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Abstract

Background: The physiological adaptations that have evolved for egg laying make hens susceptible to bone frac-
tures and keel bone damage. In modern laying hen breeds, longer periods of egg laying could result in a greater risk
of poor bone quality, and selection for increased egg production has frequently been stated to be a cause. However,
the existing literature does not support this hypothesis. To test the hypothesis that egg production is associated with
quality, breaking strength and density of bone, genetic correlations between these traits were estimated in White
Leghorn and Rhode Island Red breeds. Genetic correlations of cortical and medullary bone material chemical proper-
ties with bone quality were also estimated, in order to identify methods to improve bone quality with appropriately
targeted measurement of key traits.

Results: Estimates of heritability for bone quality traits were moderate (0.19-0.59) for both White Leghorn and
Rhode Island Red breeds, except for the keel bone trait, which had a heritability estimate equal to zero. There was no
evidence for genetic or phenotypic relationships between post-peak egg production and bone quality. In the White
Leghorn breed, the estimate of the genetic correlation between pre-peak production/age at first egg and bone qual-
ity was significant and negative (— 0.7 to — 0.4). Estimates of heritability of thermogravimetric measurements of tibial
medullary bone mineralisation were significant (0.18-0.41), as were estimates of their genetic correlations with tibia
breaking strength and density (0.6-0.9).

Conclusions: The low genetic correlation of post-peak egg production with bone quality suggests that selection for
increased persistency of egg production may not adversely affect bone quality. Onset of puberty and mineralisation
of the medullary bone, which is a specialised adaptation for egg laying, were identified as important factors associ-
ated with the quality of the skeleton later during egg production. These are traits for which genetic, as well as environ-
mental and management factors can positively impact the overall quality of the skeleton of laying hens.

Background

Bone fractures are a challenge for laying hens [1], since
physiological adaptations for egg laying make them sus-
ceptible to osteoporosis [2]. There is also a welfare para-
dox in laying hens, i.e. cage-free production, which allows
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with a greater incidence of bone damage [3], often fea-
turing the keel [4]. There is also a fear that the increas-
ingly persistent laying hen, which has great benefits for
sustainability but leads to a longer period of production,
may be associated with greater risk of poor bone qual-
ity in end-of-lay hens [5]. In this context, it is frequently
stated, including by ourselves, that poor bone quality is
caused by intense selection for increased egg produc-
tion [5-8]. However, the literature on these topics does
not support this hypothesis. While the physiology of lay-
ing eggs, as opposed to not laying eggs, can be related to
potential issues of poor bone quality, it is not clear that
the phenotypic relationship between number of eggs laid
and bone quality is actually negative [9].

The answer to the question how egg production affects
bone quality seems simple, because chickens that do not
lay eggs, either because they are males or females that
have been prevented from laying eggs, have virtually no
bone problems [10, 11]. It seems likely that the absence
of oocytes and the resulting lack of female sex steroids
are the cause of this difference. Although we cannot rule
out this possibility, genetic effects of sexual dimorphism
directly through growth [12] or its underlying endocri-
nology [13] may contribute to the differences in bone
fracture susceptibility between sexes.

The large number of eggs that the modern hybrid layer
produces is an attractive explanation for its deficiencies
in bone quality, perhaps because the concept that we are
pushing animals to their biological limits is a popular one
[14]. However, several observations have led us to ques-
tion this assumption. In particular, it is evident that hens
with symptoms of poor bone quality, especially the keel,
have been observed for quite a long time. For example,
Darwin’s 1868 book on ‘The variation of animals and
plants under domestication’ [15] reports issues regarding
bone quality in poultry, especially of the keel: “This bone
is generally so much deformed that it is scarcely possi-
ble to compare its shape strictly in the several breeds. It
was also reported that up to 88% of chickens examined
had a deformed sternum and that most of these were
males [15]. Archaeological evidence for the breakage and
healing of a bone during the life of a hen in the seventh/
eighth century AD has been documented [16]. More con-
temporaneously, at the start of the application of mod-
ern genetic selection, evidence of keel bone deformities
has been reported [17]. A comparison of related lines
that had been selected more or less intensively for egg
production, provided limited evidence that the more
intensely selected lines had worse bone quality [18, 19].
In another comparison between two high egg produc-
ing breeds, the breed with the highest egg production
actually had better bone quality, as measured by keel
bone deviation [20]. However, when egg mass instead of
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egg number was considered, the more productive breed
was the breed with the poorer quality bone [20]. Finally,
Fleming et al. [21] reported that selection for bone qual-
ity was possible without reducing egg production, which
indicates that the two factors are not necessarily closely
genetically linked.

What is clear is that improving bone quality in laying
hens, especially the keel, is an important welfare breeding
goal [22, 23]. To tackle this objective effectively, it is nec-
essary to understand what factors influence bone qual-
ity. In this study, our first aim was to estimate the genetic
correlation between egg production and bone quality.
Our second objective was to determine which, if any,
measurements of the chemical constituents of bone cor-
relate genetically with the mechanical or density proper-
ties of avian bone.

Methods

Animals

White Leghorn breed

The White leghorn (WL) chickens were from two (WLa
and WLb) later generations of the line that was inves-
tigated in previous studies on bone quality [24, 25] and
that is used to produce LSL hybrid layers (Lohmann
Tierzucht GmbH). WLa chickens (n=933) were from
the same population as used in our previous GWAS
study [26] and bone samples were collected between 62
and 64 weeks of age from three hatches. WLb chickens
(n=930) have not been studied before and samples were
collected at 53 weeks of age from two hatches. This is an
earlier age than used in previous studies due to restric-
tions on housing. Hens were housed with a companion
hen in cages that were equipped with a perch. Egg col-
our allowed individual egg recording. Although the WLa
hens were older and had less information than the WLb
hens, their data were used to confirm results from the
more contemporary WLb hens.

Rhode Island Red breed

The Rhode Island Red (RIR) chickens (n=925) were
from a later generation of the line that was investigated
in previous studies on egg quality [27, 28] and that is used
to produce Lohmann Brown commercial layers (Lohm-
ann Tierzucht GmbH, Germany). Samples were collected
at 68 weeks of age from three hatches. Hens were housed
with a companion hen in cages that were equipped
with a perch. Again, egg colour allowed individual egg
recording.

