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Summary

Bone weakness is a major welfare problem in laying hens which can be improved through
genetic selection. QTL studies on divergent crosses and GWAS studies within breeding lines
have revealed a number of candidate genes and significant SNP affecting bone strength. For
implementation of these markers in marker assisted selection or genomic selection, the effects
need to be validated in commercial crossbred layers in a variety of production systems. Here
we tested 111 candidate SNP from previous GWAS for their effect on tibial breaking strength
on 856 birds from two different companies, kept in two different housing systems. There was
a significant effect (P < 0.001) whether birds were housed in furnished cages or floor pens.
There was a strong interaction between the housing system and the SNP results: all significant
SNP (P < 0.05) only had an effect in one of the housing systems. The study successfully
validated QTL affecting bone strength on chromosomes 1, 3, 8, 13, and 19 with seven
significant QTL acting in cages and seven being specific for pen housed birds. SNP
associated effects were in the region of 40 Newton with considerable dominance effects. The
study shows clear GxE effect for SNP affecting bone strength. This has clear implications for
genomic selection for bone strength when selection is focused on purebred great-grandparent
lines that are kept in different housing systems than commercial laying hens.
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Introduction

Bone weakness and the consequent fractures represent a considerable welfare and economic
problem in the layer industry. About 30% of commercial egg laying hens experience at least
one bone fracture during their laying period, prior to depopulation and processing (Gregory
and Wilkins, 1989). Bishop et al. (2000) reported that about 40% of the variation in the bone
strength phenotype was explained by genetic differences between the hens. A linkage study
for bone strength in an F2 cross between the high and low bone index lines showed that
quantitative trait loci (QTL) explaining variation in bone quality were segregating in the
original breeding population (Dunn et al. 2007). This was followed by a GWAS for bone
strength in a grandparent population of laying hens (Raymond et al., submitted). This GWAS
revealed two strong QTL regions on chromosomes 3 and 8 as well as suggestive regions on
other chromosomes. However, the housing and management of the grandparent population is
not representative for the practical farming conditions under which crossbred laying hens are
kept.
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The purpose of this study is to evaluate whether significant SNPs from the GWAS,
complemented by other QTL affecting bone strength from the literature, had an effect in
crossbred layers under different production circumstances.

Material and methods

The experiment included two commercial lines: LSL Classic (Lohmann Tierzucht GmbH,
Cuxhaven, Germany) and Bovans Robust (Hendrix-Genetics, Boxmeer, The Netherlands). At
our experimental farm Lövsta, 1620 birds from each breed were divided over 18 floor pens
(100 birds/pen) and 180 furnished cages (8 birds/cage). Birds were also assigned one of two
experimental diets. This allowed us to test any interactions between the breed, diet, and
housing systems as well as their respective interactions with the putative genetic effects.

Selected birds were evaluated according to a 24-point integument score at 35, 55, and
80 weeks of age as well as at the end of the experiment at 100 weeks of lay. As well as an
experiment in its own right, this meant we could test any pleiotropic effects of the candidate
SNPs. Other additional studies included evaluation of internal and external egg quality traits
at three time periods during lay.

At the end of lay about 900 birds were selected for further studies. After birds were
euthanized, they were necropsied to determine if they were still in lay. For birds that were
still producing eggs, we stored a liver sample for DNA extraction, one leg was dissected for
bone analyses at Uppsala University, the other leg was dissected for microscopy and
biochemical analyses at University of Granada. In this report we focus on 3-point breaking
strength of the right tibial bone with assessment of load to failure, displacement at failure,
energy to failure, and stiffness by the use of a purpose built material testing equipment
(Avalon Inc, Rochester, MN, USA).

From the recent GWAS (Raymond et al., submitted) as well as the study by Johnsson et
al. (2014) we selected 111 SNPs from 11 significant and suggestive GWAS regions and 17
QTL regions with functional candidate genes. All phenotyped birds were genotyped for this
candidate SNP panel (LGC Ltd Teddington, Middlesex, UK).

All statistical analyses were performed in GenStat 17th edition (VSN International Ltd,
Hemel Hempstead, UK). The breaking strength data were first analysed for the overall effects
of breed, housing system, diet, body weight as well as interactions between these terms.
Subsequently a preliminary association study was done using the single trait association
analysis within GenStat including a marker-derived kinship matrix to account for genetic
relationships among birds. This analysis was done across the whole data as well as separately
within groups of birds that were kept in furnished cages or in floor pens. Because of strong
differences in results between the different housing systems we subsequently ran a single
marker analysis for each SNP within either the floor pens or the furnished cages with the
following model:

Y=mean + weight + SNP + e
(1)

Where Y is the breaking strength in Newton, mean is the overall mean, SNP is the fixed
effect of SNP with two or three genotype classes and e is the residual error. All significance
values were derived from F-tests and while P < 0.01 would imply replication of a QTL we
report all SNP with P < 0.05.
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Results

From the 111 markers that were genotyped, 96 were informative in the population, while
several had low minor allele frequencies with only two genotype classes present in the cross.
In the analyses, we included 856 birds with phenotype and genotype data. The phenotypic
analyses showed highly significant (P < 0.001) effects of body weight and housing system on
bone strength. The regression coefficient for body weight was 69.2 Newton per kg body
weight (s.e. 7.49). Birds from floor pens had on average 59.7 Newton higher breaking
strength (s.e. 2.89) compared to birds from furnished cages. There were no significant
differences for breed or diet on breaking strength (P > 0.10). The relation between body
weight, housing system and breaking strength is clearly illustrated in Figure 1.

