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ABSTRACT Two unique chicken F2 populations gener-
ated from a broiler breeder male line and 2 genetically
distinct inbred (>99%) chicken lines (Leghorn and Fay-
oumi) were used for whole genome QTL analysis. Twelve
phenotypic skeletal integrity traits (6 absolute and 6 rela-
tive traits) were measured or calculated, including bone
mineral content, bone mineral density, tibia length, shank
length, shank weight, and shank length:shank weight. All
traits were also expressed as a percentage of BW at 8
wk of age. Birds were genotyped for 269 microsatellite
markers across the entire genome. The QTL affecting bone
traits in chickens were detected by the QTL express pro-
gram. Significance levels were obtained using the permu-
tation test. For the 12 traits, a total of 56 significant QTL
were detected at the 5% chromosome-wise significance
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INTRODUCTION

Improvement in the growth rate and meat yield in
broilers over the last 50 yr has resulted, in part, in selection
for skeletal integrity. Although this trait was not routinely
directly measured, the ability of the skeleton to support
the musculature of the modern broiler has been a corre-
lated result of selection on livability. Without sufficient
skeletal integrity, broilers succumb to leg problems in-
cluding tibial dyschondroplasia, twisted leg, rickets,
kinky back, brittle bone disease, and general lameness
(Lilburn, 1994). Furthermore, skeletal integrity is of par-
ticular importance during processing, in which bones
must endure automated handling of the carcass without
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level, of which 14 and 10 were significant at the 5% ge-
nome-wise level for the broiler-Leghorn cross and broiler-
Fayoumi cross, respectively. Phenotypic variation for
each trait explained by all detected QTL across the ge-
nome ranged from 12.0 to 35.6% in the broiler-Leghorn
cross and 2.9 to 31.3% in the broiler-Fayoumi cross. Differ-
ent QTL profiles identified between the 2 related F2
crosses for most traits suggested that genetic background
is an important factor for QTL analysis. Study of associa-
tions of biological candidate genes with skeletal integrity
traits in chickens will reveal new knowledge of under-
standing biological process of skeletal homeostasis. The
results of the current study have identified markers for
bone strength traits, which may be used to genetically
improve skeletal integrity in chickens by MAS, and to
identify the causal genes for these traits.

breakage. The effect of skeletal integrity across poultry
production from breeders to processing is far-reaching,
and when the skeleton is insufficient, it contributes to
significant economic loss. The significance that bone plays
in the laying hen as a reservoir for minerals deposited in
the shell is obvious, and osteoporosis can contribute to
significant economic losses in the egg industry as well
(Schreiweis et al., 2005b). Although many skeletal issues
can be solved by manipulation of nutrition and manage-
ment, the focus of most research recently (Whitehead et
al., 2004; Whitehead, 2004), it is clear that there is a genetic
link to bone development in the chicken and other species
(Bishop et al., 2000).

The genetic basis for skeletal development in chickens
has been previously studied in both broilers and layers.
A survey of commercial and traditional breeds indicated
that there was significant variation in bone density and
strength (Hocking et al., 2003). Heritability estimates of
0.40 for bone strength in laying hens have been demon-
strated, in which selection over 7 generations resulted in
a 2-fold increase (Bishop et al., 2000). Similar experiments
resulted in improvement of bone strength in broilers
(Mandour et al., 1989). A recent study evaluated a broiler
× layer cross for genetic associations with skeletal integ-
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rity and did not detect any significant QTL influencing
bone mineralization (Schreiweis et al., 2005a). This has
not been the case in mammals in which multiple QTL
have been found associated with bone mineralization
(Christians et al., 2003; Ishimori et al., 2006).

As with laying hens, osteoporosis is a significant health
issue in postmenopausal women and has been the subject
of many studies to identify the genetic basis of the disease
in humans and rodents (Liu et al., 2002). Early studies
estimated that as much as 80% of the variation in bone
mineralization could be under genetic control (Slemenda
et al., 1991; Klein et al., 1998). Several QTL have been
identified in mice and humans that are associated with
bone mineralization, but none explain more than 10% of
the phenotypic variation in the evaluated populations
(Beamer et al., 2002). Li et al. (2003, 2005) and Zhou et
al. (2005) have observed associations of bone mineraliza-
tion in previous studies of candidate genes including
transforming growth factor-4, insulin-like growth factor-
I, and very low-density apolipoprotein-II with similar
effects on the phenotypic variation. The aim of the current
study was to perform a genome-wide analysis for QTL
associated with skeletal traits in a well-characterized re-
source population to determine both the number of loci
and their relative effects on bone integrity traits in
chickens.

MATERIALS AND METHODS

Resource Populations

The Iowa Growth and Composition Resource Popula-
tion was established by crossing sires from a broiler
breeder male line with dams from genetically distinct,
highly inbred (>99%) chicken lines, the Leghorn G-B2
and Fayoumi M15.2 (Zhou and Lamont, 1999; Deeb and
Lamont, 2002). The F1 birds were intercrossed, within
dam line, to produce 2 related F2 populations. Birds (n =
417 in broiler × Leghorn cross, n = 325 in broiler × Fayoumi
cross) of the 2 F2 populations were analyzed, with each
population representing progeny from 1 broiler grandsire
and 1 F1 sire of each cross.

