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Abstract

Since the growth traits of chickens are largely related to the production of meat and eggs, it is definitely important to under-
stand genetic basis of growth traits. Although many quantitative trait loci (QTLs) that affect growth traits have recently been
reported in chickens, little is known about genetic architecture of growth traits across all growth stages. Therefore, we con-
ducted a longitudinal QTL study of growth traits measured from 0 to 64 weeks of age using 134 microsatellite DNA markers
on 26 autosomes from 406 F, females, which resulted from an intercross of Oh-Shamo and White Leghorn chicken breeds.
We found 27 and 21 independent main-effect QTLs for body weight and shank length, respectively. Moreover, 15 and 4 pairs
of epistatic QTLs were found for body weight and shank length, respectively. Taken together, the present study revealed 48
QTLs for growth traits on 21 different autosomes, and these loci clearly have age-specific effects on phenotypes throughout
stages that are important for meat and egg productions. Approximately 60% of Oh-Shamo-derived alleles increased the
phenotypic values, corresponding to the fact that Oh-Shamo traits were higher than those of White Leghorn. On the other
hand, remaining Oh-Shamo alleles decreased the phenotypic values. Our results clearly indicated that the growth traits of
chickens are regulated by several main and epistatic QTLs that are widely distributed in the chicken genome, and that the
QTLs have age-dependent manners of controlling the traits. This study implies importance of not only cross-sectional but
also longitudinal growth data for further understanding of the complex genetic architecture in animal.
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Introduction

The growth traits exhibited by animals (typically quantita-
tive traits) are largely related meat, egg, and milk production
in livestock. Since growth traits will be good indicator to
predict the amount of meat (Venturini et al. 2014) and timing
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Quantitative genetic studies that examined model organisms
such as yeast, flies, and mice recently revealed that quanti-
tative traits are controlled by several quantitative trait loci
(QTLs) with small effects and epistatic interacting loci, and
are influenced by environmental factors (Mackay 2014).
Although QTL analyses and genome-wide association stud-
ies (GWAS) have identified many QTLs and GWAS loci in
animals, the overall genetic variations associated with most
traits cannot be explained by the detected loci (i.e. missing
heritability). Therefore, it is necessary to address the cause
of missing heritability to accumulate results of genetic map-
ping studies that use several animal resource types for bet-
ter understanding of genetic architecture in animal complex
traits.

Long-term longitudinal studies revealed some informa-
tion that is critical to clinical and psychological research
fields. For instance, Petersen et al. (2004) reported the long-
term relationship between physical activity and obesity in
humans. The study indicated that obesity may lead to physi-
cal inactivity, but the results did not support the hypothesis
that long-term physical inactivity was associated with the
development of obesity. Therefore, long-term periodic inves-
tigations have the potential to reveal novel insights based
on comparisons with short-term investigations. Until now,
most QTL analyses of livestock animals focused on trait
data collected at a few time points. In the present study, we
measured the growth traits of an F, resource population at
multiple time points (from O to 64 weeks of age) that cov-
ered entire growth period of chickens. Thus, our longitudinal
QTL study could potentially identify novel data that could
aid our understanding of the genetic basis of growth traits
in chickens.

Several QTLs that affect the growth traits of chickens
have recently been reported. According to the chicken
QTLdb of the Animal QTLdb (Hu et al. 2013), over 2500
QTLs have been listed as growth trait types, and the
present study focused on body weight and shank length
as growth traits. Although there are approximately 90
research papers reporting QTLs for body weight and shank
length (Hu et al. 2013), most studies used commercial
broiler- and layer-related breeds as the parental breeds of
resource populations. To understand the genetic basis of
the traits in chicken populations that are widely distributed
around the world, it is important to utilize several geneti-
cally divergent resources such as traditional and village
chicken breeds rather than the sole use of specific breeds.
Therefore, we used the Oh-Shamo breed (a Japanese indig-
enous breed; Tsudzuki 2003) as a parental breed to create a
QTL mapping population. Since our QTL mapping studies
using the Oh-Shamo breed have revealed a large number
of loci for growth, egg, and meat traits (Tsudzuki et al.
2007; Goto et al. 2011, 2014a, b; Yoshida et al. 2013),
the present longitudinal QTL mapping of growth traits
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will probably identify several loci. In the present study,
we aimed to detect QTLs based on a longitudinal study of
QTL mapping for growth traits (body weight and shank
length) in chickens using a unique F, resource popula-
tion of Oh-Shamo and White Leghorn (a traditional layer
breed).

