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Summary

White striping (WS) is an emerging muscular defect occurring on breast and thigh muscles of
broiler chickens. It is characterized by the presence of white striations parallel to the muscle
fibers and has significant consequences on meat quality. If its etiology remains unknown,
recent studies showed moderate to high heritability values of WS, which emphasized the role
of genetics in its determinism.
The aim of this study was to identify the first QTLs for WS as well as breast muscle yield and
meat quality traits by taking advantage of two divergent lines of chickens selected for meat
quality through Pectoralis major ultimate pH (pHu) and which exhibit the muscular defect. In
order to better understand the molecular mechanisms associated to WS, an eQTL detection
was performed for some candidate genes either suggested by genome-wide association study
(GWAS) or based on their biological function.
Forty-two SNPs associated with WS, breast yield and meat quality traits were identified.
They defined 18 QTL regions located on 13 chromosomes. These results were in favor of a
polygenic determinism of the studied traits and suggested a few pleiotropic regions. A set of
16 positional and functional candidate genes was designed for further eQTL detection. A total
of 132 SNPs was associated with molecular phenotypes and defined 21 eQTL regions located
on 16 chromosomes. Interestingly, several co-localizations between QTL and eQTL regions
were observed (on GGA4, GGA5, and GGGA17) which could suggest causative genes and
gene networks involved in the variability of meat quality traits and breast meat yield.
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Introduction

For nearly a decade now, the poultry industry has witnessed an increasing prevalence of
broiler breast muscle abnormalities such as white striping (WS). It is characterized by white
striations parallel to the direction of the muscle fibers, mainly on breast, but sometimes on
thigh and tender muscle of broilers (Kuttappan et al., 2012). This myopathy has significant
consequences on meat quality altering both its appearance, nutritional value and technological
properties. It could also result in social acceptability issues regarding animal welfare and meat
quality (Lorenzi et al., 2014).

Previous studies demonstrated that the prevalence of this defect is directly related to
the growth performances of broiler (Kuttappan et al., 2013; Petracci et al., 2013). Thus,
Alnahhas et al. (2016) reported a high genetic correlation between breast yield and WS (rg =
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0.68). The most common hypothesis is that genetic selection for increased growth rate and
breast yield played a role in the occurrence of WS in broiler chickens. Furthermore, a
moderate to strong heritability of WS (h²=0.34, and h²=0.65, respectively) was highlighted
(Alnahhas et al., 2016; Bailey et al., 2015), which indicated that its determinism is partly
determined by genetics. However, no information is currently available regarding the
genomic architecture of this trait.

The aim of this study was to identify QTL for WS as well as breast muscle yield and
meat quality traits by taking advantage of two divergent lines of broilers selected for meat
quality through Pectoralis major ultimate pH (pHu) and which exhibit the muscular defect.

After the first step of QTL mapping, an eQTL detection was performed for a few
positional and functional candidate genes. This allowed to better understand the associated
molecular mechanisms and provided candidate genes and markers that could be useful to
develop breeding program against WS and improved meat quality in broilers.

Material and methods

Birds’ housing and phenotyping

This study was conducted on birds originating from two lines divergently selected for meat
quality through pHu. WS, body composition and meat quality traits were evaluated on 558
birds (278 pHu+ and 280 pHu-) from the 6th generation of divergent selection. Birds were
reared as a single population (males and females from both lines), under standard rearing
practices and had ad libitum access to feed and water.

Breasts were ranked visually a day after slaughter based on presence and severity of
WS (0 = normal, 1 = moderate and 2 = severe). Breast meat yield, abdominal fat percentage,
Pectoralis major and minor yields, and thigh yield were determined in relation to body
weight. Breast meat quality was evaluated on Pectoralis major muscle through the
measurement of color parameters (L*, a*, b*), drip and cooking loss, and curing-cooking
yield.

Genes’ expression quantification

Samples of Pectoralis major were collected for RNA extraction on 281 animals from the 6th
generation of divergent selection (145 pHu+, 136 pHu-), as described by Beauclercq et al.
(2017). Level of mRNA expression of candidate genes selected based on their proximity with
a significant SNP and their biological function was quantified using a Fluidigm Biomark
microfluidic device (Fluidigm, South San Francisco, CA, USA). The normalized Ct values
(ΔΔCt) were used as molecular phenotype for GWAS analysis.