Phenotypic Measurements

The phenotypic measurements included bone mineral
content (BMC), bone mineral density (BMD), tibia length
(TBL), shank length (SHL), shank weight (SHW), and
SHL:SHW (SHR). Tibias were analyzed for bone mineral
characteristics using the dual-energy x-ray absorptiome-
try technique (Haarbo et al., 1991; Slosman et al., 1992;
Mitchell et al., 1997), using a total-body dual-energy x-
ray absorptiometry scanner (Lunar DPX-L, Lunar Corp.,
Madison, WI). The differential attenuation of low- (38
keV) and high-energy (70 keV) x-rays were measured
using the small animal total body research software pack-
age in high resolution scan mode. Image analysis was
used to accurately measure the BMC of each tibia and
the axial cross-sectional area for determination of BMD

(BMD = BMC/area). All traits were also expressed as a
percentage of BW at 8 wk of age. Sex was determined by
macroscopic inspection of the gonads.

Marker Selection, Genotyping, Linkage
Analysis, and QTL Mapping

All birds were genotyped for 269 markers as described
by Zhou et al. (2006). The marker linkage analysis and
QTL mapping used were described in Zhou et al. (2006).
Significance levels at the 5 and 1% chromosome-wise and
the 5 and 1% genome-wise levels were estimated by per-
mutation as described by Zhou et al. (2006).

Partial Correlation Analysis

The phenotypic correlations among skeletal traits were
obtained using the JMP program (Sall and Lehman, 1996).
Each partial correlation coefficient was simultaneously
adjusted for all other variables other than the 2 being
compared.

RESULTS

Phenotypic Correlations Among Skeletal
Integrity Traits

The partial correlation coefficients among skeletal in-
tegrity traits in the combined 2 F2 populations are shown
in Table 1. In general, there were high correlations be-
tween each pair of traits (0.118 to 0.901), except for the
relative low correlation between SHR% and both absolute
and relative traits of BMC, BMD, and TBL (0.015 to 0.149).
The phenotypic correlations between relative traits of
BMD, TBL, and SHL and most of other traits (8 out of
11) were negative.

Significance Thresholds

Individual chromosome significance levels at the 5 and
1% level, as determined by the permutation test, differed
slightly by trait within chromosome (Table 2). Average
5% chromosome-wise thresholds ranged from 4.18 to 7.15
in the broiler-Leghorn cross and from 4.31 to 7.20 in the
broiler-Fayoumi cross. Average 1% chromosome-wise
thresholds ranged from 6.00 to 9.21 in the broiler-Leghorn
cross and from 6.21 to 9.23 in the broiler-Fayoumi cross.
Average 5 and 1% genome-wise thresholds were 9.51 and
11.88, respectively, in the broiler-Leghorn cross and were
9.72 and 12.18, respectively, in the broiler-Fayoumi cross.

General QTL Mapping Results

Estimates for QTL significant at the 5% chromosome-
wise level are presented in Tables 3 and 4. The QTL
graphs, representing plots of the F-statistic across chro-
mosomes, are presented in Figure 1, panels A and B, for
BMC, BMD, TBL, and their relative traits, and Figure 2,
panels A through E, for SHR, SHW, SHL, and their rela-
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Table 1. The phenotypic partial correlation coefficients among skeletal integrity traits in the F2 population (P
< 0.05)

Trait1 BMC% BMD BMD% TBL TBL% SHR SHR% SW SW% SHL SHL%

BMC 0.863 0.901 −0.567 0.545 −0.730 0.759 −0.015† 0.759 0.381 0.674 −0.754
BMC% — 0.823 −0.118 0.309 −0.358 0.434 0.044† 0.427 0.248 0.376 −0.413
BMD — — −0.374 0.415 −0.639 0.619 −0.060† 0.604 0.248 0.503 −0.681
BMD% — — — −0.627 0.889 −0.798 0.093 −0.811 −0.387 −0.770 0.846
TBL — — — — −0.392 0.661 0.079 0.708 0.504 0.765 −0.513
TBL% — — — — — −0.788 0.149 −0.776 −0.285 −0.668 0.925
SHR — — — — — — 0.363 0.987 0.751 0.823 −0.756
SHR% — — — — — — — 0.316 0.815 0.140 0.252
SW — — — — — — — — 0.760 0.898 −0.726
SW% — — — — — — — — — 0.686 −0.158
SHL — — — — — — — — — — −0.578

1BMC = bone mineral content; BMD = bone mineral density; TBL = tibia length; SHL = shank length; SHW =
shank weight; SHR = SHW:SHL.

†P > 0.05.

tive traits. Although some graphs suggest evidence for
multiple QTL in adjacent intervals for the same trait, only
results for the most significant position are presented in
Tables 3 and 4, because only single QTL models were
tested.