Materials and methods
Animals

A Japanese Large Game (Oh-Shamo) male was mated
to three White Leghorn (CB strain; Reynaud et al. 1987)
females to obtain an F, resource population (Goto and Tsud-
zuki 2017). F, females (n=406) were produced via the full-
sib mating of four F; males and 19 F, females (Goto et al.
2011). All birds were maintained under previously described
conditions (Tsudzuki et al. 2007). The birds were cared for
according to the rules of the Standards Related to the Care
and Management of Experimental Animals (Prime Min-
isters’ Office, Japan, 1980) and the Guide for the Use of
Experimental Animals in Universities (The Ministry of Edu-
cation, Science, Sports, and Culture, Japan, 1987).

Phenotypic measurements

Body weight and shank length measurements of the birds
were recorded from hatching to 64 and 52 weeks of age,
respectively. These traits were measured as previously
described (Tsudzuki et al. 2007) every week from O to
16 weeks of age. Trait data were then collected once every
4 weeks from 20 to 64 weeks of age for body weight and
from 20 to 52 weeks of age for shank length.

Genotyping and linkage map

As described by Goto et al. (2014a, b), 134 microsatellite
DNA markers on 26 autosomes were genotyped based on
genomic DNA extracted from blood samples. These markers
were fully informative because of the exclusion of markers
that had common alleles between the parental breeds (one
Oh-Shamo male vs three White Leghorn females; Goto and
Tsudzuki 2017). Map Manager QTX b20 software (Manly
et al. 2001) was used to construct a marker linkage map
of the F, population using the Kosambi map function, and
marker orders were determined using ArkDB of the Roslin
Bioinformatics Group (http://www.thearkdb.org/). Our link-
age map covered approximately 67% of the chicken genome
(Goto et al. 2014a).
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Statistical analysis

A one-way analysis of variance (ANOVA), followed by Tuk-
ey’s HSD test, was conducted to compare trait data among
four groups, which are the Oh-Shamo, White Leghorn, F,,
and F,, in each age of traits (29 stages for BW and 26 stages
for SL) using JMP software version 5.0.5a (SAS Institute
Inc., Cary, NC, USA). To analyze the phenotypic relation-
ship among traits, Pearson’s correlation coefficients in the
F, were calculated using the JMP (P <0.05).

QTL analysis

Before QTL analyses were conducted, two environmental
factors (date of hatch and F; dams) were tested using the
least squares method in JMP to determine whether these
factors affected phenotypic values. When these factors
exhibited significant effects (P <0.05), the affected pheno-
typic values were corrected. Shapiro-Wilk’s test was used
to assess whether the phenotypic distribution was normal,
and the Box—Cox transformation was used to approximate a
normal distribution when a non-normal phenotypic distribu-
tion was detected.

For QTL analyses, residuals after correction were stand-
ardized using JMP, and growth traits were analyzed using
the Bayesian model selection method (Yi et al. 2005) found
in R/qtlbim software (Yandell et al. 2006). Bayesian QTL
mapping was performed for each trait using previously
described methods (Yoshida et al. 2013). Briefly, all chro-
mosomes were partitioned with a 1-cM grid, and a main
effect and four epistatic-interaction effects (additive by addi-
tive, additive by dominance, dominance by additive, and
dominance by dominance) were modelled for each QTL. A
Markov chain Monte-Carlo (MCMC) algorithm was used
to test the posterior distribution on the parameters (Yi et al.
2005), and the graphical and numerical methods of R/qtlbim
confirmed the convergence of the Markov chain. The Bayes
factor (BF) for a locus was defined as the ratio of the poste-
rior odds to the prior odds for inclusion against exclusion of
the locus (Ankra-Badu et al. 2009). The BF threshold of 2
log (BF) was used to declare genome-wide significant QTLs,
according to Kass and Raftery (1995), and the BF threshold
of epistatic interactions was set at 20 (Yi et al. 2005).

Results

Phenotypic analysis

Supplementary Table 1 shows the mean values of body
weight (BW) at 0-64 weeks of age (BW0-BW64) and the

differences between the Oh-Shamo, White Leghorn, F,
and F, populations. Throughout all stages (BW0-BW64),

the body weights of Oh-Shamo were significantly higher
than those of the others. Regarding BW3-BW 11, body
weights of the F; were significantly higher than those
of the White Leghorn and F,, and the phenotypic order
for stages BW12-BW32 was F, > F,> White Leghorn.
However, the order changed to F; =F, > White Leghorn
during stages BW36-BW64, with the exception of BW56
(F\>F,).