Bones sampled

In this study, we examined the humerus and tibia, which
are both part of the appendicular skeleton, and the keel
or sternum, which is part of the axial skeleton. The
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humerus and tibia have more or less load bearing roles
with a cortical structure and, in mature female animals,
they have varying amounts of medullary bone in the cen-
tral cavity. The keel, at least in flying or swimming birds,
has load applied from the action of the pectoral muscles
which are attached to the keel structure and are neces-
sary for wing flapping. The keel also contains some med-
ullary bone which can be found between the lateral plates
that form the structure in birds.

Body mass and egg production recording

Body mass was recorded at 26, 53 (cull age), and 68 weeks
of age for WLa, WLb, and RIR hens, respectively. For
WLb and RIR, early egg number, which is defined as the
number of eggs produced in the first two recording peri-
ods, was analysed separately. Early egg number is related
to age at first egg (AFE) because hens that have an earlier
AFE have a larger egg number in that period. Egg num-
ber in the remaining period represented post-peak pro-
duction and is referred to as egg number. For both lines,
egg recording started at 19 weeks of age and therefore
the first two periods represent the 19-26 weeks ages.
Egg mass is the average mass of eggs collected at 26 and
38 weeks of age for WLb and 26, 36 and 48 weeks of age
for RIR. Egg breaking strength is an average value of two
eggs at 45 weeks of age for WLb and RIR.

Although body mass has a role on bone quality param-
eters, we did not correct or fit body mass in the analy-
ses presented here. We believe that it is easier to detect
relevant interactions between traits if the data are not
adjusted. However, the effect of fitting body mass for the
key effects on bone breaking strength was included in the
results.

Bone material measurements

Breaking strength

The biomechanical properties of the tibia and humerus
bones were evaluated by breaking strength, which was
determined by a three-point bending test using a materi-
als testing machine (JJ Lloyd LRX50, Sussex, UK), as pre-
viously described [29]. Data were available for both bones
of WLb and RIR hens but only for the tibia of WLa hens.

Radiographic denity

Radiographic density data were available for the WLb
and RIR hens. Whole tibia, humeri, and sterna (keel
bones) were radiographed in a Faxitron 43855D soft
X ray apparatus fitted with an NTB EZ240 digital x-ray
scanner (NTB GmbH, Germany). Voltage of exposure
was adjusted for each bone type and age of bird. For cali-
bration purposes, each exposure included a 16-step alu-
minium step wedge, with 0.25 mm increments. Images
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were acquired using the IX-Pect acquisition and imaging
software supplied with the scanner.

The radiographic density of the bones was determined
using the software package Image] 1.32 (http://rsb.info.
nih.gov/ij/). Each bone was automatically delineated
from the background and the mean radiographic density
(pre-calibrated in mm of aluminium equivalent) of the
whole bone was measured. The proportion of medullary
and cortical bone type was calculated directly from the
X-ray by delineation [30].

Bone mineral chemistry and structure

The chemical composition, bone mineral crystallinity,
and organization of (cortical and medullary) bone tissue
from the mid shaft tibia were measured on WLb and RIR
hens using infrared (IR) spectroscopy, thermogravimetry
(TGA), and X-ray diffraction (XRD), as described previ-
ously [31, 32].

IR spectra of cortical and medullary bone samples pro-
vided the following compositional parameters that are
based on major absorption peaks: (1) the PO,/Amidel
ratio, which measures the degree of mineralization in
bone; bone mineral is made of carbonate apatite (cal-
cium phosphate) and the main peak at 900-1200 cm™*
for PO, was used to quantify the amount of mineral in
the bone; the bone organic matrix is made of collagen
and non-collagen proteins and the main peak of pro-
teins at 1640 cm™! for Amide I was used to quantify the
amount of organic matrix in the bone; (2) the CO41415/
Amidel ratio, which estimates the amount of carbon-
ate (a mineral component) relative to the organic matrix
component in bone; the main IR band at 1415 cm™! for
carbonate was used to quantify the amount of carbon-
ate; different amounts of carbonate substitution in the
apatite result in altered properties of the bone mineral
(dissolution); (3) MinCO41415, which measures the total
amount of carbonate in bone mineral and is calculated as
the ratio of the main carbonate band at 1415 cm™! to the
main phosphate band at 900-1200 cm™; this measure-
ment is indicative of bone mineral maturation and bone
remodeling rate (decreases with bone mineral matura-
tion and bone tissue age); and (4) MinCO4870, which
is the amount of carbonate substituted in the mineral
and was calculated as the ratio of the carbonate band at
870 cm™! to the main phosphate band at 900-1200 cm™%;
this measurement is also indicative of bone mineral
maturation.

Thermogravimetric analysis was used to estimate the
percentages of water, organic matter, mineral (phos-
phate + carbonate) in cortical and medullary bone sam-
ples. Powdered bones were treated at 200, 600, and
800 °C in a RWF 1100 furnace (Carbolite, UK) for 1 h
and weighed to determine the weight fraction (0-100)
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of water (H,0%), organic matrix (Organic%), and min-
eral (Mineral%). The amount of carbonate (CO3%) in the
mineral part is determined as the weight loss in the 600—
800 °C range, the remaining weight at 800 °C is phosphate
(PO,%) in the mineral. Note that although bone mineral
is composed of carbonate apatite, Ca;(PO,);(CO;), the
calcium phosphate part is referred to as PO, and car-
bonate as CO; for consistency with IR spectroscopy
nomenclature. From these measurements, the degree of
mineralization (PO,/Organic) and the relative content of
carbonate in the mineral (CO3/Mineral) were calculated,
which are comparable to similar measurements by IR
spectrometry (PO,/Amidel and MinCO;1415).

Bone mineral crystallinity and organization (crystal
orientation) were quantified from the following XRD
parameters: (1) FWHM_002 (deg), which is the width
of the 002 apatite peak (FWHM) and represents an esti-
mate of the length of apatite crystals, which decreases
with bone mineral crystallinity; (2) FWHM_310 (deg),
which is the width of the 310 apatite peak (FWHM)
and represents an estimate of the width of apatite crys-
tals, which also decreases with bone mineral crystallin-
ity; (3) AS_002, which represents the angular scattering
of apatite crystals within bone mineral; and (4) oriented
fraction, which represents the relative amount of apatite
crystals that are preferentially oriented in the mineral.
Note that the latter two parameters were calculated only
for cortical bone since the mineral is randomly oriented
in medullary bone.

