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INTRODUCTION 
Poultry breeding is mainly based on reciprocal recurrent selection or modifications thereof 
(Hartmann, 1988). The aim is to make maximum use of the whole additive genetic variance 
(general combining ability) and non-additive genetic variance (heterosis) like dominance, over-
dominance and epistasis. It is well known that reciprocal crosses do not express similar 
performance (Fairfull et al., 1983 ; Wearden et al., 1965). The reciprocal effects in poultry 
have been hypothesized to originate from sex-linked genes and/or maternal effects (Fairfull, 
1990). Recently, evidence has been presented on the role of parent-of-origin specific 
expression (imprinting) of genes in economically important traits in sheep (Charlier et al., 2001 
; Georges and Cockett, 1996) and pigs (Nezer et al., 1999). Although imprinting is usually 
considered to be a phenomenon restricted to mammals, parent-of-origin expression may be one 
of the factors underlying reciprocal effects in poultry breeding. 
An outbred line cross design often provides the possibility to trace the parental origin of alleles 
in F2 individuals back to F1 parents. Thus it is possible to detect parent-of-origin effects. In this 
paper, we have extended the analysis of Mendelian QTL to cover parent-of-origin effects in a 
F2 cross between two divergent egg-layer lines differing in egg quality traits.  
 
MATERIALS AND METHODS 
Experimental population. The two lines crossed to create the mapping population were  
Rhode Island Red (RIR) and a White Leghorn line (WL). These two lines showed the largest 
pairwise genetic distance among eight lines studied for genetic diversity (Vanhala et al., 1998). 
The lines differed in egg quality traits, with the RIR scoring high in eggshell strength but poor 
in egg white quality. Both high body weight and egg weight were also characteristic to the RIR 
line. Four individuals, two hens and two roosters from each line were used as grandparents in 
reciprocal crosses. From the F1 32 hens and 8 roosters were crossed to produce in total 307 F2 
hens. All individuals were genotyped and phenotypes were recorded for F1 and F2 generations.  
Quality traits. Egg quality was measured at 36–39 (symbol 40) weeks of age and at 57-58 
(symbol 60) weeks of age. For each hen, one egg per week was collected. Albumen quality was 
measured in Haugh units (HU40, HU60). Eggshell quality was measured as eggshell strength 
(ES40, ES60) and specific gravity (SG40, SG60).  
Production traits. Egg production was assigned to two distinct periods: early production 
(between 18 and 40 weeks of age, symbolized by a), and late production (between 41 and 60 
weeks, symbolized by b). Sexual maturity was measured as the age in days at first egg (AFE). 
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Egg weight (EWa and EWb) was measured as the mean of weekly measurements (1 egg / 
week) in the respective production periods. Egg number (ENa and ENb) was the total number 
of eggs in the period. Body weight was measured at 40 weeks of age. Feed consumption (g/d) 
(FI40) and feed efficiency (kg feed/kg egg) (FE40) were measured during a four-week period 
from 37 to 40 weeks of age. 
Phenotypic data. Prior to QTL analyses, phenotypes for AFE, BW40, ENa, ENb, EWa, FE40, 
ES40, and FI40 were corrected for the effect of hatch number using least squares analysis (SAS 
proc GLM). 
Linkage analysis. Genotypes were scored for 92 microsatellite markers from 13 autosomal 
linkage groups. Linkage maps, covering 2159 cM, were constructed using the CRI-MAP 
program package, version 2.4 (Green et al., 1990). 
Statistical Analyses. The mapping of quantitative trait loci was performed with regression 
using multiple marker information on each linkage group. The F2 data was analysed following 
a line cross model (Haley et al., 1994). The marker alleles in F2 animals were traced back to 
their origin of either RIR or WL animals. The resulting transmission probabilities provide the 
estimators for fitting a single biallelic QTL on a chromosome and estimating additive and 
dominance effects. The Mendelian QTL are presented in Tuiskula-Haavisto et al. (2002). 
Analysis for parent-of-origin specific effects. 
Extension of the line-cross model to test for parent-of-origin specific effects (Knott et al., 
1998) has been used in the analysis of the IGF2 region in pigs (Jeon et al., 1999). This model, 
however, gives no indication whether there is paternal or maternal expression.  The model 
(Knott et al., 1998) was re-parameterized to enable a direct test for the contribution of the 
paternally and maternally inherited effect (de Koning et al., 2000). To separate the contribution 
of the parents, we introduced the probability that the individual inherited a RIR allele from its 
father (ppat =[p11+p12]-[p22+p21]) or from its mother (pmat =[p11+p21]-[p22+p12]). This re-
parameterization allowed additional models to be fitted with exclusive paternal or maternal 
expression. All putative QTL locations from the three models were subsequently evaluated 
with a saturated model that contained a paternal, maternal and dominance component:
   