In total, 56 and 37 QTL were detected at the 5% chro-
mosome-wise level for the 12 traits examined in the
broiler-Leghorn cross and the broiler-Fayoumi cross, re-
spectively, not counting potential multiple QTL in adja-
cent intervals. Thirteen QTL would be expected to be
significant at the suggestive threshold by chance alone,
given the 12 traits examined. Therefore, over 4 and 3
times as many QTL were detected at this level than were
expected by chance in the broiler-Leghorn cross and the
broiler-Fayoumi cross, respectively. Of the 56 suggestive
QTL in the broiler-Leghorn cross, 14 QTL were signifi-
cant at the 5% genome-wise level (Table 5). Of the 37
suggestive QTL in the broiler-Fayoumi cross, 10 QTL
were significant at the 5% genome-wise level. Over the
12 traits examined, only 1 QTL would be expected to be
significant at this level by chance alone. Thus, 10-fold
more QTL were identified at this level than were ex-
pected. There were no QTL affecting skeletal integrity-
related traits detected on Gga 3, 10, 11, 13, 18, 27 and
E46 in the broiler-Leghorn cross, whereas there were no
QTL detected on Gga 3, 5, 10, 12, 13, 17, 18, 27; E46; and
E47 in the broiler-Fayoumi cross. The phenotypic trait
variances explained by QTL ranged from 2.83 to 17.24
in the broiler-Leghorn cross and from 2.92 to 9.81 in the
broiler-Fayoumi cross (Tables 3 and 4).

BMC and BMC%. For the broiler-Leghorn cross, 5
QTL for BMC were detected on Gga 1, 4, 6, 8, and 17,
and 6 QTL for BMC% were detected on Gga 4, 5, 6, 8,
12, and 17 (Table 3). The additive effect suggested that
broiler alleles were superior to the Leghorn alleles, ex-
cept for the QTL for BMC on Gga 6 and for BMC% on
Gga 12. Four of the 11 QTL showed overdominance, and
heterozygotes concerning breed origin of the allele had
higher BMC or BMC% than either of the homozygotes.
For the broiler-Fayoumi cross, QTL for BMC were identi-
fied on Gga 1, 7, and 8, and QTL for BMC% were identi-

fied on Gga 1, 8, and 15 (Table 4). Broiler alleles tended
to be associated with higher BMC or BMC% than the
Fayoumi alleles, except for BMC% on Gga 1. One of the 6
QTL showed overdominance, and 1 showed complete
dominance. Heterozygotes had higher BMC than either
of the homozygotes. The total trait variances explained
by QTL for BMC and BMC% were 20.94 and 24.13% in
the broiler-Leghorn cross and 15.97 and 15.30% in the
broiler-Fayoumi cross, respectively (Table 5).

BMD and BMD%. For the broiler-Leghorn cross, 3
QTL for BMD were identified on Gga 4, 12, and 17, and
6 QTL for BMD% were identified on Gga 1, 2, 4, 7, 9,
and Z (Table 3). Leghorn alleles tended to be associated
with higher BMC or BMC% than the broiler alleles, ex-
cept for BMD on Gga 4 and 17 and BMD% on Gga 1.
Two of the 6 QTL showed high degrees of overdomi-
nance (Gga 4 and Z). Heterozygotes had lower BMD%
than either of the homozygotes in the 2 QTL with over-
dominance effect. For the broiler-Fayoumi cross, 2 QTL
for BMD were identified on Gga 1 and 8, and 3 QTL
were identified on Gga 1, 2, and 7. The additive effect
suggested that broiler alleles were superior to the Fay-

Table 2. The 5 and 1% chromosome-wise significance level, as deter-
mined by permutation test, for skeletal integrity traits by chromosome
in the broiler-Leghorn cross and the broiler-Fayoumi F2 cross

Broiler-Leghorn cross Broiler-Fayoumi cross

Gga 5% 1% 5% 1%

1 7.15 9.21 7.20 9.23
2 6.00 7.97 7.01 9.15
4 5.69 7.60 5.47 7.40
5 5.77 7.92 5.09 7.06
6 5.00 6.93 5.23 7.18
7 5.42 7.36 4.49 6.39
8 4.69 6.55 5.42 7.47
9 5.27 7.20 4.95 6.91
12 4.92 6.82 4.98 6.86
14 5.04 6.89 4.31 6.21
15 5.11 7.11 4.69 6.80
17 4.22 6.82 4.86 6.63
24 4.18 6.00
Z 4.84 6.72
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Table 3. The QTL significant at the 5% chromosome-wise level for skeletal integrity by chromosome in the
broiler-Leghorn cross1

Additive Dominance Variance
Gga Trait2 F-value Location effect3 SE effect4 SE (%)

