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Abstract

Background: White striping (WS) is an emerging quality defect with adverse consequences for the sensorial,
technological, and nutritional qualities of breast meat in broiler chickens. The genetic determinism of this defect is
little understood and thus the aim of the study presented here was to estimate the genetic parameters of WS in
relation to other traits of economic importance such as body weight, carcass composition, and technological meat
quality in an experimental population consisting of two divergent lines selected for high (pHu + line) or low (pHu- line)
ultimate pH (pHu) of the pectoralis major (p. major) muscle.

Results: The incidence of WS in the whole population was 50.7 %, with 36.7 % of broilers being moderately and 14 %
being severely affected. A higher incidence of moderate (p < 0.001) and severe (p < 0.0001) WS was observed in the
pHu + line, and strong genetic determinism (h? = 0.65 + 0.08) was evidenced for WS in the studied lines. In addition,
WS was significantly genetically correlated with body weight (ry =033 +0.15), and breast meat yield (0.68 + 0.06), but
not with the percentage of leg or abdominal fat. Increased body weight and breast muscle yield were significantly
associated with increased incidence and severity of WS regardless of the line. Significant ry were observed between WS
and several meat quality traits, including breast (0.21 +0.08) and thigh (0.31 +0.10) pHu, and breast cooking
loss (0.30+0.15). WS was also strongly genetically correlated with the intramuscular fat content of the
pectoralis major muscle (0.64 +0.09), but not with the lipid oxidation index of this muscle.

Conclusions: This study highlighted the role of genetics as a major determinant of WS. The estimated
genetic correlations showed that WS was more highly related to muscle development than to the overall
growth of the body. The positive genetic association reported in this study between WS and muscle pHu
indicated a possible relationship between the ability of muscle to store energy as a carbohydrate and its
likelihood of developing WS. Finally, the strong genetic determinism of WS suggested that selection can be
an efficient means of reducing the incidence of WS and of limiting its undesirable consequences on meat
quality in broiler chickens.

Keywords: White striping, Genetic parameters, Muscle growth, Ultimate pH, Broilers

* Correspondence: Elisabeth.Duval@tours.inra.fr
TURA/INRA, 37380 Nouzilly, France
Full list of author information is available at the end of the article

- © 2016 Alnahhas et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
() B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12863-016-0369-2&domain=pdf
mailto:Elisabeth.Duval@tours.inra.fr
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Alnahhas et al. BMC Genetics (2016) 17:61

Background

The worldwide demand for poultry meat is constantly
increasing, mainly because of its low price, ease and di-
versity of preparation, dietary and nutritional properties,
and the fact that poultry meat production and consump-
tion are not faced with obstacles of traditional or reli-
gious nature [1]. According to projections of the FAO,
global poultry meat production and consumption are ex-
pected to increase by 1.8 % per annum between 2007
and 2050, which is considerably more than the expected
increase in pork production and consumption (0.8 % per
year) [2]. This increased demand could only be met by
increased levels of production, putting more pressure on
the poultry industry to produce birds with higher growth
rates and feed efficiency. Intensive genetic selection has
been the method of choice for the industry to improve
these traits. Havenstein [3] estimated that 85 to 90 % of
the change in growth rate observed over the last 50 years
was due to genetic selection, while the remaining 10 to
15 % of the observed improvement in this trait was due
to improved nutritional strategies. However, producing
broilers capable of reaching market weight three times
faster and with a third of the amount of feed [3] is not
without consequences for animal physiology and meat
properties. White striping (WS), an emerging non-
infectious quality defect characterized by white striations
appearing on broiler fillets and thighs parallel to the dir-
ection of muscle fibers, has recently been associated
with high growth rate [4] and breast meat yield [5] in
broilers. Other production factors such as sex and feed-
ing regimen do not seem to play a major role in the inci-
dence of this phenomenon [6]. Recent studies reported
that the incidence of WS is far from negligible, with an
estimate of 12 % in commercial conditions [5] and over
50 % in experimental conditions [4]. This defect leads to
the rejection of the most expensive part of the carcass
(i.e. the fillet) and affects purchasing decisions with ad-
verse economic consequences [7]. Beyond the deleteri-
ous impact on the visual appearance and nutritional
value of products [7, 8], WS affects several breast meat
quality parameters including color and water holding
capacity [5, 6]. For all these reasons, there is an increas-
ing need to develop strategies to eradicate or at least re-
duce the incidence and severity of WS in modern
commercial broilers. In this study we took advantage of
the availability of two broiler lines divergently selected
for breast meat ultimate pH [9] and affected by WS. As
they are issued from a commercial fast-growing line,
they are relevant to study the genetic determinism of
WS and its relationships with growth, muscle develop-
ment, and a wide range of meat quality traits. In
addition, this unique model allows to investigate the po-
tential implication reported in the literature [5, 10] of
muscle ultimate pH on the incidence of WS.
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Results and discussion