Statistical methods

Analyses were carried out by using mixed linear models
in the ASReml 4 software (VSN International). A bivari-
ate model with the following terms was fitted for each
breed:

BRI

SFAIMEN!

where y; and y; are column vectors of two traits (where
subscripts 1 and 2 are taken from the traits described in
the sections ‘Bone material properties’ and ‘Production
traits’); 11 and po are their respective means, with 1 a
column vector of 1s; §; and B, are additional fixed effects
for hatches, with X; and X their respective design matri-
ces; u; and uy are vectors of animal breeding values for
the traits, with Z; and Z, their respective design matrices;
and e; and e are vectors of residual errors. In addition to
the mean of the trait, the fixed effects were 2 degrees of
freedom (df) per trait for line WLa, 1 df per trait for line
WLDb, and 3 df per trait for RIR. Breeding values (u}—, u;r )T
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were assumed distributed as MVN (0, A ® U), where A
is the numerator relationship matrix generated from the
pedigree (the depth of the pedigree was 2 generations for
all lines), and U is a 2 x 2 matrix of genetic (co)variances;
for a t trait model, U was ¢ x t. For elements of U, the
genetic variance for trait i is denoted G%'i and the covari-
ance between traits i and j is ra jjoa oA j, Where ry j is the
additive genetic correlation between the traits. Residuals
(T, el)" were assumed distributed as MVN (0,1® V),
where I is the identity matrix and V is a 2 x 2 matrix (or
t x t for t traits). For elements of V, the residual vari-
ance for trait i is denoted cﬁ,i and the covariance between
traits i and j is rg jjoE,i0 , where rg j is the environmental
correlation between traits. For trait i, the phenotypic vari-
ance was calculated as 012),1 = ci,i + 0%,1 and heritability
was calculated as i} = 03 /03 ;.

Results

Bone quality and production traits

Summary statistics

The ‘early egg’ production data (Table 1) demonstrate
that egg production was just below 50% for the first two
4-week periods. At the start of the recording period none
of the hens were laying eggs but by the end of the period
all hens were laying eggs. Flock production reached 50%
in the middle of the 8-week period.

On average, the RIR hens were heavier than the WLa
and WLb hens (Table 1), which may explain in part their
higher tibia breaking strength due to increased loading.
However, this was not the case for the humerus breaking
strength (Table 1).

Genetic parameters

For the WLa hens, a limited amount of data was available
(see Table 1). The heritability estimates for tibia break-
ing strength and total egg production were 0.69+0.08
and 0.23+0.07, respectively, and there was no significant
genetic correlation between these two traits (0.02 £+ 0.16).

For the WLb and RIR populations, more data were
available (Table 2). Heritability estimates for tibia and
humerus bone quality traits ranged from 0.19+0.07 to
0.48+£0.08 for WLb and from 0.36+0.08 to 0.59+0.09
for RIR (Table 2). In general, heritability estimates were
higher for tibia measurements than for humerus meas-
urements, but not exclusively. The heritability estimate
for keel bone density was near zero. The heritability esti-
mate was higher for early egg production than for late
egg production, which occurred post-peak, but both
were significantly higher than zero (Table 2).

Estimates of genetic correlations between late egg num-
ber and bone quality were not significantly different from
zero (Table 2); in some cases, the values were quite high
but with large standard errors. The sign of the correlation
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Table 1 Summary statistics for egg production, body
mass, and bone traits for the White leghorn a and b hens
at 63 and 53 weeks of age, respectively, and Rhode Island
Red hens at 68 weeks of age

Trait Number Mean + sem
of individuals

White Leghorn population a
Cull'body mass (g) 933 162045
Tibia breaking strain (N) 933 2079+£16
Total egg number 933 240.8+04

White Leghorn population b
Cull' body mass (g) 969 164544
Early egg number 972 24334020
Late egg number 972 151.8+02
Average egg mass (g) 972 58.5+0.1
Egg breaking strain 45 weeks (N) 972 425+02
Humerus breaking strain (N) 958 1781+£1.0
Humerus density (mm Al equivalent) 955 1.092+0.003
Keel density (mm Al equivalent) 958 0.623+£0.003
Tibia breaking strain (N) 969 2156£13
Tibia density (mm Al equivalent) 970 2.056+0.005

Rhode Island Red population
Cull'body mass (g) 918 1907 +6
Early egg number 925 299403
Average egg mass (g) 972 63.3£0.1
Egg breaking strain 45 weeks (N) 972 542403
Late egg number 925 24514043
Humerus breaking strain (N) 885 160.8+1.7
Humerus density (mm Al equivalent) 886 1.504+0.01
Keel density (mm Al equivalent) 884 0.829+0.003
Tibia breaking strain (N) 916 2304+18
Tibia density (mm Al equivalent) 916 2.370£0.009

estimates was predominately positive for WLb hens and
negative for RIR hens (Table 2). For example, the esti-
mates of the genetic correlation between late egg pro-
duction and tibia bone density were 0.244+0.21 and
— 0.05£0.22 for WL and RIR, respectively. However, for
WLb, the estimates of the genetic correlation between
bone quality traits and early egg number were signifi-
cantly negative, e.g. for tibia density and tibia breaking
strength — 0.60£0.13 and — 0.73 +0.15, respectively. No
similar relationship with early egg production was found
for RIR hens being 0.25+0.25 and 0.24+0.21, for tibia
density and tibia breaking strength, respectively (Table 2).

Estimates of genetic correlations were also negative
between early egg number and body mass in the WLb
hens (— 0.6440.13). In the WLb hens, body mass at
cull also had a significant positive genetic correlation
estimate with several bone quality traits and egg mass,
as expected, and a negative genetic correlation estimate
with egg breaking strength at 45 weeks of age (Table 2).
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Except for the correlation of cull body mass with early
egg production and egg mass, correlation estimates were
similar in the RIR population (Table 2). In the WLb pop-
ulation, number of eggs laid in the early period and num-
ber of eggs laid post-peak, were genetically negatively
correlated, which was not found in the RIR population
where it was positive with a large error.

In terms of the environmental correlations, significant
positive correlations between bone quality traits were
observed in both the WLb and RIR populations, par-
ticularly for different traits on a given bone type, and a
positive correlation of cull mass with tibia bone quality
traits was found (Table 2). We did not account for body
mass in the analysis presented (Table 2). Including cull
mass in the model for tibia breaking strength did not
alter the estimate of heritability, but the estimate of the
genetic correlation between tibia breaking strength resid-
ual and early egg in WLb changed from — 0.73+0.15 to
— 0.49+£0.16 and remained significantly different from
zZero.

