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Summary We performed quantitative trait locus (QTL) analyses for egg production traits, including

age at first egg (AFE) and egg production rates (EPR) measured every 4 weeks from 22 to

62 weeks of hen age, in a population of 421 F2 hens derived from an intercross between the

Oh-Shamo (Japanese Large Game) and White Leghorn breeds of chickens. Simple interval

mapping revealed a main-effect QTL for AFE on chromosome 1 and four main-effect QTL for

EPR on chromosomes 1 and 11 (three on chromosome 1 and one on chromosome 11) at

the genome-wide 5% levels. Among the three EPR QTL on chromosome 1, two were

identified at the early stage of egg laying (26–34 weeks of hen age) and the remaining one

was discovered at the late stage (54–58 weeks). The alleles at the two EPR QTL derived from

the Oh-Shamo breed unexpectedly increased the trait values, irrespective of the Oh-Shamo

being inferior to the White Leghorn in the trait. This suggests that the Oh-Shamo, one of the

indigenous Japanese breeds, is an untapped resource that is important for further

improvement of current elite commercial laying chickens. In addition, six epistatic QTL were

identified on chromosomes 2, 4, 7, 8, 17 and 19, where none of the above main-effect QTL

were located. This is the first example of detection of epistatic QTL affecting egg production

traits. The main and epistatic QTL identified accounted for 4–8% of the phenotypic variance.

The total contribution of all QTL detected for each trait to the phenotypic and genetic

variances ranged from 4.1% to 16.9% and from 11.5% to 58.5%, respectively.
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Introduction

Until now, chicken breeding programs to improve eco-

nomically important traits have been performed on the basis

of selection for phenotypic values. However, phenotypic

values are based on both genetic factors and non-inheritable

environmental factors, which often lead to inaccuracy of

selection. It is impossible to exclude completely the envi-

ronmental factors using conventional breeding methods,

which result in approximately 70% accuracy of selection

(Meuwissen et al. 2001; Muir 2007). To increase the

accuracy, it will be necessary to perform a direct selection

based on genetic information from useful loci expressing

economical traits. Such useful loci can be mapped by a

quantitative trait locus (QTL) analysis (Weller et al. 1988;

Haley & Knott 1992). Detected QTL can be used to develop

advanced breeding programs such as marker-assisted

selection and marker-assisted best linear unbiased predic-

tion (van der Beek & van Arendonk 1996; Totir et al.

2004).

In QTL mapping studies, it is necessary to create an F2 or

backcross resource population, and it is ideal that parental

animal breeds have diverse genetic backgrounds (Hillel

1997). Thus, QTL mapping populations between different

subspecies have been often used in mice (Ishikawa et al.

2007). In chickens, some studies have used the Red Jun-

glefowl, known as a wild ancestor of chickens (Schutz et al.

2002, 2004). In the present study, we selected the

Oh-Shamo and White Leghorn breeds as paternal and

maternal breeds, respectively, because these two breeds

show marked physiological and morphological differences
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as follows. The Oh-Shamo is an indigenous Japanese breed

that was developed for cock fighting, with a large erect body

and low egg production rate, whereas the White Leghorn is

a well-known egg-layer originally from Italy (Roberts 1997;

Tsudzuki 2003). Furthermore, Osman et al. (2006)

revealed, using a microsatellite profiling technique, that the

genetic divergence between the two breeds was high

(DA = 0.568–0.575).

At present, over 2200 QTL have been reported to be

associated with growth, egg production, meat production,

disease resistance, behaviour, and some other traits in

chickens (e.g., Abasht et al. 2006; Burt 2007; Hu et al.

2007). Most of these QTL have significant effects on these

traits. Several studies have revealed QTL with epistatic

effects on growth traits (Carlborg et al. 2003, 2004, 2006;

Wahlberg et al. 2009), Marek�s disease-related traits (Cheng

et al. 2007) and body composition traits (Ankra-Badu et al.

2010). For egg-related traits, approximately 50 QTL exer-

cising the main effect have been reported, and no epistatic

QTL have been discovered (Tuiskula-Haavisto et al. 2002,

2004; Kerje et al. 2003; Wardecka et al. 2003; Sasaki et al.

2004; Hansen et al. 2005; Honkatukia et al. 2005; Schrei-

weis et al. 2006; Wright et al. 2006).

In this article, we describe QTL with main and epistatic

interaction effects on egg production traits in our unique F2

resource family from an intercross of the Oh-Shamo and

White Leghorn breeds.