Phenotypic characterization

Incidence and severity of white striping

The incidence of white striping was determined by line
and sex (Fig. 1). When totaling lines and sexes (n=
1349), 36.7 % of the fillets were categorized as moder-
ately affected (MOD) and 14 % as severely affected
(SEV), making a total of 50.7 %, which is in line with
previously reported findings obtained in experimental
conditions [4]. Frequencies of normal breast fillets were
higher in the pHu- than in the pHu + line regardless of
the sex, the difference being more pronounced in
females than in males. Within the pHu- line, the propor-
tion of normal fillets was higher in females than in males.
Females of the pHu + line presented higher frequency of
moderately white striped breast fillets compared to fe-
males of the pHu- line, while males of the two lines
showed similar incidences. Finally, the incidence of severe
white striping was higher in the pHu + than in the pHu-
line for both sexes. The higher incidence of moderate (p <
0.001) and severe (p < 0.0001) WS observed in the pHu +
line is in line with previous results that showed that white
striped breast fillets were characterized by higher pHu
than normal breast fillets [5, 10]. The positive association
reported between breast muscle pHu and the increased
degree of WS may be due to the fact that birds with the
highest degree of WS also exhibited the highest breast
muscle yield (BMY) [10]. This latter trait has already been
shown to be negatively related to muscle glycogen reserve
and positively related to pHu in broilers [11]. In a previous
work [9], we have shown that despite a similar growth
rate, the pHu + line exhibited higher BMY compared to
the pHu- line, which could partly account for the higher
incidence of WS in the pHu + line.
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Fig. 1 Incidence of white striping (WS) per line and sex. pHu + = broiler
line selected for high value of ultimate pH; pHu- = broiler line selected
for low value of ultimate pH. NORM = normal breast fillets; MOD = breast
fillets moderately affected by white striping; SEV = breast fillets severely
affected by white striping. Observed frequencies per line and sex have
been compared within each category of WS. ““different letters indicate

significant difference (p < 0.05) within each WS category
.
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Body weight and carcass composition in relation to white
striping

Regardless of the line, the MOD and SEV categories of
WS were characterized by increased body weight (BW)
and BMY compared to the NORM category (Table 1).
These findings are in accordance with those of Kuttappan
et al. [4] who found a higher degree of WS in birds fed a
high energy diet, resulting in higher BW and BMY.
According to these authors, enhanced growth rate and
inadequate capillary development in breast muscles due to
intensive selection could have resulted in a damaged mus-
cular structure which manifests visually as WS. Our re-
sults also confirmed findings of Bauermeister et al. [8] and
Petracci et al. [5] who reported that high yielding broilers
were characterized by higher incidence and greater sever-
ity of WS than moderate yield type broilers. Our results
therefore confirmed the unfavorable association between
growth and breast muscle development, and the incidence
of WS. Our results concerning the development of breast
muscles indicated that the presence of WS was specifically
associated with increased yield of the pectoralis major
muscle (p <0.0001), but not with that of the pectoralis
minor muscle (p =0.92). Our results also highlighted that
WS is not related to abdominal fat percentage (AFP) or to
leg percentage (LEGP) in these two lines.

Meat quality in relation to white striping

The WS conditions affected several breast meat quality
traits, but not necessarily in the same way in both lines
(Table 2). Lightness (L*) was generally higher in white
striped than in normal breast fillets. Significant differences
were observed between the NORM and SEV categories in
the pHu +line (p =0.03), and between the NORM and
MOD categories in the pHu- line (p=0.005). Previous
studies [5, 6] did not identify breast meat L* as a discrim-
inating factor to evaluate the presence of WS. However,
they reported increased yellowness (b*) and redness (a*) in
white striped fillets compared to normal fillets, which was
not the case in the experimental lines of our study. Breast
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meat drip loss (DL) and cooking loss (CL) increased with
the degree of WS in the pHu + line but not in the pHu-
line. It is well established that high levels of L* DL, and
CL are usually associated with low pHu value in chicken
breast meat [5, 9]. In the present study, breast meat pHu
increased slightly with the degree of WS in the pHu- line,
while no effect on this trait was found in the pHu + line.
Despite these findings, changes in L* (in both lines), DL,
and CL (only in the pHu + line) were observed. This sug-
gests that changes in meat quality parameters are likely to
be associated with the presence of WS rather than a con-
sequence of a change in pHu. These results tend to cor-
roborate a previous study [5] that reported concomitant
increases in pHu and CL in both raw and marinated se-
verely white-striped fillets and concluded that the effect of
WS on meat quality parameters was independent of that
of the pHu. As showed by Petracci et al. [12], muscle de-
generation resulting from WS decreases muscle content
of contractile (i.e., functional) proteins, including myosin
and actin, leading to reduced ability of muscles to bind
and retain water. Within each line, our results indicated
that variation in the incidence and severity of WS did
not impact, pH at 15 min post-mortem (pH15), a*
and b* color parameters nor curing-cooking yield (CCY),
Warner-Bratzler shear force (SF), and thiobarbituric acid-
reactive substance (TBARS) of breast meat.