1 BMC 7.96 687 0.19 0.05 −0.12 0.12 4.38
1 BMD% 10.32** 688 0.02 0.01 0.01 0.01 5.59
1 TBL% 7.92 0 −0.35 0.08 0.13 0.12 4.35
1 SHR 9.08* 0 0.17 0.04 −0.04 0.06 4.96
1 SHW 8.45 687 1.68 0.43 −0.40 0.61 4.63
1 SHL 9.85** 217 0.14 0.03 0.02 0.05 5.36
2 BMD% 6.15 397 −0.003 0.0003 0.001 0.0004 3.62
2 SHR 6.0 398 −0.002 6.40 −0.35 0.12 3.56
2 SHR% 6.06 295 0.003 0.003 0.01 0.003 3.56
2 SHW% 6.56 395 0.08 0.03 0.13 0.04 3.88
2 SHL% 7.3 398 0.007 0.01 0.04 0.01 4.30
4 BMC 11.53** 436 0.18 0.04 0.03 0.07 6.70
4 BMC% 5.71 276 0.004 0.001 −0.004 0.002 3.47
4 BMD 5.96 274 0.004 0.001 −0.002 0.002 3.74
4 BMD% 17.83*** 422 −0.001 0.0002 −0.009 0.0004 9.09
4 TBL 11.12** 440 2.85 0.69 1.78 1.23 6.48
4 TBL% 10.42** 428 −0.37 0.09 −0.21 0.14 6.10
4 SHR 31.84*** 429 0.34 0.05 0.11 0.07 16.56
4 SHR% 7.48 236 0.007 0.002 −0.004 0.002 4.47
4 SHW 33.43*** 429 3.91 0.52 1.37 0.77 17.24
4 SHW% 17.2*** 428 0.09 0.02 0.027 0.026 9.68
4 SHL 19.76*** 429 0.21 0.04 0.14 0.06 10.96
4 SHL% 10.52** 436 −0.03 0.007 −0.013 0.012 6.15
5 BMC% 7.19 209 0.014 0.0036 −0.001 0.003 4.30
5 TBL 6.86 78 2.34 0.63 −0.46 0.95 4.10
5 SHR% 6.48 173 −0.007 0.002 0.003 0.003 3.82
6 BMC 6.17 92 −0.16 0.05 −0.09 0.07 3.70
6 BMC% 6.6 96 0.007 0.002 −0.004 0.003 3.88
6 SHL 15.47*** 82 −0.23 0.05 0.03 0.06 8.79
7 BMD% 9.06** 51 −0.0009 0.0002 0 0.0003 5.41
7 TBL% 9.38** 51 −0.46 0.11 0.18 0.16 5.53
7 SHR 5.52 35 0.16 0.06 −0.23 0.09 3.33
7 SHR% 6.87 74 −0.005 0.002 −0.007 0.003 4.03
7 SHW% 7.34 220 −0.07 0.02 0.05 0.03 4.37
7 SHL% 15.65*** 53 −0.04 0.007 0.006 0.01 8.89
8 BMC 5.37 56 0.08 0.03 0.09 0.05 3.24
8 BMC% 8.35* 56 0.004 0.001 0.005 0.002 4.99
8 SHR 5.73 14 0.31 0.11 0.08 0.12 3.45
8 SHR% 9.39* 66 0.008 0.002 −0.002 0.003 5.45
8 SHW% 13.19*** 45 0.12 0.03 0.05 0.03 7.59
9 BMD% 6.24 147 −0.001 0.0003 −0.0001 0.0003 3.35
9 TBL% 5.46 155 −0.38 0.23 0.16 0.35 3.29
9 SHR% 7.75* 104 0.02 0.01 0.02 0.01 4.58
9 SHW% 7.24* 105 0.21 0.09 0.27 0.09 4.32
12 BMC% 7.15* 11 −0.009 0.003 0.004 0.002 4.30
12 BMD 5.25 7 −0.005 0.002 0.0004 0.002 3.16
14 TBL 7.39* 63 0.85 0.25 0.37 0.27 3.87
14 SHL 5.36 59 8.85 2.75 3.19 2.97 2.85
15 SHR 6.18 43 0.61 0.17 0.35 0.18 3.71
17 BMC 4.83 65 0.16 0.05 0.25 0.18 2.92
17 BMC% 5.42 71 0.007 0.002 0.01 0.009 3.19
17 BMD 8.46* 21 0.004 0.001 0.003 0.001 5.13
17 TBL% 5.32 31 −0.27 0.09 0.11 0.15 3.20
24 TBL% 4.67 29 −0.33 0.12 −0.17 0.17 2.83
24 SHR% 5.72 11 −0.006 0.006 −0.002 0.003 3.38
Z BMD% 4.98 111 −0.0002 0.002 −0.0006 0.0002 2.93

1Estimated significance levels (F-value), location, gene effects, and percentage of F2 variance explained by
each QTL.

2BMC = bone mineral content; BMD = bone mineral density; TBL = tibia length; SHL = shank length; SHW =
shank weight; SHR = shank weight:shank length.

3Additive (a) and dominance (d) QTL effects correspond to genotype values of +a, d, and −a, respectively,
for individuals having inherited 2 broiler alleles, heterozygotes, and individuals with 2 inbred alleles. Positive
additive effects indicate that broiler alleles increased the trait; negative additive effects indicate that the 2 inbred
lines alleles decreased it.