Estimates of phenotypic correlations between differ-
ent bone quality traits and between bone quality traits
and cull mass were positive and significantly different
from zero (Table 3). Estimates of phenotypic correlations
between bone quality and early egg production were
largely significant and negative in the WLb line but not
significant in the RIR line (Table 3).

Bone material chemical properties

Summary statistics

We did not perform statistical comparisons for mineral
composition of the medullary and cortical components of
the mid shaft tibia (Table 4) between breeds or between
bone type data because of differences in bird age between
the breeds and sampling periods. That said, there were
clear differences between medullary and cortical bone
types, with a greater mineral content in the cortical bone,
as reflected by the PO,/organic ratio (Table 4). There was
also a putative breed difference for carbonate content,
which was higher in WLa than in RIR hens, as reflected
by the COgs/mineral ratio values (Table 4). We also
observed putative breed differences in the mineral organ-
ization and crystallinity, with cortical bone mineral hav-
ing greater crystallinity (smaller FWHM 002) and crystal
orientation (smaller AS_002) for WLb than for RIR hens.

Genetic parameters

Only five of the 26 material chemical characteristics of
the tibia cortical and medullary bone had significant her-
itability estimates and showed significant genetic correla-
tion estimates with the mechanical or density properties
of the tibia in the WLb and RIR populations (Table 5).
Note that the thermogravimetry provided more reliable
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Table 4 Summary statistics for bone material properties collected using infrared spectroscopy, thermogravimetry,
and X-ray diffraction on tibia cortical and medullary bone for the White Leghorn b and Rhode Island Red populations

Traits n Mean £ sem n

Cortical bone Cortical bone

Mean £ sem n

Mean £ sem n Mean £ sem

Medullary bone Medullary bone

White Leghorn Rhode Island Red White Leghorn Rhode Island Red
Infrared spectroscopy measurements
PO,/Amidel 956 3.31640.009 920 423240019 961 1.193+£0.012 910 1.287+£0.017
CO; 1415/Amidel 956 0.951£0.001 919 1.088+£0.002 962 0406 £0.002 915 0426+ 0.004
MinCO; 1415 958 0.288£0.001 922 0.260+£0.001 948 0.356£0.002 920 0.353£0.004
MinCO, 870 958 0.02524+0.0001 920 0.027840.0001 948 0.0464 £ 0.0007 914 0.0617£0.0015
Thermogravimetric measurements
H,0% 960 11.01£0.04 914 9.57+0.03 941 8.67+0.05 782 8.10£0.05
Organic% 930 23.75+0.03 916 24.51£0.05 962 54.64+0.26 799 57.77+£039
Mineral% 956 65.24£0.04 915 65.88+£0.05 959 36.524+0.24 790 34.0140.3836
PO,% 955 61.81.4+0.04 910 62.67£0.05 962 33.68+0.23 792 31.53+0.36
CO5% 958 831+£0.05 902 3.18+0.02 941 12.59+£0.02 780 246+0.03
PO,/Organic 953 2.607+0.004 910 2.566£0.007 961 0.647 £0.007 786 0.596£0.011
COy/Mineral 956 342+0.02 901 7.61£0.04 946 2.80+0.03 769 11.92+£0.14
X-ray diffraction measurements
FWHM_002 (deg) 954 0.435+£0.001 596 0.590+0.002
FWHM_310 (deg) 955 0.856 £ 0.002 827 1.024£0.003
AS_002 955 453+0.1 885 51.0+£02
Oriented fraction 952 0.896+0.004 890 0.514£0.004

Note only cortical bone was measured for X-ray diffraction

sem standard error of the mean

and quantitative estimates of bone mineral composition
than IR spectroscopy in Table 5, for which heritability
estimates were not significant.

In both lines, the preponderance of material chemical
factors that showed significant genetic correlations with
tibia breaking strength and density concerned the medul-
lary bone and not the cortical bone. In particular, these
parameters were related to the amount of mineral in the
marrow where the medullary bone is located (i.e., PO,/
Amidel or PO,/Organic) and to bone mineral composi-
tion (i.e., Mineral%, Organic%, CO5/Mineral) determined
by thermogravimetry (Table 5). It should be noted that a
number of the IR spectroscopy measurements that relate
to mineral content and composition (PO,/Amidel and
CO41415/Amidel) had heritability estimates that were
not significant but they did show moderate genetic cor-
relation estimates with bone strength and density, in line
with results for the thermogravimetric measurements
(Table 5). The heritability estimates for the thermogravi-
metric measurements were moderate and ranged from
0.38+0.09 to 0.41+0.09 in the RIR and from 0.14£0.06
to 0.21+0.07 in the WLb hens (Table 5). These meas-
ures included Mineral%, PO,%, Organic%, PO,/Organic.
In the RIR hens, these thermogravimetry measurements
had high genetic correlation estimates with tibia breaking

strength (ranging from 0.62+0.11 to 0.68+0.10) and
with tibia bone density (ranging from 0.69+0.18 to
0.90 £ 0.06), while in WLb hens, estimates ranged from
0.59£0.18 to 0.65+0.22 with tibia breaking strength and
from 0.80£0.10 to 0.86+£0.12 with tibia bone density
(Table 5).

Regarding genetic correlations with production param-
eters such as egg and body mass, and breaking strength,
PO,/Amidel and CO;1415/Amidel had significant
negative genetic correlation estimates with egg mass in
the RIR population (— 0.594+0.28 and — 0.524+0.21,
respectively). Although not significant, because of large
standard errors, high genetic correlations were esti-
mated between PO,/Organic and late egg production for
both the RIR and the WLb populations (0.62+0.43 and
0.81+0.44, respectively).