As already reported [4, 12, 13], the amount of intra-
muscular fat (IMF) increased with the degree of WS in
both lines. It has been suggested that when the damage
to the muscle tissue is acute or continuous, attempts to
repair or regenerate the damaged zones may fail, leading
to differentiation of the pluripotent stem cells of the
muscle tissue into fibroblasts or adipocytes, which in
turn lead to fibrosis and lipidosis. The occurrence of
these phenomena accounts for the higher collagen and
intramuscular fat content associated with WS, respect-
ively [4, 12, 13]. Although the IMF content increased
with the presence of WS in the present study, no effect
of the WS condition was observed on breast meat lipid

Table 1 Intra-line effects of white striping on body traits expressed as LSMeans + Standard error

pHu+ pHu-

N NORM (Nmax=234) MOD (Nmax=289) SEV (Nmax=162) NORM (Nmax=431) MOD (Nmax=206) SEV (Nmax=27)
BW (9) 1347 2,667 +160° 2,780+ 14.5° 2,848 +19.2° 2702+119° 2,836+ 17.0° 2971+470°
BMY (%) 1,340 203+0.08° 212+007° 21.9+0.10° 20.0+0.06° 20.8 +0.08° 209 +0.24°
PMY (%) 1342 164+007° 17.3+0.06° 179+ 0.09° 16.2+0.05° 17.0+0.07° 17.1+0.21°
PmY (%) 1339 39+002 39+001 39+002 37+001 38+002 38+005
AFP (%) 1,342 18+002 1.8+0.02 1.8+002 194001 1.8+0.02 1.7+0.06
LEGP (%) 1339 229+007 22.7+0.06 226+0.08 224+005 223+0.08 227+021

pHu + broiler line selected for high value of ultimate pH, pHu- = broiler line selected for low value of ultimate pH
NORM normal breast fillets, MOD breast fillets moderately affected by white striping, SEV breast fillets severely affected by white striping. BW Body weight at
6 weeks, BMY Breast meat yield, PMY Pectoralis major yield, PmY Pectoralis minor yield, AFP Abdominal fat percentage, LEGP Leg percentage

Nmax indicates the maximum number of observations per category

ab< pifferent superscripts in different columns indicate significant intra-line differences between categories of white striping



Alnahhas et al. BMC Genetics (2016) 17:61

Page 4 of 9

Table 2 Intra-line effects of white striping on breast pectoralis major muscle traits expressed as LSMeans + Standard error

pHu+ pHU-

N NORM (Nmax=234) MOD (Nmax=289) SEV (Nmax=162) NORM (Nmax=431) MOD (Nmax=206) SEV (Nmax=27)
L* 9220  452+03° 459+0.2°° 464+03° 523+02° 535+02° 524+07%
a* 903 0214004 —0.18+0.04 —024+0.05 0124003 —0.03+0.04 —0.12+0.13
b* 921 102+009 104 +0.08 105+0.11 12.1+007 1234009 1214028
pH15 595  673+0008 6.73 +0.008 6.75 = 0.009 6.67 +0.006 6.68+0.008 6.67 +0.025
pHu 1344  6.11+0008 6.13 +0.007 6.13 %001 566 + 0.006° 569 + 0.009° 572 +002%
DL (%) 1273 18+008° 22+008%® 23+0.10° 40+006 414009 414025
CL (%) 593 86+0.20° 92+0.18% 95+022° 106+0.15 11.0+018 1184057
CCY (%) 556 860+040 8634036 862 +043 84.1 4031 8294037 822+1.16
SF (N/cm?) 594  113+025 1124023 11.0+027 162+0.19 158+0.23 1594072
IMF (%) 597 13+003° 14+003° 174004 13+003° 16+003° 18+0.10°
TBARS 592 027+004 0314003 035+004 0534003 047 +003 042+0.10

pHu + broiler line selected for high value of ultimate pH, pHu- broiler line selected for low value of ultimate pH