GWAS analysis

The 558 birds were genotyped at Labogena Laboratory (Jouy en Josas, France) using the
Illumina chicken SNP 57K Beadchip containing 57636 SNPs. GWAS was performed on
classical and molecular phenotype using an univariate linear mixed model (LMM)
implemented in GEMMA (Genome-wide Efficient Mixed Model Association) software (Zhou
et al., 2008). Because of multiple hypothesis testing, a Bonferroni correction was applied for
both genome-wide and chromosome-wide thresholds (threshold = α / number of SNPs, with α
< 5%).
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Results and discussion

QTL detection

The GWAS realized on the whole population constituted from the two divergent lines
identified three SNPs that were significantly associated with WS at the chromosome level and
located on GGA1, GGA17 and GGA18 (Figure 1). This was not in favor of a monogenic
determinism of WS since several QTLs seemed to be involved in addition to polygenes whose
effect was modeled in the analysis. The detection did not indicate co-localization with SNPs
previously identified for ultimate pH on the same genetic population (Le Bihan-Duval et al.,
2017), which did not support a common genetic determinism between the two traits.

Figure 1. Manhattan plot showing the association of SNPs with WS. Black line represents the
5% genome-wide threshold, red line the 5% GGA1-wide threshold, blue line the 5% GGA17
and GGA18-wide threshold.

For body composition and meat quality traits, three SNPs were significant at the
genome threshold, while 39 SNPs were significant at the chromosome level. These SNPs
were mostly associated with cooking and drip loss, color parameters, and Pectoralis major
and minor yields. They defined 15 QTL regions distributed over 11 chromosomes. As for
WS, these results were in favor of a polygenic determinism of the studied carcass and meat
quality parameters.

More than one third of the detected SNPs were located on GGA4 and defined two
QTL regions. The first one was defined by a unique SNP, which controlled both Pectoralis
major yield and breast meat yield. Interestingly, this SNP was also close to significance for
WS. The second one contained the strongest SNPs for cooking loss, lightness (L*) and
yellowness (b*) of the meat, and the second highest SNP associated with drip loss. The latter
region appeared to be a pleiotropic region controlling both the water holding capacity and the
color meat, but no-co-localization was detected with QTL of pHu nor WS.

In order to improve our understanding of the molecular mechanisms unravelling the
appearance of WS and meat quality traits, we looked for candidate genes within several
regions of interest previously identified by the GWAS analysis. Potential candidate genes
were selected based on their proximity with a significant SNP and their biological function.
Most of the selected genes are involved in muscular structure and processes of muscle fiber
regeneration and repair, adiposis and fibrosis, extracellular matrix or sarcolemma
composition, and human muscular dystrophies.
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eQTL detection

132 SNPs were found significantly associated with the set of 16 studied molecular
phenotypes. They defined 21 eQTL regions located on 16 chromosomes.

In the current study, we defined as cis eQTLs, SNPs that were within 1 Mb of the
annotated start or stop site of the corresponding structural gene, and as trans eQTLs the SNPs
that did not fulfill this condition. On the 21 eQTL regions, three were cis eQTLs and 18 were
trans eQTLs.

Interestingly, several co-localizations between QTL and eQTL regions were observed
on GGA4, GGA5, and GGGA17. This suggested causative genes and gene networks involved
in the variability of meat quality traits and breast meat yield.

Conclusions

This study reported the first QTLs for WS in chicken. It did not support the existence of a
major gene but was in favor of a polygenic determinism of the defect and of the other studied
meat quality traits. We identified several candidate genes involved in muscle metabolism and
structure and for some of them in human muscular dystrophies. The eQTL analyses
confirmed that they were part of molecular networks associated with WS and meat quality
phenotypes and suggested a few putative causative genes. This study provided a first set of
molecular and genetic markers for WS that will have to be validated and enriched by the
study of additional genetic populations and the integration of molecular and genetic
information.
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