Discussion

Our previous results and those presented here show that
the potential exists to improve bone quality by selection,
since moderate heritability values were found, assuming
that a simpler phenotype that does not involve killing
hens can be developed for this purpose [24, 26, 33]. The
measurements of bone quality used in this study relate
to fractures and bone damage, which are traits that the
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Table 5 Estimates (+SE) of heritability of tibial medullary bone material traits from thermogravimetry and infrared
spectroscopy and of genetic correlations with tibia breaking strength and tibia density

Trait in White Leghorn Trait h? Genetic correlation with tibia Genetic correlation with tibia
breaking strain (h2=0.27+0.07)  density (h>=0.45+0.08)

PO,/Amidel 0.07 £0.05 0.66+0.25 0.164+0.28

CO51415/Amidel 0.06£0.05 064+£034 0.98+0.30

Organic% 0.14+0.06 —0.65+0.22 —0.86+0.12

Mineral% 0.18+0.07 0.61+0.18 0.83+0.10

PO,% 0.21+0.07 0.59+0.18 0.80+0.10

PO,/Organic 0.19+0.06 0.59+0.19 0.85+0.10

CO4/Mineral 0.04+0.04 030£041 0.61£040

Trait in Rhode Island Red Trait h? Genetic correlation with tibia Genetic correlation with tibia
breaking strain (h2=0.53+0.08)  density (h*=0.58+0.09)

PO,/Amidel 0.09+£0.05 0.68+0.21 0.68+0.22

CO51415/Amidel 0.09+0.05 0.87+0.21 0.77+0.20

Organic% 0.41+0.09 —0.6210.11 —0.84+0.07

Mineral % 0.41+0.09 0.62+0.11 0.85+0.07

PO,% 0.39+0.09 0.63+0.11 0.86+0.07

PO,/Organic 0.38+0.09 0.68+0.10 0.90+0.06

CO5/Mineral 0.12+0.06 0.65+0.20 0.69+0.18

Only traits with significant correlations are shown. Data in bold are considered significant. Trait key; (infrared spectroscopy) PO,/Amidel, relative amount of mineral to
organic matrix in tibia medullary bone; CO;1415/Amidel, Total amount of carbonate relative to organic matrix in tibia medullary bone; (thermogravimetry) Mineral%,
mineral content in tibia medullary bone; Organic%, organic matter content in tibia medullary bone; PO,%, the phosphate content in tibia medullary bone; PO,/
Organic, the relative phosphate/organic matrix content in tibia medullary bone (thermogravimetry); CO5/Mineral, the carbonate to mineral ratio in medullary bone.

industry aims at improving [33]. We found no evidence
for a relationship between post-peak egg production
and bone quality, either genetic or phenotypic. However,
in line WLDb, there was a convincing effect of age at first
egg on bone quality. Genetic correlations were also nega-
tive between early egg number and cull body mass in the
WLb line, which likely reflects the interaction between
bone quality and puberty, as puberty onset affects mature
body mass [34, 35]. Although the data available for the
WLa hens were less detailed, we found no evidence of
a genetic correlation between total egg production and
tibia breaking strength in this line.

Our results corroborate those reported in [36], where
high-producing lines similar to those used here were
compared with lines of hens with a similar genetic back-
ground but lower egg production. They identified a very
weak phenotypic correlation between laying perfor-
mance and bone quality. However, a number of factors
other than egg and shell production were found to dif-
fer between the lines in addition to body mass, including
AFE, because the more strongly selected lines had started
to lay around three-weeks earlier [35]. Overall, as in our
study, the authors concluded, that there was limited evi-
dence for a phenotypic association between egg produc-
tivity and bone stability traits within the investigated
lines [35].

Age at first egg and bone quality
Age at first egg in poultry is an indication of puberty and,
as reported in [37], has a clear genetic determination,
which is confirmed by our results for ‘early egg’ number,
which is a proxy for age at first egg, bearing in mind that
the sign of any correlation is reversed. Age at first egg
can be affected by many factors and is often correlated
and shares overlapping quantitative trait loci with growth
and body mass [35, 38, 39]. If the transition to the physi-
ology associated with egg laying occurs earlier in a hen,
several consequences related to that are expected. These
include the changes in bone formation, especially the
shift to medullary bone formation driven by the require-
ments for egg shell formation. It is plausible that this
might prevent or delay full ossification, especially in the
keel, where ossification occurs relatively late [40].
Altering photoperiod and diet during rearing can
affect age at first egg [41] but there is conflicting evi-
dence from the literature that this has an effect on bone
quality. In a study, in which a 4-day delay in age at first
egg was achieved by delaying photostimulation, positive
effects on the density and area of medullary and corti-
cal bone in the radius and humerus were observed but
bone-breaking strength was not affected [42]. An inde-
pendent experiment concluded ‘that pullet lighting regi-
men had little effect on bone mineralization at end of
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lay’ [43]. Unfortunately, it was not possible to determine
whether a difference in age at first egg was achieved in
that experiment.

When age at first egg was monitored in an aviary, keel
bone fractures, evaluated by palpation, were relatively
frequent and were significantly associated with age at
first egg, but not with total egg production [44]. This is
similar to our results on the WL population. In contrast,
another study that investigated bone quality at 70 weeks
of age with a wide range of variables, including photoper-
iodic manipulation that resulted in a 4-day delay in age at
first egg, bone quality was better in the earlier maturing
hens [45]. No effect of age at first egg on bone breakage at
82 weeks of age was observed [46]. However, it should be
noted that the hens were kept in battery cages in the lat-
ter two studies, where the probability of breakage is lower
[3].

When 13 traditional and 12 commercial breeds were
compared for bone quality measured at 55 weeks of
age, the traditional breeds had considerably better bone
quality and a much later onset of sexual maturity by on
average 4 weeks [47]. It was suggested that “..the prob-
lems of bone breakage occur in commercial selected lay-
ers because they come into lay earlier and continue at
higher rates of lay for an extended period of time”. This
potentially provides support for both age at first egg and
egg production as factors associated with bone quality,
although many of the traditional breeds were consider-
ably heavier than the commercial breeds [47]. However,
a similar comparison between several laying and broiler
breeds concluded that ‘intensive genetic selection for
high rates of egg laying has not changed bone size, shape
or quality’ [48].

There was no evidence of non-zero genetic correlations
of eggshell quality and bone traits with other production
traits, except for the significant association between keel
bone density and egg breaking strength in the RIR. This
suggests that the keel might, in some way, be preferen-
tially used as a depot for calcium for egg shell formation,
but one needs to be cautious given the unreliability of the
estimate in one line and the absence of significant genetic
correlations between egg quality and other bone quality
measurements.