NORM normal breast fillets, MOD breast fillets moderately affected by white striping, SEV breast fillets severely affected by white striping. L* Lightness a* = Redness, b*
Yellowness, pH15 pH at 15 min post-mortem, pHu Ultimate pH, DL Drip loss, CL Cooking loss, CCY Curing-cooking yield, SF Shear force, IMF Intramuscular fat content,
TBARS Thiobarbituric acid reactive substances index expressed as mg of malonedialdehyde per kg of meat

Nmax indicates the maximum number of observations per category

ab< pifferent superscripts in different columns indicate significant intra-line differences between categories of white striping

peroxidation, as measured by the TBARS index after
9 days of storage at 4 °C. The absence of effect on the
TBARS index suggests that, despite the increase in IMF
content of breast fillets, WS does not influence the stor-
age ability of fresh meat.

Estimation of genetic parameters

The descriptive statistics of traits (other than WS) in-
cluded in the genetic analyses are summarized in Table 3.
Estimates of heritability (h?) and genetic correlations (rg)
between WS and body or meat quality traits in the
whole population are presented in Table 4. Because the
breast meat characteristics and the level of incidence of
WS differed between the two lines, we also estimated
the genetic correlations within each of the two lines
(Table 4).

The estimated heritability of WS (0.65) indicates that
genetics is a major determinant of this defect in the
studied lines. This estimate is considerably greater than
the only estimates reported by Bailey et al. [14] in two
commercial pure lines of broiler chickens selected for
high (h®*=0.34) or moderate (h*>=0.18) breast meat
yield. This difference in magnitude may be related to dif-
ferences in genetic background (i.e., different base popu-
lations), selection criteria (breast meat pHu vs. breast
muscle yield) and methods of estimation. While Bailey
et al. [14] estimated WS heritability on a 4-point ob-
served scale, in the present study h® was estimated on
an underlying continuous scale, which can result in
higher values. Using the approximation developed by
Dempster and Lerner [15] in the case of a binary trait, a
heritability of 0.65 on this underlying scale would

Table 3 Descriptive statistics of traits included in the genetic

analyses

N Mean  SD QV%  Min Max
BW (g) 5668 2,741 389 142 1527 4408
BMY (%) 5436 202 14 7.1 150 258
PMY (%) 5305 155 28 180 62 24
PMY (%) 5271 39 08 217 13 7.8
AFP (%) 5435 19 04 220 07 40
LEGP (%) 1500 226 12 53 186 270
L 4120 489 47 84 35.1 508
a* 3977 007 07 - -185 293
b* 4123 107 16 148 58 159
pH15 597 6.71 009 13 642 7.02
pHu (breast) 5459 590 022 37 529 6.65
pHuU (thigh) 1492 645 023 36 5.84 7.00
Log(DL) 1293 07 05 746  -13 21
CL (%) 593 99 22 221 40 204
CCY (%) 557 84.9 41 45 70.1 9423
SF (N/cm?) 594 136 35 256 57 24.1
IMF (%) 600 14 04 292 05 32
TBARS 593 040 039 975 002 376

BW Body weight at 6 weeks, BMY Breast meat yield, PMY Pectoralis major
yield, PmY Pectoralis minor yield, AFP Abdominal fat percentage, LEGP Leg
percentage. L* Lightness, a* Redness, b* Yellowness, pH15 pH at 15 min post-
mortem, pHu Ultimate pH, DL Drip loss, CL Cooking loss, CCY Curing-cooking
yield, SF Shear force, IMF Intramuscular fat content, TBARS Thiobarbituric acid
reactive substances index expressed as mg of malonedialdehyde per kg

of meat
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Table 4 Genetic parameters of white striping in relation to body weight, carcass composition and breast meat quality

Total population

Intra-line

o h? +se ro*se Iy £ se (pHu+) Iy £ se (pHu-)
BW 69125 0.20 £ 0.04 0.33+0.15 0.26 + 0.06 0.14+0.29
BMY 1.89 0.60 + 0.04 0.68 + 0.06 0.74+£0.08 0.62+0.15
PMY 1.28 0.57 +£0.04 0.73 £0.07 0.76 + 0.05 0.81+0.08
PmY 0.14 0.38 +£0.04 0.48 +0.16 0.06+0.13 0.02+0.21
AFP 0.15 0.72+0.10 -0.12+0.10 -0.09+0.14 -0.17+0.17
LEGP 137 0.61 +0.07 0.02+0.12 -0.10+0.15 0.19+£0.19
L* 10.98 0.59 +0.05 0.17+0.10 0.45+0.13 0.62+0.10
a* 035 0.37 £ 0.04 -0.07+0.13 0.19+£0.20 0.19+£045
b* 153 0.49 +0.04 0.10£0.11 0.40+0.12 -0.01+0.25
pH15 0.01 0.37 £0.09 021+0.16 023+£0.12 027+0.28
pHu (breast) 0.02 0.55+0.04 0.21+0.08 0.18+0.13 0194022
pHu (thigh) 0.03 0.63 +0.08 0.31+0.10 0.31+0.14 028+0.22
Log(DL) 0.12 0.57£0.10 0.00£0.12 0.34+0.13 023+£027
CL 445 0.45 +0.09 0.30+0.15 0.56 +0.26 0.71+0.20
Cccy 15.86 0.18 £ 0.06 -0.06+0.22 -037+0.27 -0.77 £0.23
SF 7.59 0.53 +£0.08 -021+0.14 0.06 +£0.30 -0.19+0.35
IMF 0.18 0.83 +0.09 0.64 +0.09 0.63+0.11 0.51+0.25
TBARS 0.15 0.20 +0.06 0.00£0.21 0314030 -0.38+0.28
WS 0.54 0.65 +0.08 - - -