Materials and methods

Animals

An Oh-Shamo male was mated with three White Leghorn

females to produce F1 chickens. A total of 421 F2 hens were

obtained from full-sib matings of four F1 males and 19 F1

females. These F2 hens were raised as described by Tsudzuki

et al. (2007). In addition, 40 Oh-Shamos, 23 White Leghorns

and 62 F1 hens were reared for phenotypic comparisons.

Phenotypic measurements

Age at first egg (AFE) and egg production rate (EPR) were

recorded for each F2 hen. AFE was defined as the day when

a hen produced her first egg. The number of eggs from

individual hens was recorded every 4 weeks from 22 to

62 weeks of hen age. EPR (%) was obtained by dividing the

number of eggs laid in 4 weeks by 28 (days). EPR for every

4-week egg production period was sequentially designated

beginning with EPR1 (22–26 weeks of hen age) to EPR10

(58–62 weeks).

Marker typing and linkage map construction

DNA was extracted from blood samples of F2 family mem-

bers following the method of Tadano et al. (2007). A total of

139 microsatellite markers on 25 autosome/linkage groups

and the Z chromosome (Table S1) were amplified by PCR

with individual DNA templates. All markers used were fully

informative, meaning that the two parental breeds used did

not have any common alleles at all markers. PCR products

were electrophoresed using an automated DNA sequencer.

Fragment analyses were performed with GeneMapper soft-

ware version 3.5 (Applied Biosystems).

A linkage map was constructed using the Kosambi map

function of the Map Manager QTX b20 software (Manly

et al. 2001) by reference to the gene orders in the chicken

consensus map 2005 (Schmid et al. 2005) from ArkDB of

the Roslin Bioinformatics Group (http://www.thearkdb.org/).

The total linkage map length constructed in our F2 popu-

lation was estimated to be 2650 cM, covering approxi-

mately 67% of the chicken genome (Schmid et al. 2005).

Statistical analysis

For phenotypic comparisons among Oh-Shamo, White

Leghorn, F1 and F2 animals, one-way analysis of variance

(one-way ANOVA) followed by Tukey�s HDS test was carried

out with the JMP software version 5.0.1a (SAS Institute

Inc.). Phenotypic correlations among all egg production

traits in the F2 hens were calculated using JMP.

Before QTL analyses, phenotypic data were corrected for

the effects of two environmental factors, the time at hatch,

and F1 dams, using JMP. QTL analysis was carried out

with Map Manager QTX. Simple interval mapping was

performed to detect QTL with main effects on egg produc-

tion traits. Genotypes for QTL on autosomes and the Z

chromosome were differently segregating in the F2 hens.

That is, there were two parental types of homozygotes and

one type of heterozygote for the autosomes, whereas for the

Z chromosome there was only one type of homozygote and

one type of heterozygote. Hence, QTL analyses on the

autosomes and Z chromosome were performed using the

intercross and backcross models of Map Manager QTX,

respectively. The estimated likelihood ratio statistics

obtained were converted into LOD score by dividing it by

4.605. Genome-wide 5% significant thresholds were esti-

mated by 1000 permutations.

The epistatic interaction effect of two QTL was investi-

gated using the interaction command of Map Manager QTX

for all possible pairs of the marker loci used, based on the

assumption that a QTL is right at a marker locus. Taking

multiple testing into consideration, two significance tests

for detection of epistatic QTL were performed as described in

Ishikawa et al. (2005). Briefly, in the first test, significance

of the overall effect was established by 1000 permutations

of Map Manager QTX. In the second test, if the overall effect

exceeded the genome-wide 5% significance thresholds, then

the interaction effect was tested using approximate gen-

ome-wide thresholds that were converted from thresholds

obtained by the permutation test for the simple interval
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mapping described above (two degrees of freedom)

into thresholds for the interaction term (four degrees of

freedom).

Results

Table 1 presents mean values for egg production traits in

the Oh-Shamo and White Leghorn, and their F1 and F2

progeny. The mean AFE value for the Oh-Shamo breed was

higher than that of the White Leghorn breed. The F1 and F2

values were nearly the same as that of the White Leghorn.

Apart from the results for statistical comparisons, the F1

values for EPRs 1–4 were all superior to those of the two

parental breeds, clearly showing the presence of heterosis

for these four EPRs recorded at the early stage of egg laying.

This tendency remained in the F2. For EPRs 5–7 at the

middle stage, the F1 and F2 values showed a nearly mid-

parental value. At the later stage, the F1 and F2 values for

EPRs 8–10 were nearly the same value as those of the

White Leghorn and Oh-Shamo, respectively.