Physico-chemical traits and medullary bone

A second component of this study was to examine the
physico-chemical aspects of the cortical and medullary
tibia bone and how they relate at the genetic level with
the mechanical and density traits for the same bones.
Although these data were not collected to demonstrate
differences between lines or indeed between medul-
lary and cortical bone types, there are clear differences
between the bone types and possibly between lines in IR
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spectrometry measurements related to mineralisation
(PO,/Amidel). Similar differences have been observed
previously and this confirms that the medullary bone is
a relatively labile immature bone type [32]. The observed
differences between lines for carbonate content and crys-
tal organisation suggest that the cortical bone mineral is
less mature in the RIR hens, which is possibly related to
greater remodelling due to the load from their heavier
body mass compared to the WL lines [31]. Estimates of
heritability were not significant for traits derived from
IR spectrometry or X-ray diffraction of cortical bone.
IR spectrometry and X-ray diffraction are methods that
have been used previously and can detect differences in
bone chemistry and structure related to different levels
of exercise but not to genetic differences in mechanical
properties of laying hen bones [31]. This latter observa-
tion agrees with the absence of a genetic component for
the variation observed in this study. The exception was
the thermogravimetric measurement of tibial medul-
lary bone, which had a significant heritability and was
genetically correlated with the different measurements of
bone mineralisation. This suggest that better mineralised
medullary bone in the tibia correlates with better bone
quality. Estimates of genetic correlations between bone
quality and medullary bone mineralisation were quite
high, especially when one bears in mind that most of the
strength of the bone is expected to come from the cor-
tex and not the medullary bone [49]. Although in the case
of bone density derived by using X-ray analysis, medul-
lary bone will clearly contribute to the total bone den-
sity. In the case of the humerus where the contribution
of medullary bone to strength has been studied, there
was a positive effect on mechanical properties [50]. This
agrees with other results showing the important con-
tribution that medullary bone has on bone mechanical
properties [29, 31, 51]. Regardless of the reason for the
effect, having a well-mineralised medullary bone is likely
an important genetic factor in determining the quality of
the skeleton towards the later stages of egg production.
Heritability was estimated in one study and it was found
to be relatively low (0.13) [33], perhaps suggesting that a
better phenotype is needed to estimate its quality. While
it is possible that the contribution of the medullary bone
to the strength and quality of a bone is direct, it is also
possible that well mineralised medullary bone protects
the cortical bone indirectly against resorption by ensur-
ing an adequate supply of calcium during eggshell for-
mation cycle, thus preventing osteoclast breakdown of
the cortical bone. Interestingly, we found a high positive,
albeit non-significant, genetic correlation between late
egg production and mineralisation of the medullary bone
in both lines, which suggests that mineralisation of the
medullary bone was higher in hens laying more eggs over
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the main part of lay, although this clearly needs confir-
mation. The only significant genetic correlations between
material properties and production traits were those of
PO,/Amidel and CO41415/Amidel with egg mass in the
RIR population. However, these material property traits
had low heritability estimates. The genetic correlation
estimates were negative, which indicates that lower min-
eralisation in the medullary bone may be associated with
larger eggs.

How can bone quality in laying hens be improved in light
of these studies?

The methods that we described here to assess bone
quality require post-mortem analysis and are relatively
time-consuming for use in genetic selection. Studies
to find suitable methods for measuring bone quality
on live animals on a sufficiently large scale are ongoing
and simple methods such as keel bone palpation may
be useful in this regard [23]. Methods that have been
tested in other studies [52] may be worth revisiting,
as technology has improved. It may also be feasible to
adapt some of the new methods to estimate medullary
bone mineralization based on X-ray, which could be a
potential goal for selection and for management strate-
gies, alongside keeping attention on age at first egg in
breeding programmes. These strategies, combined with
management, improved housing, and optimal nutrition
have the potential to improve bone quality and welfare

[9].

Conclusions

This study has provided some clear priorities in terms
of managing laying hens and targeting research for the
future. First, puberty onset (age at first egg) should be
examined closely and care should be taken to ensure
that adequate bone development occurs before the
hens enter lay. Manipulation of puberty onset may offer
scope to improve overall bone health in layers. Sec-
ond, it appears that having a well-mineralised medul-
lary bone is important in protecting the overall quality
of the skeleton of laying hens. The development and
maintenance of adequate medullary bone and poten-
tially the genetic factors that promote its deposition,
may confer important advantages when it comes to
improving bone quality. Lastly, assuming selection is
practiced carefully and methods are available, improv-
ing bone quality should not necessarily result in lower
egg production or egg quality. This agrees with previous
results, where selection for improved bone quality did
not result in poorer egg production. It also suggests that
the move towards longer laying periods will not neces-
sarily adversely affect bone quality, but this will need to
be carefully monitored.

Page 12 of 13

Authors’ contributions

ICD, DJDK, ARN, MS sought the funding; ICD, PWW, HMcC, RF, MS and BA
obtained the samples, data and prepared the data; ARN, CB, NDG, ESR devised,
measured and interpreted the material chemical properties. ICD analyzed the
results; ICD and ARN wrote the paper with assistance from the other authors.
All authors read and approved the final manuscript.

Funding

The work was funded by an ERANET grant to ICD (BBSRC BB/M028291/1) DJDK
(Svenska Forskningsradet Formas, 2014-01840) and ARN (Instituto Nacional de
Investigacion y Tecnologia Agraria y Alimentaria, 291815). We acknowledge
additional support through the COST Action CA15224 Keel Bone Damage.
The Roslin Institute is funded by a BBSRC Institute strategic program Grant BB/
P013759/1.

Availability of data and materials

The datasets analyzed during the current study containing pedigree informa-
tion are not publicly available due to commercial sensitivity. The data has
been archived with the following doi; https://doi.org/10.7488/6f5c32dc-da11-
477a-9ded-6f31fb10821e.

Ethics approval and consent to participate
No experiments were carried out on living animals and all studies were
approved by the Animal Welfare & Ethical Review Body at the Roslin Institute.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests with the exception
of BA, and MS who are employees of Lohmann Breeding.

Author details

! The Roslin Institute, University of Edinburgh, EH25 9RG Edinburgh, Scotland,
UK. ? Swedish University of Agricultural Sciences, 75651 Uppsala, Sweden.

? Departamento de Mineralogia Y Petrologia, Universidad de Granada,

18002 Granada, Spain. 4Lohmann Breeding, 7454 Cuxhaven, Germany.

Received: 16 July 2020 Accepted: 13 January 2021
Published online: 04 February 2021

References

1. Farm Animal Welfare Council. Opinion on osteoporosis and bone frac-
tures in laying hens. London: Farm Animal Welfare Council; 2010.