a3 = Phenotypic variance estimated by the model as the sum of the genetic variance, the maternal environmental variance (for BW), and the residual variance. h?
+ se = Estimated heritability + standard error of the estimate; rq + se = Estimated genetic correlation with WS + standard error of the estimate. BW Body weight at

6 weeks, BMY Breast meat yield, PMY Pectoralis major yield, PmY Pectoralis minor yield, AFP Abdominal fat percentage, LEGP Leg percentage, L* Lightness, a*
Redness, b* Yellowness, pH15 pH at 15 min post-mortem, pHu Ultimate pH, DL Drip loss, CL Cooking loss, CCY Curing-cooking yield, SF Shear force, IMF Intramuscular

fat content, TBARS Thiobarbituric acid reactive substances index, WS White striping.

Estimates in bold are significantly different from 0 based on their confidence intervals

correspond to an estimate of 0.41 on the observed scale
for an incidence of 0.50 (which is the case for WS if we
group MOD and SEV categories together). Estimates of
h? calculated in the present study for body weight,
carcass composition (i.e., breast meat yield, leg yield, and
abdominal fat percentage), and meat quality parameters
were in the range reported in our previous paper [9].

In accordance with the phenotypic findings of the
current study, WS was found to be positively genetically
correlated with BW and BMY at slaughter. In the whole
population, the genetic correlation (ry) with the latter
trait was twice as high as with the former (ry = 0.68 vs.
0.33). In addition, WS was also more strongly correlated
with the percentage of pectoralis major muscle than with
that of pectoralis minor muscle (rg=0.73 vs. 0.48). The
strong positive genetic correlations between WS on one
hand and BMY or pectoralis major yield (PMY) on the
other hand were confirmed within each of the lines. By
contrast, the genetic correlation between pectoralis
minor yield (PmY) and WS was no longer significant
when estimated separately in the pHu + and pHu- lines.
For BW, the genetic correlation with WS was only sig-
nificant in the pHu + line, due to the high standard error

of the estimation in the pHu- line. The stronger genetic
correlations found between the BMY and the percentage
of pectoralis major muscle (ry=0.91+0.01) than found
between the BMY and the percentage of pectoralis
minor muscle (0.58 +0.06) indicates that breast meat
yield is mainly determined by the percentage of pectora-
lis major muscle, which is in agreement with the find-
ings of Reddish and Lilburn [16]. According to these
authors, the width and thickness of the pectoralis major
muscle are particularly targeted by selection for high
BMY, which is entirely consistent with the greater occur-
rence of WS observed in the pectoralis major compared
to the pectoralis minor muscle [17]. The positive r, re-
ported in the present study for body weight and muscle
development with WS indicate that the incidence and
the degree of this defect can be expected to be higher
when the selection focus is on higher BW and BMY.
Our results also highlight that WS is more influenced by
genetic progress in breast meat yield (especially that of
pectoralis major muscle) than in growth rate. Interest-
ingly, WS was not found to be significantly correlated
with AFP nor with LEGP in the whole population and
within each of the two divergent lines. However, and in
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accordance with the phenotypic findings of the current
study, WS was highly correlated with the IMF content of
the pectoralis major muscle in the whole population
(0.64: + 0.09) and within each of the two lines. Moreover,
in the present study the IMF was found to be far more
heritable (h%=0.83) than the IMF reported in the slow-
growing chicken genotypes used in Label Rouge type
production (h? = 0.18) in France [18]. Such differences in
heritability may be due to differences in IMF content
and the variability observed between the slow- and the
fast-growing line investigated in that study, the latter
containing 40 % more lipids on average than the former,
certainly as the result of the intensive selection on
growth rate and muscle development, and the presence
of WS. The high genetic correlation between WS and
IMF also indicates that the latter measurement could be
used as a valuable quantitative indirect criterion of selec-
tion against WS.

