ps/pex454
https://doi.org/10.1017/S175173111400295X
https://doi.org/10.1017/S175173111400295X
https://doi.org/10.1186/s12864-018-4598-9
https://doi.org/10.1016/j.psj.2019.11.061
https://doi.org/10.1016/j.psj.2019.11.061
https://doi.org/10.3382/ps.2012-03001
https://doi.org/10.1017/s0043933915000367
https://doi.org/10.1017/s0043933915000367
https://doi.org/10.1111/1541-4337.12431
https://doi.org/10.3389/fphys.2020.00633
https://doi.org/10.3389/fphys.2020.00633
https://doi.org/10.1177/0300985813497488
https://doi.org/10.1177/0300985813497488
https://doi.org/10.1080/00071668.2020.1764909
https://doi.org/10.3382/ps/pex115
https://doi.org/10.1016/j.psj.2021.101180
https://doi.org/10.1016/j.psj.2021.101180
https://doi.org/10.3382/ps/pey107
https://doi.org/10.3382/ps/pey107
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-711711 August 3, 2021 Time: 21:0 # 9

Kong et al. Predict Wooden Breast in vivo

Tallentire, C. W., Leinonen, I., and Kyriazakis, I. (2018). Artificial
selection for improved energy efficiency is reaching its limits
in broiler chickens. Sci. Rep. 8:1168. doi: 10.1038/s41598-018-
19231-2

Tijare, V. V., Yang, F. L., Kuttappan, V. A., Alvarado, C. Z., Coon, C. N., and Owens,
C. M. (2016). Meat quality of broiler breast fillets with white striping and
woody breast muscle myopathies. Poult. Sci. 95, 2167–2173. doi: 10.3382/ps/
pew129

Trocino, A., Piccirillo, A., Birolo, M., Radaelli, G., Bertotto, D., and
Xiccato, G. (2015). Effect of genotype, gender and feed restriction on
growth, meat quality and the occurrence of white striping and wooden
breast in broiler chickens. Poult. Sci. 94, 2996–3004. doi: 10.3382/ps/
pev296

Velleman, S. G., and Clark, D. L. (2015). Histopathologic and myogenic
gene expression changes associated with wooden breast in broiler
breast muscles. Avian Dis. 59, 410–418. doi: 10.1637/11097-0420
15-Reg.1

Xing, T., Zhao, Z. R., Zhao, X., Xu, X. L., Zhang, L., and Gao, F. (2021).
Enhanced transforming growth factor-beta signaling and fibrosis in
the pectoralis major muscle of broiler chickens affected by wooden
breast myopathy. Poult. Sci. 100:100804. doi: 10.1016/j.psj.2020.
10.058

Zuidhof, M. J., Schneider, B. L., Carney, V. L., Korver, D. R., and Robinson,
F. E. (2014). Growth, efficiency, and yield of commercial broilers from
1957, 1978, and 2005. Poult. Sci. 93, 2970–2982. doi: 10.3382/ps.2014-
04291

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kong, Zhao, He, Sun, Wang, Liu, Zhu, Liu and Wen. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org 9 August 2021 | Volume 12 | Article 711711

https://doi.org/10.1038/s41598-018-19231-2
https://doi.org/10.1038/s41598-018-19231-2
https://doi.org/10.3382/ps/pew129
https://doi.org/10.3382/ps/pew129
https://doi.org/10.3382/ps/pev296
https://doi.org/10.3382/ps/pev296
https://doi.org/10.1637/11097-042015-Reg.1
https://doi.org/10.1637/11097-042015-Reg.1
https://doi.org/10.1016/j.psj.2020.10.058
https://doi.org/10.1016/j.psj.2020.10.058
https://doi.org/10.3382/ps.2014-04291
https://doi.org/10.3382/ps.2014-04291
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Serum Creatine Kinase as a Biomarker to Predict Wooden Breast in vivo for Chicken Breeding
	Introduction
	Materials and Methods
	Broilers Husbandry and Sample Collection
	Wooden Breast and White Striping Scores
	Compression Force Measurement
	Enzyme Activity in Serum and Breast Tissue
	Statistical Analyses

	Results
	Assessment of Breast Filet and Identification of Candidate Biomarkers
	Validation of Serum Creatine Kinase as a Biomarker

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