2. Whitehead CC. Skeletal disorders in laying hens: the problem of osteo-

porosis and bone fractures. In Perry G, editor. Welfare of the laying hen.

2004, pp. 259-78.

Sandilands V. The laying hen and bone fractures. Vet Rec. 2011;169:411-2.

4. Rorvang MV, Hinrichsen LK, Riber AB. Welfare of layers housed in small
furnished cages on Danish commercial farms: the condition of keel
bone, feet, plumage and skin. Br Poult Sci. 2019;60:1-7.

5. Bain MM, Nys Y, Dunn IC. Increasing persistency in lay and stabilising
egg quality in longer laying cycles. What are the challenges? Br Poult
Sci. 2016;57:330-8.

6. Budgell KL, Silversides FG. Bone breakage in three strains of end-of-lay
hens. Can J Anim Sci. 2004;84:745-7.

7. Whitehead CC, Fleming RH. Osteoporosis in cage layers. Poult Sci.
2000;79:1033-41.

8. RSPCA. Do layer hens suffer from bone problems? 2019. https://
kb.rspca.org.au/knowledge-base/do-layer-hens-suffer-from-bone-
problems/ Accessed 02 March 2020.

9. Toscano MJ, Dunn IC, Christensen J-P, Petow S, Kittelsen K, Ulrich
R. Explanations for keel bone fractures in laying hens: are there
explanations in addition to elevated egg production? Poult Sci.
2020;99:4183-94.

w


https://doi.org/10.7488/6f5c32dc-da11-477a-9ded-6f31fb10821e
https://doi.org/10.7488/6f5c32dc-da11-477a-9ded-6f31fb10821e
https://kb.rspca.org.au/knowledge-base/do-layer-hens-suffer-from-bone-problems/
https://kb.rspca.org.au/knowledge-base/do-layer-hens-suffer-from-bone-problems/
https://kb.rspca.org.au/knowledge-base/do-layer-hens-suffer-from-bone-problems/

Dunn et al. Genet Sel Evol (2021) 53:11

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Fleming RH, McCormack HA, McTeir L, Whitehead CC. Incidence,

pathology and prevention of keel bone deformities in the laying hen.
Br Poult Sci. 2004;45:320-30.

. Eusemann BK, Sharifi AR, Patt A, Reinhard AK, Schrader L, Thone-

Reineke C, et al. Influence of a sustained release deslorelin acetate
implant on reproductive physiology and associated traits in laying
hens. Front Physiol. 2018;9:1846.

. Maniatis G, Demiris N, Kranis A, Banos G, Kominakis A. Genetic analysis

of sexual dimorphism of body weight in broilers. J Appl Genet.
2013;54:61-70.

. Caughey SD, Wilson PW, Mukhtar N, Brocklehurst S, Reid A, D'Eath RB,

et al. Sex differences in basal hypothalamic anorectic and orexigenic
gene expression and the effect of quantitative and qualitative food
restriction. Biol Sex Differ. 2018;9:20.

. Lawrence F. If consumers knew how farmed chickens were raised,

they might never eat their meat again. 2016. https://www.theguardia
n.com/environment/2016/apr/24/real-cost-of-roast-chicken-anima
|-welfare-farms/ Accessed 02 March 2020.

. Darwin CR. The variation of animals and plants under domestication.

London: John Murray; 1868.

. Borvon A, Guintard C, Monchot H. A case of bone fracture with callus

on the right femur of a chicken (Gallus gallus domesticus, L. 1758) from
the ancient site of Dharih, Jordan. Int J Paleopathol. 2018;22:135-9.

. Warren DC. Physiologic and genetic studies of crooked keels in chick-

ens. Kansas Agri Exp Station Tech Bull. 1937;44:1-32.

. Eusemann BK, Baulain U, Schrader L, Thone-Reineke C, Patt A, Petow

S. Radiographic examination of keel bone damage in living laying
hens of different strains kept in two housing systems. PLoS One.
2018;13:e0194974.

. Habig C, Baulain U, Henning M, Scholz AM, Sharifi AR, Janisch S,

et al. How bone stability in laying hens is affected by phylogenetic
background and performance level. Eur Poult Sci. 2017. https://doi.
0rg/10.1399/eps.2017.200.

Kaeppeli S, Gebhardt-Henrich SG, Froehlich E, Pfulg A, Schaeublin

H, Stoffel MH. Effects of housing, perches, genetics, and 25-hydroxy-
cholecalciferol on keel bone deformities in laying hens. Poult Sci.
2011;90:1637-44.

Fleming RH, McCormack HA, McTeir L, Whitehead CC. Relationships
between genetic, environmental and nutritional factors influencing
osteoporosis in laying hens. Br Poult Sci. 2006;47:742-55.

Fernyhough M, Nicol CJ, van de Braak T, Toscano MJ, Tonnessen M. The
ethics of laying hen genetics. J Agric Env Ethics. 2020;33:15-36.
Preisinger R. Innovative layer genetics to handle global challenges in egg
production. Br Poult Sci. 2018;59:1-6.

Dunn IC, Fleming RH, McCormack HA, Morrice D, Burt DW, Preisinger R,
et al. A QTL for osteoporosis detected in an F-2 population derived from
White Leghorn chicken lines divergently selected for bone index. Anim
Genet. 2007;38:45-9.

De Koning DJ, Dominguez-Gasca N, Fleming RH, Gill A, Kurian D, Law

A, et al. An eQTL in the cystathionine beta synthase gene is linked to
osteoporosis in laying hens. Genet Sel Evol. 2020;52:13.

Raymond B, Johansson AM, McCormack HA, Fleming RH, Schmutz M,
Dunn IC, et al. Genome-wide association study for bone strength in lay-
ing hens. J Anim Sci. 2018;96:2525-35.

Bain MM, McDade K, Burchmore R, Law A, Wilson PW, Schmutz M, et al.
Enhancing the egg’s natural defence against bacterial penetration by
increasing cuticle deposition. Anim Genet. 2013;44:661-8.

Dunn IC, Rodriguez-Navarro AB, McDade K, Schmutz M, Preisinger

R, Waddington D, et al. Genetic variation in eggshell crystal size and
orientation is large and these traits are correlated with shell thickness
and are associated with eggshell matrix protein markers. Anim Genet.
2012;43:410-8.