In the whole population, WS was not correlated with
breast pH15, L¥, a*, b*, DL, CCY, SE and TBARS. A sig-
nificant correlation was only found with breast CL (ry =
0.30 + 0.15) indicating increased water loss after cooking
with increased degree of WS. Interestingly, intra-line ana-
lyses revealed strong positive correlations that were not
observed or at lesser level when considering one unique
population. It was the case for L* and CL that were both
strongly positively related to WS in the pHu + and pHu-
lines, b* and DL that were positively correlated to WS in
the pHu + line, and CCY that was highly negatively corre-
lated in the pHu- line. The positive genetic correlation
reported between the WS condition and CL is consistent
with previous results that showed increased juice loss dur-
ing cooking [19]. These authors also reported decreased
marinade uptake in white-striped fillets compared to nor-
mal fillets. As observed in the total population, no signifi-
cant correlation was found between WS and a*, pH15, SE,
and TBARS within each of the two divergent lines.

In the whole population, moderate but significant
positive genetic correlations were estimated between WS
and muscle pHu (r;=0.21+0.08 and 0.31+0.10 for
breast and thigh muscle, respectively). Similar estimates
were found within each of the two lines but, because of
larger standard errors when separating the two lines,
only the correlation between WS and thigh pHu in the
pHu + line remained significant. These positive correla-
tions confirmed a possible link between the incidence of
this defect and the energy status of the muscle during
life. Indeed, increased pHu in the breast muscle of chick-
ens reflects decreased levels of glycogen reserve [20].
Muscles containing low glycogen content before slaugh-
ter may thus be more susceptible to WS. Improvement
of breast muscle mass and yield in broilers is mainly
achieved by increasing muscle fiber size, which results in
decreased muscle glycogen content [11]. Such structural
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and metabolic changes may in part be responsible for
the emergence of white striping whose incidence is par-
ticularly high in heavy broiler production [5, 12]. Indeed,
the chicken pectoralis major muscle is almost entirely
made of fast-twitch glycolytic fibers [1, 21]. It is character-
ized by reduced capillary density [22] and by the predom-
inance of the anaerobic glycolytic pathway for energy
regeneration where glucose, originating mainly from the
glycogen reserve of the muscle, is the only substrate used
to generate energy [23]. In addition, we have recently
shown that selection for increased breast muscle pHu was
associated with reduced muscle capillary density [24]. It
could therefore be hypothesized that in modern heavy
broilers reduced muscular vascularization and glycogen
reserve may compromise energy supply to muscle fibers.
Such a condition could induce protein catabolism as an al-
ternative pathway to produce energy, resulting in impaired
muscle fiber development and functioning and, as a con-
sequence, progressive replacement of muscle tissue by adi-
pose and connective tissues during growth, as observed in
white striped breast fillets.

Conclusions

The present study highlighted the strong genetic deter-
minism of the white striping condition in the studied
lines. Positive genetic correlations were evidenced with
breast meat yield and to a lesser extent with body
weight, two traits that are selected intensively in modern
broiler lines. The increased degree of white striping was
also phenotypically and genetically associated with in-
creased levels of intramuscular fat and to a lesser extent
with cooking loss, which emphasized the negative impact
of this defect on the nutritional value and processing ability
of chicken breast meat. The positive relationship observed
for white striping with muscle ultimate pH and yield sug-
gests that both fiber hypertrophy and lack of energy reserve
in muscle could in part be responsible for the emergence of
this defect in heavy broiler lines and this requires further
investigation to confirm the relationship. Given the herit-
ability of white striping, selection may be proposed as an ef-
fective tool to reduce the occurrence of this defect in
broilers. However, in view of the positive genetic correla-
tions with breast meat yield and body weight, this would in-
volve a compromise between the occurrence of white
striping and the genetic progress achieved for these traits.

Methods

Birds and housing

The study was conducted on birds originating from two
lines divergently selected for breast meat pHu according
to a breeding scheme described in Alnahhas et al. [9].
White striping was evaluated on a total of 1349 broilers
produced by 114 sires and 300 dams, originating from
the 5™ and 6™ generations of divergent selection on the
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pHu of the pectoralis major muscle. Of this total, 685
birds (319 males and 366 females) were from the line se-
lected for high breast pHu value (i.e., the pHu + line)
and 664 birds (300 males and 364 females) from the line
selected for low breast pHu value (i.e., the pHu- line).
After hatching, day-old chicks were identified by wing
tags, sexed, and vaccinated against Infectious Bronchitis.
Birds from the two divergent lines were reared as a sin-
gle population (with males and females of both lines
mixed together) in a standard closed poultry house of
the INRA experimental unit (PEAT, F-37380 Nouzilly,
France). Broilers were reared under standard rearing
practices, as described in Alnahhas et al. [9], and had ad
libitum access to feed, and water during the rearing period.