Table 2 presents phenotypic correlations among egg

production traits in the F2 birds. Correlations between AFE

and each EPR were all negative in value. There were no

significant correlations of AFE with EPRs in the late stages

(from EPR6 to EPR9), whereas significant correlations were

seen between AFE and EPRs in the early stages (from EPR1

to EPR5). In addition, no significant correlations were ob-

served between early EPRs (EPR1 and EPR2) and late EPRs

(from EPR6 to EPR10).

As shown in Table 3 and Fig. 1, significant main-effect

QTL were detected for AFE, EPR2, EPR3 and EPR9. Gen-

ome-wide 5% levels for simple interval mapping calculated

by permutations were 3.6–3.8 in LOD score for these traits.

For AFE, EPR2 and EPR9, only one QTL was found on

chromosome 1 (LOD = 7.0, 6.0 and 3.8, respectively). In

contrast, two QTL were identified on chromosomes 1 and

11 for EPR3 (LOD = 4.0 and 3.7, respectively). The EPR2

and EPR3 QTL on chromosome 1 were mapped very close to

each other, and their alleles that were derived from the Oh-

Shamo breed decreased trait values. In contrast, the EPR9

QTL was located in a different chromosomal region [211 cM

based on the chicken consensus map (Schmid et al. 2005)]

from the EPR2 and EPR3 QTL (135 and 129 cM, respec-

tively). The Oh-Shamo allele at the EPR9 QTL increased

trait value. The AFE and four EPR QTL that were detected

explained 8% and 4–6% of the phenotypic variances,

respectively.

In addition to the above main-effect QTL, three pairs of

QTL with epistatic interaction effects on AFE, EPR3 and

EPR6 [LOD(i) = 5.6, 7.7 and 6.1] were detected on chro-

mosomes 2, 4, 7, 8, 17 and 19 (Table 4). All of these epi-

static QTL had no clear main effects on the traits

investigated. These loci explained 6–8% of the phenotypic

variances, which is comparable to the phenotypic contri-

butions of the main-effect QTL (Table 3).

Table 1 Means and standard deviations for 11 egg production traits in

the Oh-Shamo and White Leghorn breeds and their F1 and F2 progeny.