Fleming RH, Whitehead CC, Alvey D, Gregory NG, Wilkins LJ. Bone-struc-
ture and breaking strength in laying hens housed in different husbandry
systems. Br Poult Sci. 1994;35:651-62.

Fleming R, McCormack H, McTeir L, Whitehead C. The relative density of
bone types in laying hens, In Proceedings of the 12th European Poultry
Conference: 10-14 September 2006; Verona. 2006.

Rodriguez-Navarro AB, McCormack HM, Fleming RH, Alvarez-Lloret

P, Romero-Pastor J, Dominguez-Gasca N, et al. Influence of physical

Page 13 of 13

activity on tibial bone material properties in laying hens. J Struct Biol.
2018;201:36-45.

32. Dominguez-Gasca N, Benavides-Reyes C, Sanchez-Rodriguez E, Rodri-
guez-Navarro AB. Changes in avian cortical and medullary bone mineral
composition and organization during acid-induced demineralization. Eur
J Miner. 2019;31:209-16.

33. Bishop SC, Fleming RH, McCormack HA, Flock DK, Whitehead CC. Inherit-
ance of bone characteristics affecting osteoporosis in laying hens. Br
Poult Sci. 2000;41:33-40.

34. Lewis PD, Tyler NC, Gous RM, Dunn IC, Sharp PJ. Photoperiodic response
curves for plasma LH concentrations and age at first egg in female broiler
breeders. Anim Reprod Sci. 2008;109:274-86.

35. Podisi BK, Knott SA, Dunn IC, Law AS, Burt DW, Hocking PM. Overlap of
quantitative trait loci for early growth rate, and for body weight and age
at onset of sexual maturity in chickens. Reproduction. 2011;141:381-9.

36. Jansen S, Baulain U, Habig C, Weigend A, Halle |, Scholz AM, et al.
Relationship between bone stability and egg production in genetically
divergent chicken layer lines. Animals. 2020;10:850.

37. Wolc A, Bednarczyk M, Lisowski M, Szwaczkowski T. Genetic relationships
among time of egg formation, clutch traits and traditional selection traits
in laying hens. J Anim Feed Sci. 2010;19:452-9.

38. Kerr CL, Hammerstedt RH, Barbato GF. Effects of selection for exponential
growth rate at different ages on reproduction in chickens. Avian Poult
Biol Rev. 2001;12:127-36.

39. Soller M, Brody T, Eitan Y, Agursky T, Wexler C. Minimum weight for onset
of sexual maturity in female chickens—nheritability and phenotypic and
genetic correlations with early growth-rate. Poult Sci. 1984;63:2103-13.

40. Buckner GD, Insko WM, Henry AH, Wachs EF. Rate of growth and calcifica-
tion of the sternum of male and female New-Hampshire chickens. Poult
Sci. 1948;27:430-3.

41. Dunn IC, Sharp PJ. The effect of photoperiodic history on egg-laying in
dwarf broiler hens. Poult Sci. 1992;71:2090-8.

42. Silversides FG, Korver DR, Budgell KL. Effect of strain of layer and age at
photostimulation on egg production, egg quality, and bone strength.
Poult Sci. 2006;85:1136-44.

43. Hester PY, Wilson DA, Settar P, Arango JA, O'Sullivan NP. Effect of lighting
programs during the pullet phase on skeletal integrity of egg-laying
strains of chickens. Poult Sci. 2011;90:1645-51.

44. Gebhardt-Henrich SG, Frohlich EKF. early onset of laying and bumblefoot
favor keel bone fractures. Animals. 2015;5:1192-206.

45. Fleming RH, McCormack HA, McTeir L, Whitehead CC. Effects of dietary
particulate limestone, vitamin K-3 and fluoride and photostimulation
on skeletal morphology and osteoporosis in laying hens. Br Poult Sci.
2003;44:683-9.

46. Gregory NG, Wilkins LJ, Eleperuma SD, Ballantyne AJ, Overfield ND. Bro-
ken bones in domestic-fowls - effect of husbandry system and stunning
method in end-of-lay hens. Br Poult Sci. 1990;31:59-69.

47. Hocking PM, Bain M, Channing CE, Fleming R, Wilson S. Genetic variation
for egg production, egg quality and bone strength in selected and tradi-
tional breeds of laying fowl. Br Poult Sci. 2003;44:365-73.

48. Hocking PM, Sandercock DA, Wilson S, Fleming RH. Quantifying genetic
(co)variation and effects of genetic selection on tibial bone morphology
and quality in 37 lines of broiler, layer and traditional chickens. Br Poult
Sci. 2009;50:443-50.

49. Knott L, Whitehead CC, Fleming RH, Bailey AJ. Biochemical-changes
in the collagenous matrix of osteoporotic avian bone. Biochem J.
1995;310:1045-51.

50. Fleming RH, McCormack HA, McTeir L, Whitehead CC. Medullary bone
and humeral breaking strength in laying hens. Res Vet Sci. 1998;64:63-7.

51. Fleming RH, McCormack HA, McTeir L, Whitehead CC. Influence of medul-
lary bone on humeral breaking strength. Br Poult Sci. 1996,37:530-2.

52. Fleming RH, Korver D, McCormack HA, Whitehead CC. Assessing bone
mineral density in vivo: digitized fluoroscopy and ultrasound. Poult Sci.
2004;83:207-14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://www.theguardian.com/environment/2016/apr/24/real-cost-of-roast-chicken-animal-welfare-farms/
https://www.theguardian.com/environment/2016/apr/24/real-cost-of-roast-chicken-animal-welfare-farms/
https://www.theguardian.com/environment/2016/apr/24/real-cost-of-roast-chicken-animal-welfare-farms/
https://doi.org/10.1399/eps.2017.200
https://doi.org/10.1399/eps.2017.200

	No evidence that selection for egg production persistency causes loss of bone quality in laying hens
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	White Leghorn breed
	Rhode Island Red breed

	Bones sampled
	Body mass and egg production recording
	Bone material measurements
	Breaking strength
	Radiographic denity
	Bone mineral chemistry and structure


	Statistical methods
	Results
	Bone quality and production traits
	Summary statistics
	Genetic parameters

	Bone material chemical properties
	Summary statistics
	Genetic parameters


	Discussion
	Age at first egg and bone quality
	Physico-chemical traits and medullary bone
	How can bone quality in laying hens be improved in light of these studies?

	Conclusions
	References