Slaughter and processing

At the age of 6weeks and after 8 h of feed withdrawal,
birds were weighed and transported to the experimental
slaughter house of PEAT. Slaughtering and processing
were performed as described in Alnahhas et al. [9]. The
day after slaughter, the right breast pectoralis major
muscle was scored for white striping. The categories of
WS were defined according to a modified version of the
scale of Kuttapan et al. [7] to account for the lower
degree of severity in our experimental population. The
fillets were scored as normal (NORM) in the absence of
WS, moderate (MOD) corresponding to score 1 (stri-
ation thickness <1 mm) or severely affected (SEV), cor-
responding to score 1.5-2 (striation thickness > 1 mm) of
Kuttapan et al. [7]. Body composition and meat quality
traits were determined through the measurement of sev-
eral parameters, as described in Alnahhas et al. [9]. Breast
meat yield (BMY), leg percentage (LEGP), and percentage
of abdominal fat (AFP) were determined in relation to
body weight (BW). Breast meat quality was evaluated on
pectoralis major muscle through the measurement of pH
at 15 min post-mortem (pH15), pHu, color parameters L*,
a*, b* drip (DL), and cooking (CL) loss, Warner-Bratzler
shear force (SF) of cooked meat, and curing-cooking yield
(CCY). Ultimate pH was also measured in the Sartorius
muscle of thigh. Briefly, the pHu was measured 24 h post-
mortem using a portable pH meter (model 506, Crison In-
struments SA, Alella, Barcelona, Spain) by direct insertion
of its glass electrode into the muscles. L*, a*, and b* color
parameters were measured at the same time on the in-
ternal face of the muscle using a miniscan spectrocolori-
meter (Hunterlab, Reston, VA, USA). DL was determined
after 5-day storage at 2 °C of the entire muscle hanged
and zip-locked in a plastic bag. CL was measured after
cooking a vacuum-packed meat sample of 180 g in a
water-bath (85 °C for 13 min). The SF of the cooked meat
was then measured using an Instron universal testing
instrument (Instron 5543, Instron S.A., Guyancourt,
France). For each sample, measurement was performed
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on 3 adjacent strips (3 x 1 x 1 cm) of meat and the average
of the maximum force necessary to shear the meat was re-
corded. CCY was measured on 60 g of minced muscle
mixed with 20 % nitric salt solution for 24 h at 4 °C. Intra-
muscular fat (IMF) content was determined from samples
of pectoralis major muscle, taken at slaughter and
kept at =20 °C until analysis. After thawing overnight
at 4 °C, samples were ground and the intramuscular
fat content was determined from about 50 g of
ground meat by near-infrared spectroscopy using a
Nirflex N-500 spectrometer (Buchi, Rungis, France) as
described in Chartrin et al.[25]. The level of lipid peroxi-
dation was also evaluated by measuring the thiobarbituric
acid-reactive substance (TBARS) index [26] in pectoralis
major muscle samples, aged for 9 days at 2 °C then stored
at —80 °C and thawed overnight at 4 °C. The TBARS index
was expressed as mg of malonedialdehyde per kg of meat
after thawing. The measurements of pH15, CL, CCY, SE,
IME and TBARS were limited to birds from the 6™ gener-
ation of selection.

Phenotypic characterization

The incidence of WS was calculated and compared be-
tween lines and sexes separately for each category of WS
using the Chi-squared test implemented in the PROC
FREQ of SAS [27]. Data inspection, elimination of out-
liers, and tests of normality for body and meat quality
traits were performed using PROC UNIVARIATE of
SAS [27] prior to analysis of variance. The model in-
cluded the fixed main effects of number of hatch (H,, i
=1 to 4), sex (S;, j = 1 for male, 2 for female), and genetic
line (Ly, k= pHu+, pHu-). As hatch and generation were
confounded, different hatch numbers were considered
for the different generations. A term for WS intra line
(WS(L)i, £=1 to 3) was also included in the model to
analyze the effects of WS within each line independently
from the effect of the pHu. The final model equation
was as follows:

Yijkim = H;+ S8+ Ly + WS(L)kz + €ijkim

where yjjim is the record of the m™ bird for the trait an-
alyzed, and ejjim is a random residual assumed to follow
a normal distribution  ejjqm ~ N(O, o?). All other terms
are as indicated above. The analyses were implemented
using the GLM procedure of SAS software [27]. Means
of different effects were separated and compared for
significant differences using Tukey’s method, as imple-
mented in the same procedure via the LSMEANS option.
The accepted type I error was set at 5 %.