The strong effect of housing system was reflected in the association analysis where the
first analyses across all the data did not show any significant SNP effects. Subsequent
analyses within housing systems showed significant SNP affecting bone strength but almost
exclusively within that housing system. In Figure 2 the -10Log(P) values from individual
SNP analyses are compared between the two housing systems it shows that a) The SNP show
higher significance within the furnished cages and b) there is very little correspondence
between SNP results in the two housing systems. The latter is a very strong indication of SNP
x Environment interaction. Table 1 lists all significant SNPs (P < 0.05) and their estimate
effects on bone strength. The confirmed effects on chromosome 3 and 8 refer to the earlier
GWAS results by Raymond et al. (submitted) while the results on chromosomes 13 and 19
reflect published QTL from (Johnsson et al.,2014). The SNP associated effects vary between
10 and 45 Newton with some clear evidence of dominance and even over- dominance on a
number of chromosomes (Table 1).

Discussion

This study has clearly demonstrated that SNP markers that have been detected in elite
breeding lines and SNPs linked to candidate genes from QTL studies can explain significant
variation in commercial layers from different breeds and in different housing systems.
However, the housing system has a major overall effect and shows a clear interaction with
many of the SNP effects: some are only detected in cages while other are only expressed in
floor pens. Fleming et al. (2006) compared LSL derived selection lines for high and low bone
strength in different housing systems. While they found a strong effect of housing system on
bone strength, attributed to increased exercise of the birds in floor pens, they did detect and
interaction between the selection line and the housing system (Fleming et al., 2006). The
SNP x housing system interaction we detected here means that consideration of SNPs from
GWAS studies for marker assisted selection in pure breeding lines requires careful
confirmation of these effects in the commercial crosses. More generally when considering
genomic selection for bone strength the training population should be based on crossbred
birds and different practical housing regimes. We plan to expand the current experiment with
genome-wide markers.

The current report is restricted to the first analysis of one of the many traits that were
recorded in this study. Over the coming months we will explore links between the different
bone strength and composition measures as well as their correlations with other traits that
were measured on the birds. This should show the pleiotropic effects of our candidate SNP
and hopefully uncover more on how they affect bone strength (e.g. ‘more’ ore ‘better’
bone?).
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Table 1. Significant SNP affecting bone strength in commercial layers in either furnished
cages (cage) or floor pen (pen).
SNP Chromosome P value housing effect AB (SE)1 Effect BB (SE)
rs312505044 1 0.006 cage 4.68 (3.72) -11.04 (5.4)
rs15750826 3 0.017 cage 27.6 (11.5) Reference
rs313125842 3 0.042 cage Reference -22,9 (11,2)
rs16222152 3 0.049 cage -21.6 (19.4) 9.2 (23.9)
rs315928688 3 0.017 pen 18.2 (6.36) 12.99 (8.5)
rs314461384 3 0.023 pen 11.09 (8.56) -5.8 (10.6)
rs318067994 8 0.024 cage 9.79 (4.87) 0.92 (5.59)
rs312449578 8 0.005 pen 43.0 (16.0) 55.3 (17.3)
rs314984725 8 0.011 pen -29.8 (10.7) -46.8 (17.2)
rs314709523 8 0.017 pen 35.2 (15.3) 46.5 (16.6)
rs316196335 13 < 0.001 cage -2.37 (3.19) 48.7 (12.5)
rs313861777 13 0.012 cage 0.13 (3.36) 40.9 (13.7)
rs317212858 19 0.042 pen Reference -11.0 (5.38)
rs316204104 19 0.048 pen 10.73 (5.40) Reference
1 Effects in Newton compared to the reference homozygous genotype (AA) for the heterozygote (AB), or other
homozygote (BB), followed by the standard error of the estimate. “Reference” means that there are only two
genotypes so one of the genotypes is the reference.
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Figure 1. The relation between body weight (weight in kg) from birds in furnished cages
(CAGE) or floor pens (PEN) and breaking strength (load_N in Newton)

Figure 2. Significance (-10LogP) of all evaluated SNP when tested for their effect on bone
strength in either furnished cages (Cage) or floor pens (Pen)