Trait1 Group No. of birds Mean ± SD

AFE (days) Oh-Shamo 40 246.3 ± 35.5a

White Leghorn 23 198.7 ± 12.3b,c

F1 62 185.3 ± 27.4c

F2 395 204.3 ± 29.2b

EPR1 (%) Oh-Shamo 15 0.0 ± 0.0a

White Leghorn 10 0.0 ± 0.0a

F1 52 22.4 ± 23.2b

F2 421 4.1 ± 23.2a

EPR2 (%) Oh-Shamo 15 2.9 ± 9.2a

White Leghorn 10 6.8 ± 12.0a

F1 52 73.6 ± 26.1b

F2 415 33.5 ± 33.2c

EPR3 (%) Oh-Shamo 15 19.3 ± 31.2a

White Leghorn 10 40.0 ± 37.0a,b

F1 52 75.2 ± 21.5c

F2 414 54.5 ± 31.8b

EPR4 (%) Oh-Shamo 15 45.5 ± 28.2a

White Leghorn 20 65.4 ± 20.5a,b

F1 52 73.6 ± 16.6b

F2 414 61.6 ± 27.8a

EPR5 (%) Oh-Shamo 15 51.0 ± 26.5a

White Leghorn 20 65.7 ± 18.4a

F1 52 59.6 ± 21.8a

F2 412 61.6 ± 25.5a

EPR6 (%) Oh-Shamo 15 47.9 ± 26.5a

White Leghorn 20 73.0 ± 14.8b

F1 52 63.1 ± 21.3a,b

F2 410 57.6 ± 25.4a

EPR7 (%) Oh-Shamo 15 46.0 ± 30.7a

White Leghorn 20 71.6 ± 8.9b

F1 52 60.0 ± 22.5a,b

F2 408 52.4 ± 26.4a

EPR8 (%) Oh-Shamo 15 48.8 ± 29.2a,b

White Leghorn 20 73.0 ± 8.5c

F1 52 61.0 ± 20.1b,c

F2 404 49.1 ± 25.9a

EPR9 (%) Oh-Shamo 15 44.3 ± 27.2a,b

White Leghorn 20 69.7 ± 8.0c

F1 52 61.3 ± 20.4b,c

F2 403 46.4 ± 25.7a

EPR10 (%) Oh-Shamo 15 50.0 ± 22.3a,b

White Leghorn 20 61.6 ± 16.3a

F1 52 51.7 ± 24.2a,b

F2 400 45.6 ± 24.5b

1AFE, age at first egg; EPR1, egg production rate from 22 to 26 weeks

of age; EPR2, egg production rate from 26 to 30 weeks of age; EPR3,

egg production rate from 30 to 34 weeks of age; EPR4, egg production

rate from 34 to 38 weeks of age; EPR5, egg production rate from 38 to

42 weeks of age; EPR6, egg production rate from 42 to 46 weeks of

age; EPR7, egg production rate from 46 to 50 weeks of age; EPR8, egg

production rate from 50 to 54 weeks of age; EPR9, egg production rate

from 54 to 58 weeks of age; EPR10, egg production rate from 58 to

62 weeks of age.
a–cMeans with the same superscript letter are not significantly different

among the groups at P < 0.05 for each trait (one-way ANOVA followed

by Tukey�s HDS test).
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Figure 2 indicates phenotypic effects of three pairs of the

six epistatic QTL. Interestingly, double-homozygotes for the

Oh-Shamo allele at the two epistatic AFE QTL had the

lowest value among nine possible genotypic combinations.

This means that the double-homozygotes produce the

first egg at the earliest age, in spite of the parental breed

Oh-Shamo producing it significantly later than the White

Leghorn (Table 1). For EPR3 and EPR6 traits, double-

homozygotes for the White Leghorn allele did not exhibit

the highest values among nine possible genotypic combi-

nations, although the White Leghorn was superior to the

Oh-Shamo in both EPRs. Instead, individuals that had one

or two Oh-Shamo alleles were highest in those EPRs (Fig. 2

and Table 1).

Table 5 presents broad-sense heritabilities in AFE and

EPR traits and the total contributions of all detected QTL to

the phenotypic and genetic variances in AFE and EPRs.

Among the QTL summarized in this table, three main-effect

QTL for AFE, EPR2 and EPR3 were found in the region

around 130 cM on chromosome 1 (see also Table 3). The

other main and epistatic QTL were associated with only one

trait (see also Tables 3 & 4). This means that most of the

detected loci have age-specific effects on egg production

traits. Broad-sense heritability was 27% in AFE, while it

ranged from 30.2% to 50.0% in EPRs, with the lowest and

the highest values in EPR3 and EPR2, respectively. The

total contribution to phenotypic and genetic variances of all

QTL detected for AFE was 15.8% and 58.5%, respectively,

Table 2 Phenotypic correlations among 11 egg production traits in F2 birds.

Trait AFE EPR1 EPR2 EPR3 EPR4 EPR5 EPR6 EPR7 EPR8 EPR9

AFE

EPR1 )0.39

EPR2 )0.75 0.46

EPR3 )0.78 0.15 0.58

EPR4 )0.52 0.11 0.22 0.60

EPR5 )0.29 0.09ns 0.08 0.32 0.62

EPR6 )0.11ns 0.10ns 0.01ns 0.16 0.41 0.63

EPR7 )0.02ns 0.05ns )0.01ns 0.08 0.30 0.46 0.60

EPR8 )0.01ns 0.02ns )0.05ns 0.07 0.24 0.38 0.51 0.64

EPR9 )0.05ns )0.01ns )0.01ns 0.11 0.26 0.35 0.43 0.49 0.67

EPR10 )0.10 0.04ns 0.02ns 0.09 0.22 0.36 0.43 0.45 0.50 0.66

See Table 1 for trait abbreviations.
nsNot significant at P < 0.05. All the others were all significant at P < 0.05.

Table 3 Summary of significant QTL with main effects on egg production traits.