Estimation of genetic parameters
In addition to the data collected at the 5™ and the 6™
generations, the genetic analysis included measurement
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of body weight, breast meat yield, pHu, color parameters
(L*, a* and b*), and percentage of abdominal fat ac-
quired from the four previous generations [9]. The pedi-
gree file included a total of 10,621 birds produced by
382 sires and 1011 dams. Of this total, 1640 birds
(15.5 %) belonged to the base population (GO), 4295
birds (40.4 %) belonged to the pHu + line, and 4686 birds
(44.1 %) to the pHu- line. Data inspection, elimination of
outliers, and tests of normality for quantitative traits were
performed using PROC UNIVARIATE of SAS [27]. A loga-
rithmic transformation was applied to normalize the distri-
bution of the drip loss data before running the genetic
analysis. Descriptive statistics of all available data, recorded
between the 1°° and the 6™ generations, for all traits
included in the estimation of genetic parameters were
generated using PROC MEANS of the same software.

Given that WS is measured as a categorical trait and
that threshold models are one of the most used method-
ologies to analyze this kind of data, a series of bi-variate
(a single quantitative trait with WS at a time) general-
ized linear mixed animal models was fitted to the data
using the Gibbs sampling method as implemented in the
software TM [28] for Threshold Model. In this method-
ology, the phenotypic expression of categorical trait is
attributed to an underlying continuous normally distrib-
uted unobservable trait referred to as the liability [29].
The number of thresholds is defined as (m — 1), where
m is the number of observed categories for the observed
trait. When the liability for a bird exceeds a particular
threshold, the corresponding category (i.e., the pheno-
type) is expressed [30]. The model equation that we im-
plemented to analyze the liability to white striping or the
quantitative traits measured in our population was the
following:

Vi = WHHi + Sj + e + ar + e

where yjq is the record of the 1" individual (/ =1 to
10,621 birds), p the general mean of the population, H;
the fixed effect of the i hatch (i=1 to 21 hatches), S;
the fixed effect of the j™ sex (j = 1 for male, 2 for female),
¢k the random effect of the common maternal environ-
ment (k=1 to 1011 dams) which was included in the
model only for BW, a, the direct additive genetic effect of
the bird (/ =1 to 10,621 birds), and ejjq a random error.

In the bi-variate analysis of the liability underlying WS
(noted as 1) and the quantitative trait (noted as 2), the
vectors of the residual terms had the following (co)-

. e
variance structure Var(el> = @®]_;Rr where R, =
2

2
el 08212 , n is the number of birds and @ is the
Oe21  Og

direct sum operator. For the vectors of the additive
genetic effects, the following (co)variance structure
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was assumed: Vur(ilh) = A®G, where ® is the direct
2

product operator (i.e., the Kronecker product), A is the re-
lationship matrix between the birds, and G is the matrix
of the genetic additive (co)variance components with the
2
following structure: G = ( 71 O“g212 )
0g21 UgZ

The total number of iterations used in the Gibbs sampler
was 100,000 iterations in a single Markov Chain Monte
Carlo (MCMC) chain. The first 20,000 iterations were dis-
carded (ie, burn-in iterations) and every 20 iterations
(thinning interval) a sample was saved from the remaining
80,000 iterations. The 4000 estimations resulting from the
sampling process were used to estimate the genetic param-
eters and their standard errors. For each one of the 4000
samples, heritability of the liability to WS or the quantita-
tive trait was calculated as the ratio of the additive genetic
variance over the sum of the genetic and residual variances

2
ie, b’ =

the 4000 estimates were taken as the heritability estimate of
the trait and its standard error. Genetic correlations were
calculated at each iteration as the ratio of the additive gen-

etic covariance between traits over the product of their gen-
Og12

the heritability, the mean and standard deviation of the cal-
culated correlations over all iterations were taken as the es-
timate and its standard error. Convergence of threshold
models was tested by plotting the traces and running
means of the posterior distributions. The convergence was
also tested by the Heidelberger and Welch test as imple-
mented in the boa package version 1.1.7-2 [31] under the R
Statistical Environment [32].

To perform the intra-line estimation of genetic parame-
ters, the same methodology as for the whole population
was applied to a dataset containing only the pHu + line, or
only the pHu- line. The purpose of the intra-line analysis
was to detect potential differences between the two diver-
gent lines in term of genetic relationships between white
striping and other traits of interest in the present study.

%. Then, the mean and standard deviation for
g e

etic standard deviations ie., 7y, = , and similarly to
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