4Dominance effects are relative to the mean of the 2 homozygotes.
*Significant at 1% chromosome-wise level; **significant at 5% genome-wise level (F > 9.51); and ***significant

at 1% genome-wise level (F > 11.88).
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Table 4. The QTL significant at the 5% chromosome-wise level for skeletal integrity by chromosome in the
broiler-Fayoumi cross1

Additive Dominance Variance
Gga Trait2 F-value Location effect3 SE effect4 SE (%)

1 BMC 11.68** 439 0.12 0.03 0.05 0.04 7.07
1 BMC% 8.54 248 −0.004 0.001 −0.004 0.002 5.26
1 BMD 11.6** 479 0.008 0.002 0.002 0.003 7.02
1 BMD% 10.46** 630 −0.0007 0.0002 0.0007 0.0003 6.85
1 TBL% 12.74*** 437 −0.31 0.06 −0.03 0.06 7.67
1 SHR 16.69*** 437 0.17 0.03 −0.01 0.04 9.81
1 SHW 15.42*** 634 2.22 0.41 −0.95 0.45 9.12
1 SHL 7.52 628 0.17 0.04 −0.06 0.07 4.67
1 SHL% 13.03*** 639 −0.02 0.005 −0.002 0.0007 7.83
2 BMD% 7.61 463 −0.001 0.0003 0.0007 0.0004 5.26
2 TBL% 9.87** 82 −0.35 0.08 −0.01 0.14 6.04
2 SHL% 15.35*** 62 −0.03 0.006 −0.009 0.008 9.09
4 TBL% 6.81 226 0.22 0.17 −1.67 0.46 4.24
4 SHL% 6.07 105 −0.03 0.007 −0.006 0.01 3.81
6 TBL% 5.78 45 −0.29 0.08 −0.06 0.13 3.63
6 SHR% 6.27 47 −0.006 0.002 −0.006 0.003 3.95
7 BMC 6.28 133 0.46 0.13 0.29 0.14 3.93
7 BMD% 5.3 189 −0.0007 0.0002 0.0005 0.0004 3.21
7 TBL% 6.39 184 −0.31 0.10 0.32 0.18 4.00
7 SHL% 5.92 189 −0.02 0.007 0.03 0.01 3.72
8 BMC 8.02* 52 0.08 0.03 0.11 0.04 4.97
8 BMC% 9.43* 75 0.006 0.002 0.006 0.003 5.87
8 BMD 6.22 51 0.003 0.001 0.003 0.002 3.90
8 TBL 4.61 33 0.94 0.51 2.17 0.98 2.92
8 SHR 5.81 38 0.06 0.04 0.19 0.07 3.65
8 SHW 6.45* 38 0.64 0.41 2.29 0.75 4.04
8 SHL 5.11 43 0.03 0.04 0.17 0.06 3.22
8 SHL% 4.82 43 −0.006 0.005 −0.02 0.008 3.05
9 TBL% 5.57 121 −0.45 0.21 −0.03 0.23 3.50
9 SHR% 11.12** 51 −0.004 0.002 −0.008 0.003 6.76
9 SHW% 9.46* 51 −0.05 0.02 −0.05 0.02 5.81
11 SHR 5.1 49 0.18 0.06 0.07 0.07 3.21
14 SHR 7.04 60 0.49 0.13 0.12 0.15 4.20
14 SHW 5.74 60 5.00 1.48 0.89 1.64 3.45
15 BMC% 6.16 6 0.007 0.002 0.003 0.002 4.17
24 SHL% 6.00 40 0.002 0.006 0.02 0.01 3.76
Z SHW% 5.74 32 0.15 0.50 1.25 0.50 3.42

1Estimated significance levels (F-value), location, gene effects, and percentage of F2 variance explained by
each QTL.

2BMC = bone mineral content; BMD = bone mineral density; TBL = tibia length; SHL = shank length; SHW =
shank weight; SHR = shank weight:shank length.

3Additive (a) and dominance (d) QTL effects correspond to genotype values of +a, d, and −a, respectively,
for individuals having inherited 2 broiler alleles, heterozygotes, and individuals with 2 inbred alleles. Positive
additive effects indicate that broiler alleles increased the trait, negative additive effects indicate that the 2 inbred
lines alleles decreased it.

4Dominance effects are relative to the mean of the 2 homozygotes.
*Significant at 1% chromosome-wise level; **significant at 5% genome-wise level (F > 9.72); and ***significant

at 1% genome-wise level (F > 12.18).

oumi alleles for BMD, whereas the opposite effect was
observed for BMD%. One of 5 QTL had overdominance
effect, and heterozygotes had higher BMD% than either
of the homozygotes (Table 4). The total trait variances
explained by QTL for BMD and BMD% were 12.03 and
24.40% in the broiler-Leghorn cross and 10.92 and 15.32%
in the broiler-Fayoumi cross, respectively (Table 5).

TBL and TBL%. For the broiler-Leghorn cross, QTL
effects on TBL were detected on Gga 4, 5, and 14, and
6 QTL for TBL% were detected on Gga 1, 4, 7, 9, 17, and
24 (Table 3). For the broiler-Fayoumi cross, 1 QTL for
TBL was identified on Gga 8, and 6 QTL for TBL% were
identified on Gga 1, 2, 4, 6, 7, and 9 (Table 4). Two of
the 7 QTL showed strong overdominance, and heterozy-
gotes showed the lower TBL% at QTL on Gga 4 and

higher TBL on QTL on Gga 8 than either of the homozy-
gotes (Table 4). The additive effect suggested that the
broiler alleles were superior to the Leghorn alleles for
TBL, whereas the opposite effect was observed for TBL%
except for the QTL on Gga 4 in both F2 crosses. The total
trait variances explained by the QTL were 14.45 and
19.20% for TBL and TBL% in the broiler-Leghorn and
2.92 and 21.45% in the broiler-Fayoumi cross, respec-
tively (Table 5).