Supplementary Table 2 indicates the mean values of
shank length (SL) at 0-52 weeks of age (SLO-SL52) and
the differences between the Oh-Shamo, White Leghorn,
F,, and F, populations. Regarding shank traits, the pheno-
typic values of the Oh-Shamo were significantly higher than
those of the others throughout all stages (SL0-SL44). The
phenotypic order during stages SL2-SL5 was F; = White
Leghorn>F,. The order during stages SL6-SL13 was
F, > White Leghorn > F,, whereas the order was F, > White
Leghorn=F, during stages SL15-SL16. However, the
order changed to F,>F, > White Leghorn during stages
SL20-SL44, with the exception of stage SL32 (F, =F,).

Phenotypic correlations among all BW stages are shown
in Supplementary Fig. 1. Correlation coefficients between
adjacent stages were estimated as more than 0.79, despite a
lower value (0.22) estimated between BWO0 and BW 1. More-
over, relatively higher estimated correlation values were
observed among stages at and before 4 weeks (> 0.58), with
the exception of BWO0. On the other hand, estimated cor-
relations among early stages (BW0-BW16) and late stages
(BW20-BW64) were less than 0.50.

Supplementary Fig. 2 shows the phenotypic correlations
for SL. Correlation coefficients between adjacent stages
were estimated as more than 0.68, although there were
relatively lower values [e.g. 0.49 (SLO and SL1) and 0.36
(SL16 and SL20)]. Correlations among traits at late stages
(SL20-SL52) exhibited higher values (>0.90), because the
extension of the shank bone would have plateaued. Corre-
lations were estimated as more than 0.65 and 0.70 among
early stages (SL3-SL9) and middle stages (SL11-SL16),
respectively. There were no significant correlations among
traits at both early and middle stages (SLO-SL13) and traits
at late stages (SL20-SL52), but correlations among SL1 and
traits at late stages (SL20-SL52) were significant.

Supplementary Fig. 3 indicates the phenotypic corre-
lations between BW and SL. Correlations between body
weight (BW2-BW20) and shank length (SL2-SL16) at
early and middle stages were estimated from 0.24 to 0.93,
whereas there were relatively high correlations ranged from
0.72 to 0.92 between body weight and shank length at the
same stages during 2—16 weeks of age [e.g. 0.72 (BW16 and
SL16) and 0.92 (BW7 and SL7)]. There were lower cor-
relations ranged from —0.04 to 0.19 between body weight
at all stages (BW0O-BW64) and shank length at late stages
(SL20-SL52).
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«Fig. 1 Summary of age-specific main-effect QTLs associated with
body weight and shank length traits. Main-effect QTLs detected at
each age in hens are indicated for both body weight (BW) and shank
length (SL) traits. Colored squares indicate the detection of QTLs at
the specified ages. The density of squares reflects Bayes factor val-
ues. S and W denote that the Oh-Shamo and White Leghorn alleles
increased the phenotypic value, respectively, based on the additive
effects. Diagonal lined cells in shank length are out of analyses. See
Supplementary Tables 3, 4, 5, and 6 for QTL details

QTL analysis

QTLs were found based on the positions of flanking mark-
ers, so QTLs co-located at adjacent regions with shared
flanking markers were treated as identical QTL.

Main-effect QTLs Twenty-seven main-effect QTLs asso-
ciated with body weight traits (between hatching 64 weeks
of age) were identified on chromosomes 1, 2, 3, 4,5, 6, 7,
9,13, 18,19, 23,24,26,27, and 28 (Fig. 1 and Supplemen-
tary Tables 3 and 4). Each QTL contributed 1.4-18.2% to
phenotypic variances (Supplementary Table 3). The QTLs
were identified: seven on chromosome 1; three on chromo-
some 2; two each on chromosomes 7, 13, and 28; and one
each on chromosomes 3-6, 9, 18, 19, 23, 24, 26, and 27. The
Oh-Shamo alleles at most detected QTLs increased body
weight phenotypes, and the White Leghorn alleles at eight
QTLs (1D, 1E, 1F, 7A, 7B, 13C, 24A, and 28B) increased
the phenotypic value.