Trait1 Chr. Position2 CI3 LOD4 Var5 Additive6 Dominance7 d/a8 Inheritance9 Difference10

AFE 1 ADL0188 ) 2 (131 cM) 22 7.0 8 0.32 )0.35 )1.1 Rec, Add S > W ‡ H

EPR2 1 ADL0188 + 2 (135 cM) 22 6.0 6 )0.27 0.30 )1.1 Rec, Add H ‡ W > S

EPR3 1 ADL0188 ) 4 (129 cM) 32 4.0 4 )0.25 0.32 )1.3 Rec, Add H ‡ W > S

11 MCW0066 + 0 (69 cM) 8 3.7 4 0.21 0.28 1.3 Dom, Add H ‡ S > W

EPR9 1 MCW0112 + 6 (211 cM) 48 3.8 4 0.29 0.21 0.7 Dom, Add, Rec S ‡ H > W

1See Table 1 for trait abbreviations.
2The positive and negative signs indicate that the QTL maps that distance (cM) distal and proximal, respectively, to the nearest marker. The number

in parentheses indicates map position from the top of the chromosome in the 2005 consensus map (Schmid et al. 2005).
3The length of the 1.5-LOD drop support interval in cM.
4The maximum LOD score significant at the genome-wide 5% level.
5The phenotypic variance (%) explained by the QTL.
6The additive effect of the QTL shown in the standard deviation unit. The positive value shows that the QTL allele derived from the Oh-Shamo breed

increases the trait value.
7The dominance effect of the QTL shown in the standard deviation unit.
8The degree of dominance.
9The most likely mode of inheritance for the QTL determined by two statistical tests (according to the method of Tsudzuki et al. 2007) is shown on

the left: Rec, recessive; Add, additive; and Dom, dominant.
10The phenotypic difference among three possible genotypes at the nearest marker locus, two homozygotes for either the Oh-Shamo (S) or White

Leghorn (W) allele and heterozygote (H), estimated by one-way ANOVA (followed by Tukey�s HDS test).
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whereas those QTL detected for EPRs ranged from 4.1% to

16.9% and from 11.5% to 56.1%, respectively. The lowest

and highest values for EPRs were obtained in EPR9 and

EPR3, respectively.

Discussion

Our phenotypic comparisons among the three-generation

families have revealed heterosis for EPRs 1–4 at the early

stage of egg laying. The QTL analysis of the F2 population

Figure 1 LOD score plots of QTL on chromosomes 1 and 11 with main

effects on egg production traits. Upper and lower figures indicate the

QTL positions on chromosomes 1 and 11, respectively. Simple interval

mapping was performed with the Map Manager QTX b20 software

(Manly et al. 2001). The horizontal dotted line shows the genome-wide

5% significance level as estimated by 1000 permutations. AFE, age at

first egg; EPR2, egg production rate from 26 to 30 weeks of age; EPR3,

egg production rate from 30 to 34 weeks of age; EPR9, egg production

rate from 54 to 58 weeks of age.

Table 4 Summary of significant QTL with epistatic interaction effects

on egg production traits.

Trait1 Chr. QTL 12 Chr. QTL 22 LOD (t)3 LOD (i)4 % Var5

AFE 7 LEI0158 8 MCW0095 9.4 5.6 6

EPR3 4 MCW0240 17 ABR0530 9.4 7.7 8

EPR6 2 MCW0062 19 ABR0180 10.0 6.1 7

1See Table 1 for trait abbreviations.
2The marker nearest to the QTL is shown.
3LOD score for the total effect.
4LOD score for the interaction effect.
5The percentage of the phenotypic variance explained by the pair.

Figure 2 Phenotypic effects of epistatic QTL detected. Upper, middle

and lower figures indicate the effects of interactions for the traits of age

at first egg (AFE), egg production rate from 30 to 34 weeks of age

(EPR3), and egg production rate from 42 to 46 weeks of age (EPR6),

respectively. The effects were estimated by two-way ANOVA using

the markers nearest the QTL. S and W denote alleles derived from the

Oh-Shamo and White Leghorn, respectively.
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revealed a single dominant locus affecting EPRs 2 and 3 on

chicken chromosome 1. As both loci are not overdominant,

unlike the heterotic QTL reported on body weight in the

mouse (Ishikawa 2009), from the QTL mapping in this study

we cannot explain the causes of heterosis for EPRs 2 and 3.

The two QTL for EPRs 2 and 3 appear to be the same

locus, because their map positions, mode of inheritance and

phenotypic differences among the three possible genotypes

were very similar. However, without further fine-mapping

of these loci, we cannot rule out the possibility that they are

closely linked.

According to the literature, many QTL influencing egg

production, growth, and their related traits are located on

chromosome 1. Hansen et al. (2005) and Abasht et al.

(2009) reported QTL for egg production at the early stage of

egg laying in a region of 160–205 cM based on the chicken

consensus map (Schmid et al. 2005); our EPR9 QTL mapped

to the 211 cM region on this chromosome. Tuiskula-

Haavisto et al. (2004) reported a QTL affecting AFE, which

is an indicator of the sexual maturity of a hen, in the

vicinity of the 205–215 cM region. This locus is relatively

distant from our AFE QTL (131 cM). Tsudzuki et al. (2007)

reported a shank length QTL in the region of 133 cM.