SHR and SHR%. For the broiler-Leghorn cross, QTL
affecting SHR were found on Gga 1, 2, 4, 7, 8, and 15,
and QTL for SHR% were found on Gga 2, 4, 5, 7, 8, 9,
and 24 (Table 3). The additive effect suggested that
broiler alleles were superior to the Leghorn alleles for
SHR and SHR%, except for the QTL for SHR on Gga 2
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Figure 1. The F-value curves for evidence of QTL for bone mineral content (BMC), bone mineral density (BMD), tibia length (TBL), and their
relative traits. The x-axis indicates the relative position on the linkage group. The y-axis represents the F-value. Arrows on the x-axis indicate the
positions where a marker was present. Two lines are provided for 1% chromosome-wise (—) and 1% genome-wise (- - - -) significance.

and for SHR% on Gga 5, 7, and 24. One of the 13 QTL
showed strong overdominance, and heterozygotes
showed the highest SHR% at QTL on Gga 2. For the
broiler-Fayoumi cross, QTL were identified for SHR on
Gga 1, 8, 11, and 14 and for SHR% on Gga 6 and 9 in

the broiler-Fayoumi cross (Table 4). Broiler alleles were
superior to the Fayoumi alleles for SHR, whereas the
opposite effect was observed for SHR%. One of the 6
QTL showed overdominance effect, and heterozygotes
showed higher SHR than either of homozygotes. The
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Table 5. Number of QTL significant at the 5 and 1% chromosome-wise level (CHR) and genome-wise (GEN) level, respectively, by trait in the F2
broiler-Leghorn and the broiler-Fayoumi crosses

Broiler-Leghorn cross Broiler-Fayoumi cross

Trait1 5% CHR 1% CHR 5% GEN 1% GEN Variance (%) 5% CHR 1% CHR 5% GEN 1% GEN Variance (%)

BMC 4 — 1 — 20.94 1 1 1 — 15.97
BMC% 4 2 — — 24.13 1 2 — — 15.30
BMD 2 1 — — 12.03 1 — 1 — 10.92
BMD% 3 1 1 1 24.40 2 — 1 — 15.32
TBL 1 1 1 — 14.45 1 — — — 2.92
TBL% 3 1 1 — 19.20 2 — 1 1 21.45
SHR 4 1 — 1 35.57 2 — — 1 16.67
SHR% 6 1 — — 29.29 1 — 1 — 10.71
SHW 1 — — 1 21.87 — 3 — 1 20.03
SHW% 3 — — 2 29.84 — 1 — — 5.81
SHL 1 — 1 2 27.96 2 — — — 7.89
SHL% 1 — 1 1 19.34 4 — — 2 31.26

1BMC = bone mineral content; BMD = bone mineral density; TBL = tibia length; SHL = shank length; SHW = shank weight; SHR = shank
weight:shank length.

total trait variances explained by QTL for SHR and
SHR% were 35.57 and 29.29% in the broiler-Leghorn
cross and 16.67 and 10.71% in the broiler-Fayoumi cross,
respectively (Table 5).

SHW and SHW%. The QTL effects for SHW were
detected on Gga 1 and 4 and for SHW% on Gga 2, 4, 7,
8, and 9 in the broiler-Leghorn cross (Table 3). Broiler
alleles showed associations with higher SHW and
SHW% than the Leghorn alleles, except for the QTL on
Gga 7. Four QTL were identified on Gga 1, 8, 14, and Z
for SHW and 1 for SHW% on Gga 9 in the broiler-Fay-
oumi cross (Table 4). Broiler alleles showed higher SHW
than the Fayoumi alleles, whereas broiler alleles had
lower SHW% than the Fayoumi alleles. Two of the 4
QTL showed high degrees of overdominance, and het-
erozygotes had higher SHW than either of the homozy-
gotes (Gga 8 and Z, Table 4). The total trait variances

Table 6. Positional candidate genes for skeletal integrity QTL identified in both the Leghorn and Fayoumi crosses

Gga Location Line1 Trait2 Positional candidate gene(s) Association previously reported

1 MCW11 LEG SHR Stem cell factor, bone marrow —
proteoglycan 2

1 ADL198 FAY BMC, TBL%, SHR — —
1 ADL238 LEG, FAY BMD%, SHW, SHL% Progesterone receptor, fibroblast growth Graham and Clark, 1997;

factor 8, Sox-10 Garofalo et al., 1999;
Chimal-Monroy, 2003;
Wardecka et al., 2002;
Klein et al., 2002

2 LEI117-MCW247 FAY TBL%, SHL% Calcitonin receptor
4 ADL260 LEG BMC, BMD%, TBL, Type IIb Na-Pi cotransporter, Hilfiker et al., 1998;

TBL%, SHR, SHW, bone marrow stromal antigen, Sun et al., 1999
SHW%, SHL, SHL% ADP ribosyl cyclase

6 LEI92 LEG SHL Calmodulin-dependent protein kinase II, —
calcineurin-binding protein

7 ADL279-MCW183 LEG TBL%, SHL% Bone morphogenetic protein receptor type II Nakamura et al., 2003
8 MCW147-MCW64 LEG, FAY BMC, BMC%, SHW, Target of Egr1, transforming growth Li et al., 2003; Cohen, 1997