jdjmatjmatpatjpatj
edppapamy ++++=

The genetic model for a putative QTL was evaluated based on the contributions of the 
individual components of the saturated model and the residual variance. Parent-of-origin 
specific expression was inferred if only one of the parental contributions was significant and no 
dominance was present (i.e. by comparison of full model with model containing only one 
component). Further scrutiny was obtained by calculating an F ratio of a full model against a 
Mendelian model (Knott et al., 1998) imposing a nominal threshold of p < 0.05. After 
derivation of the genetic model, the significance level and the QTL effects were calculated 
under the inferred genetic model. 
Significance Thresholds. Significance thresholds were determined empirically by permutation 
for individual chromosomes (Churchill and Doerge, 1994). Two significance levels, suggestive 
and significant, were applied. For suggestive linkage one false positive is expected in a genome 
scan (Lander and Kryglyak, 1995). The chromosome-wide P value for suggestive linkage for a 
specific chromosome equals the contribution (r) of that chromosome to the total genome 
length, which was obtained by dividing the length of a chromosome by the total analyzed 
length of the autosomes. For determining significant linkage, a 5% genome-wide significance 

Session 04. Poultry and rabbit breeding Communication N° 04-03 



7th World Congress on Genetics Applied to Livestock Production, August 19-23, 2002, Montpellier, France 

level was applied (Lander and Kruglyak, 1995). To derive genome-wide significance levels 
from the chromosome-wide significance levels, the Bonferroni correction was applied. Neither 
of the significance levels takes account of the testing of multiple traits and multiple models. 
 
RESULTS AND DISCUSSION 
The two lines were crossed reciprocally. Significant differences (p < 0.05) in the reciprocal F1 
animal phenotypes were seen in AFE, EWa, EWb, ENa, ENb, HU40, FE40 and FI40. The 
effects are in accordance with earlier results of reciprocal effects in egg layer crosses (Fairfull, 
et al., 1983). 
In the initial autosome scan for Mendelian QTL, eight significant and six suggestive QTL were 
identified (Tuiskula-Haavisto et al., 2002). When the model was extended to include parent-of-
origin specific effects, new chromosomal areas showing only maternal or paternal expression 
were identified for 6 significant and two suggestive QTL (Table 1). 
 
Table 1. Genome-wide significant QTL with parent-of-origin specific expression.  All 
QTL that are significantly supported by comparison of the full model against a 
Mendelian model are shown. F-ratios for the individual components of the model 
(maternal effect, paternal effect, dominance) at the most likely position of the QTL are 
shown. The F-ratio for the inferred genetic model is shown in bold 
 
       F ratio   
Trait  Chromosome Maternal Paternal Dominance pA QTL-effectB 

 
AFE 1 0.065 11.97 0.95 0.046   -2.8+ 0.6 d 
BW40 1 13.88 0.065 0.2 0.02 -66.5+ 17.9 g 
HU40 1 11.97 0.22 0.16 0.053    1.8+ 0.5 HU 
FI40 1 11.75 0.23 0.29 0.046  -4.1+ 1.2 g 
 
ENa 3 15.68 0.36 0.005 0.003 11.7+ 2.9 eggs 
EWb 3 0.001 12.04 0.18 0.047   1.4 + 0.4 g 
 
HU40 4 0.079 13.9 5.44 0.024   1.6+ 0.42 HU 
 
ENb 30 12.89 0.36 0.047 0.039 5.9+ 1.65 eggs 
FI40 36 11.2 0.06 0.49 0.08 -2.9+ 0.8 g 
  
A Genome-wide significance for the QTL under the inferred genetic model 
B The deviation of the RIR allele from the WL allele under the inferred genetic model 
(maternal or paternal expression). 
 
One previously suggestive Mendelian QTL (HU40 on chromosome 4) was significantly 
supported as a paternally expressed QTL at the same location.  
Each of the parent-of-origin specific expressed QTLs explain 3-5 % of the total phenotypic 
variance, the effect sizes ranging from 0.18 – 0.4 standard deviations of F2. In most of the 
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cases, the deviation of the RIR allele is opposite to the effects of the Mendelian QTL identified 
at other locations and/or expectations regarding the line characteristics (e.g. negative effect on 
body weight and feed intake, positive effect on HU). 
The experiment was not exactly optimal for the detection of parent-of-origin specific effects as 
the number of founder and F1 animals was low and it was not known, whether any of the QTL 
were segregating in the parental lines. This may have lead to loss of power and spuriously 
identified parent-of-origin effects. While the results must still be considered with caution, they 
however demonstrate that parent-of-origin specific expression of important production genes is 
one possible explanation for reciprocal effects in poultry, and deserves closer scrutiny. 
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