Moreover, QTL for growth traits are located in the region at

approximately 120–220 cM (Abasht et al. 2006; Sharman

et al. 2007; Atzmon et al. 2008; Gao et al. 2010). These

results suggest that multiple loci with economically impor-

tant roles for growth, sexual maturity and egg production

may be located at 120–220 cM on chromosome 1.

In this study, the Oh-Shamo breed was inferior to the White

Leghorn breed in all EPR traits. However, at two QTL affecting

EPR3 on chromosome 11 and EPR9 on chromosome 1, the

alleles derived from the Oh-Shamo unexpectedly increased

the corresponding EPR values. Likewise, Tsudzuki et al.

(2007) reported that the Oh-Shamo allele at a shank length

QTL on chromosome 24 decreased that length, irrespective of

the longer shank of the Oh-Shamo compared to the White

Leghorn. Thus, unique QTL alleles discovered from the Oh-

Shamo, one of the indigenous Japanese chicken breeds, may

have great potential for further improvement of egg produc-

tion traits in elite commercial chicken breeds that have been

intensively selected to date.

In this study, we have identified epistatic QTL for AFE on

chromosomes 7 and 8, for EPR3 on chromosomes 4 and 17,

and for EPR6 on chromosomes 2 and 19. To confirm the

presence of these epistatic QTL, we implemented another

QTL mapping software, R/qtl, which utilizes a different

mapping algorithm to Map Manager QTX (Broman et al.

2003). The results obtained from R/qtl were very similar to

the results obtained from Map Manager QTX (data not

shown). Thus, we believe that the present epistatic effects

are genuine. Although several closely located QTL with

main effects on egg production have been reported

(Tuiskula-Haavisto et al. 2002; Hansen et al. 2005;

Schreiweis et al. 2006), to the best of our knowledge no

epistatic QTL have been reported. For other traits, Carlborg

et al. (2004) reported epistatic QTL affecting early growth in

a cross between layer and broiler chickens. Thus, this study

is the first example of mapping of epistatic loci for egg

production traits. In addition, we obtained interesting

results showing that the indigenous Japanese breed

Oh-Shamo has useful alleles at the epistatic QTL. Therefore,

QTL analyses using undeveloped indigenous breeds may

lead to the identification of more unique alleles at epistatic

QTL as well as QTL with main effects on production traits.

In this study, we identified at least three main QTL and six

epistatic QTL affecting egg production traits. Among them,

two main QTL and all epistatic QTL displayed age-specific

effects on these traits. These results highlight the impor-

tance of taking into account the age specificity of QTL when

QTL mapping is performed. The percentage of genetic var-

iance explained by these QTL was not so high (11.5–58.5%)

for each trait, meaning that many other QTL with small

and/or age-specific effects remain unmapped. To map such

QTL, more markers and more chickens in the mapping

population will be needed.

The candidate genes for our QTL were searched using

UCSC Genome Browser (http://genome.ucsc.edu/). A great

Table 5 Total contributions of all QTL

detected for egg production traits to the

phenotypic and genetic variances.
Trait1

Number of

main-effect

QTL detected

Number

of epistatic

QTL detected

Total number

of QTL

detected

Phenotypic

variance2

Genetic

variance3

Broad-sense

heritability4

AFE 1 2 3 15.8 58.5 27.0

EPR2 1 0 1 6.4 12.8 50.0

EPR3 2 2 4 16.9 56.1 30.2

EPR6 0 2 2 6.8 20.8 32.5

EPR9 1 0 1 4.1 11.5 35.4

1See Table 1 for trait abbreviations.
2The phenotypic variance (%) explained by all detected QTL, which was estimated by a multiple

regression analysis with JMP software.
3The genetic variance (%) explained by all detected QTL, which was estimated by dividing the

phenotypic variance by the broad-sense heritability.
4Broad-sense heritabilities were calculated according to the method of Fishman et al. (2002).
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number of genes were found in the 1.5-LOD drop support

intervals. In the future, the list of candidate genes must be

reduced using fine-mapping of the QTL.

In conclusion, several unique QTL with main and epi-

static effects on egg production traits were revealed using

the untapped Japanese indigenous breed of Oh-Shamo in

chickens. This is the first example of the detection of epi-

static QTL for this kind of trait.
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