SHR%, SHW% factor β receptor 3
9 ADL211 LEG, FAY SHR%, SHW% Angiotensin II, osteocrin Leung, 2004; Thomas et al., 2003
12 ADL240 LEG BMC% — —
14 ADL118 LEG TBL Tumor necrosis factor α —
17 MCW330 LEG BMD — —

1FAY = broiler-Fayoumi cross; LEG = broiler-Leghorn cross.
2BMC = bone mineral content; BMD = bone mineral density; TBL = tibia length; SHL = shank length; SHW = shank weight; SHR = shank

weight:shank length.

explained by the QTL for SHW and SHW% were 21.87
and 29.84% in the broiler-Leghorn cross and 20.03 and
5.81% in the broiler-Fayoumi cross, respectively (Table
5).

SHL and SHL%. Four QTL affecting SHL on Gga 1,
4, 6, and 14 and 3 QTL affecting SHL% on Gga 2, 4, and
7 were found in the broiler-Leghorn cross (Table 3). The
additive effect indicated that broiler alleles were supe-
rior to the Leghorn alleles except for the QTL on Gga 4
and 7 for SHL%. One of the 7 QTL showed overdomi-
nance, and heterozygotes had higher SHL% than either
of the homozygotes. Two QTL for SHL were identified
on Gga 1 and 8, and 6 QTL for SHL% were identified
on Gga 1, 2, 4, 7, 8, and 24 in the broiler-Fayoumi cross
(Table 4). Four of the 8 QTL showed overdominance,
and heterozygotes had larger SHL% than either of the
homozygotes on Gga 7 and 24 and for SHL on Gga 8,
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Figure 2. The F-value curves for evidence of QTL for shank length (SHL), shank weight (SHW), SHW:SHL (SHR), and their relative traits. The
x-axis indicates the relative position on the linkage group. The y-axis represents the F-value. Arrows on the x-axis indicate the positions where a
marker was present. Two lines are provided for 1% chromosome-wise (—) and 1% genome-wise (- - - -) significance.

but the opposite for SHL% on Gga 8. For SHL, broiler
alleles were superior to the Fayoumi alleles, whereas the
Fayoumi alleles were superior to the broiler alleles for

SHL%, except for the QTL on Gga 24. The total trait
variances explained by the QTL for SHL and SHL% were
27.96 and 19.34% in the broiler-Leghorn cross and 7.89
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and 31.26% in the broiler-Fayoumi cross, respectively
(Table 5).

DISCUSSION

In the present study, 12 traits related to skeletal integ-
rity were analyzed for QTL using a whole genome scan
approach in 2 related F2 resource populations. A total
of 56 QTL were detected for the 2 crosses at the 5%
chromosome-wise significance level. Of these QTL, 12
were significant at the 1% chromosome-wise level. Those
QTL with the highest significance levels will be dis-
cussed further, including positional candidate genes (Ta-
ble 6). In general, the traits measured in this study can
be grouped into 2 categories, which are bone size (TBL,
SHL, SHW, SHR) and bone mineralization (BMD and
BMC), and are not always associated with the same lo-
cus. In light of these QTL regions and recent work on
the genetics of skeletogenesis, multiple connections can
be made relating the skeletal trait QTL and positional
candidate genes with known functions in bone develop-
ment, differentiation, and maturation (Karsenty, 1998).
The skeletal system is comprised of 3 distinct cell types:
chondrocytes (found in cartilage), osteoblasts, and osteo-
clasts (found in bone). These cell types have been shown
to be regulated in developmental biology (skeletal pat-
terning), differentiation, and function by transcription
factors and specific sets of genes.

Developmental Patterning

In the embryo, limb formation is the most studied
skeletal element and also the most understood. Limbs
develop from cells derived from the somatic mesoderm
and the somatic plate (Searls and Janners, 1971). Fibro-
blast growth factor (FGF) 8 is involved in initial limb
bud formation (Crossley et al., 1996). Other FGF have
been implicated in the elongation of the limb bud by
regulating the diffusible factor sonic hedgehog (Laufer
et al., 1997). In the present studies, a QTL region was
identified on Gga 1 that contained the gene for FGF 9,
which has been shown to be involved in skeletal devel-
opment, specifically linear bone growth (Garofalo et al.,
1999). The gene Sox-10 is also found in this region of
Gga 1 and also functions to regulate chondrogenesis
during limb development of the embryo (Chimal-Mon-
roy et al., 2003). This region on Gga 1 has also been
previously associated with a QTL for egg traits and skele-
tal traits in the chicken and the syntenic region in mouse
(Klein et al., 2002; Wardecka et al., 2002).

Other than limb formation, not much else is known
concerning the complexity of skeletal architecture and
the influence of specific factors or genes, with the excep-
tion of mutations in several gene families including the
bone morphogenetic proteins and the transforming
growth factor-β proteins (TGF-β). Mutations or knock-
outs in these genes cause defects in skeletal patterning
(Hogan, 1996; Thomas et al., 1996). The QTL was de-
tected in regions where bone morphogenetic protein re-

ceptor type II and TGF-β receptor 3 are found on Gga
7 and Gga 8, respectively. The bone morphogenetic pro-
tein receptor type II functions as a TGF-β receptor and
has been previously associated with osteogenesis (Naka-
mura et al., 2003). The QTL detected on Gga 8 is associ-
ated with both bone size and mineralization traits. The
association of the TGF-β gene SNP has been previously
described for the Iowa Growth and Composition Re-
source Population (Li et al., 2003), whereas TGF-β recep-
tor 3 has been associated with bone formation and signal-
ing through the TGF-β pathway (Cohen, 1997). Many
genes related to skeletal patterning in embryo develop-
ment were identified as potential positional candidates
for QTL influencing skeletal traits in the population
studies.

Chondrocytes

Arising from the preskeletal mesenchymal cells, chon-
drocytes can be identified by their expression of type IIb
collagen; type IX, XI collagen; and matrix Gla protein.
During differentiation, the chondrocytes begin to ex-
press type X collagen. This differentiation is stimulated
by many factors including parathyroid hormone-related
peptide and Sox-9. In the growing broiler, the priority
is to elongate existing bones by endochondral growth at
the epiphyseal growth plate and mineralize them by
osteoblasts. Locally produced peptide growth factors
play important autocrine and paracrine roles in normal
growth plate physiology, including bone proteoglycan
2, which is involved in chondrocyte growth and differen-
tiation (Leach and Twal, 1994). The gene for bone proteo-
glycan 2 is located on Gga 1 within the QTL region
associated with bone size. Variation in this gene may
affect the ability of the chondrocytes to elongate existing
bone at the growth plate.

Osteoblasts

The deposition of bone matrix is performed by the
osetoblast cell. Arising from the mesenchyme in embryo
development, these cells are characterized by their ex-
pression of osteocalcin (Ducy and Karsenty, 1995) and
differentiate under the regulation of the runt transcrip-
tion factor gene family (Merriman et al., 1995). Other
factors have also been described as regulating osteo-
blasts including osteocrin, a novel, unique vitamin D-
regulated bone-specific protein (Thomas et al., 2003). The
osteocrin gene is located on Gga 9 in the region where
QTL were detected for bone size. Also in this region
of Gga 9 is angiotensin II. Angiotensin peptides have
multiple and novel actions including cell growth, anti-
proliferation, apoptosis, reactive oxygen species genera-
tion, hormonal secretion, proinflammatory and profi-
brogenic actions, as well as vasoconstriction and vasodi-
latation (Leung, 2004). Either of these genes are suitable
positional candidates for genetic variation influencing
skeletal traits at this locus.
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Osteoclasts

Bone resorption is performed by the osteoclast. These
large multinucleated cells are derived from the monocyte
lineage and rest in contact with the bone matrix. Osteo-
clast differentiation is controlled in part by osteoprote-
grin (Simonet et al., 1997) involving calmodulin-depen-
dent protein kinase II and calcineurin-binding protein
(Zhang et al., 2005). The main effects on bone turnover
(remodeling) are exerted on the osteoclasts. Progester-
one is associated with bone remodeling and maintenance
of mineralization (Graham and Clarke, 1997). The pro-
gesterone receptor gene is located on Gga 1 in the QTL
region associated with bone mineralization and length.
Tumor necrosis factor-α increases osteoclast formation
and bone resorption both directly and by augmenting
the sensitivity of maturing osteoclasts to the essential
osteoclastogenic factor receptor activator of nuclear fac-
tor κ-B (Weitzmann and Pacifici, 2005). A QTL was de-
tected on Gga 14 associated with bone size in the region
of the positional candidate gene tumor necrosis factor-α.

Suppression of osteoclast function is also important
in maintaining Ca stores. Calcitonin acts via its receptor
to strongly inhibit osteoclast function to disrupt bone
formation and resorption. The calcitonin receptor has
been the target of therapy for osteoporosis (Munoz-Tor-
res et al., 2004) and lies within the QTL region on Gga
2 associated with bone size.

Nutrition

Other factors influencing skeletal development in
poultry have been studied including management tech-
niques, bird mobility, and specialized feed additives,
but the primary research area has been in vitamin and
mineral nutrition. The importance of sufficient dietary
Ca and P is undisputed as well as the effect of vitamin
D for skeletal integrity. The mechanisms by which these
nutrients are absorbed and utilized may provide suitable
candidates for genetic influence on skeletal traits. The
type IIb Na-P cotransporter is primarily expressed in the
brush border membranes of the small intestinal epithe-
lium, where it is considered to be responsible for P up-
take in the intestine (Hilfiker et al., 1998). This gene is
located within the QTL region on Gga 4 with a F-statistic
value ranging from 10.5 to 33.4 explaining from 6.1 to
17.2% of the phenotypic variance by this locus. This
region was also identified by Schreiweis et al. (2005a) as
containing a putative QTL for bone size and mineraliza-
tion. The specific role of this gene in the genetic basis of
bone development and skeletal integrity deserves addi-
tional investigation.

In summary, QTL detected in the present study using a
whole genome scan approach has provided an excellent
framework for the fine-mapping of QTL affecting skele-
tal integrity straits. The positional genes described above
will be strong candidate genes to be further explored to
determine associations with bone traits in the chicken.
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