Twenty-one main-effect QTLs were identified for shank
length (between hatching and 52 weeks of age) on chro-
mosomes 1, 2,4,5,6,7,9, 11, 13, 19, 27, and 28 (Fig. 1
and Supplementary Tables 5 and 6). Each locus explained
1.6-32.8% of the phenotypic variance (Supplementary
Table 5). The following QTLs were detected: four each on
chromosomes 1 and 2; two each on chromosomes 5, 9, and
19; one each on chromosomes 4, 6, 7, 11, 13, 27, and 28.
The Oh-Shamo alleles at 13 QTLs increased shank length,
whereas the White Leghorn alleles at eight QTLs (2A, 2B,
2C, 5A, 5B, 6B, 7A, and 11A) increased the phenotypic
value.

In Fig. 1, we can see main-effect QTLs detected for both
traits across all time points. It enabled us to see when hot-
spots for both traits arose. In ten QTLs (1A, 1G, 1H, 2C, 4A,
7A, 9A, 19A, 27A, and 28A), nine QTLs were detected at
the similar stages for both traits, except for QTL 7A. A hot-
spot for both traits seems to be around 1628 weeks because
seven QTLs were co-located around the stage.

Epistatic QTLs 15 pairs of epistatic QTLs were detected
for body weight traits (Supplementary Tables 7 and 8).
These pairs were categorized into three types based on the
following interaction manners: (1) interaction between two
main-effect QTLs; (2) interaction between a main-effect
QTL and a non-main-effect QTL; (3) interaction between
two non-main-effect QTLs. In Supplementary Table 8, the

“QTL no.” that has a “-” between the chromosome number
and a letter (e.g. 1-I, 1-J, and 3-B) indicates QTLs that have
an epistatic-interaction effect only. On the other hand, QTLs
having both main effect and epistatic interaction were named
by chromosome number and a letter with no “-” (e.g. 1A,
1B, and 1C).

The following six pairs of epistatic QTLs were identified
as type (1): 4A and 13C for BWO; 5C and 6B for BW5; 1D
and 7A for BW12; 3A and 19A for BW15; 1B and 6B for
BW52; and 2C and 27A for BW52. The following seven
pairs of epistatic QTLs were identified as type (2): 28B and
5-D for BWS; 28A and 1-] for BW9, BW14, and BW20;
26A and 1-I for BW12; 28A and 10-A for BW13; 2E and
15-A for BW20; 13A and 3-B for BW28; and 27A and 14-A
for BW52. The following two pairs of epistatic QTLs were
identified as type (3): 10-A and 15-A for BW0; and 4-B and
9-C for BW1.

Regarding shank length traits, four pairs of epistatic
QTLs were discovered (Supplementary Tables 9 and 10).
Pair 5B and 6B was categorized as type (1), whereas pair
2B and 15-A was identified as type (2). Interestingly, main-
effect QTL 28A, which was associated with body weight and
shank length traits, was also identified as an epistatic QTL
for shank traits in combination with 1-J. A type (3) interac-
tion was discovered between 8-A and 14-A.

Summary of all QTLs detected Table 1 shows a summary
of QTLs identified in the present study. Taken together, this
study identified 48 QTLs associated with growth traits (body
weight and shank length) on 21 different chromosomes.

Discussion

The present long-term longitudinal study identified 48 main
and epistatic QTLs that affect growth traits in chickens.
These QTLs were located on 21 different chromosomes,
thus suggesting that growth traits are regulated by several
QTLs that are widely distributed across genomic regions.
Furthermore, these loci clearly have age-specific effects on
the phenotypes in 0—64 weeks, which are associated with
important stages of meat and egg production in broiler
and layer industries, respectively. The study enabled us to
develop a holistic idea of genetic control of chicken growth
traits, which includes the location of loci, mode of inherit-
ance, and age-specificity (Goto and Tsudzuki 2017).

The present study revealed that some QTLs were
found repeatedly at several stages. For instance, four
QTL regions (1B, 4A, 27A, and 28A) should be robust
QTLs, because they were found for both body weight
and shank length traits at 7-19 different ages. Our previ-
ous QTL study of 245 F, birds based on Oh-Shamo and
White Leghorn (population focused on growth and meat-
related traits) reported QTLs that affected body weight and
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Table 1 Summary of main and epistatic QTLs detected in the present study

QTLno.*  Flanking markers (cM)® Effect Traits®

1A MCWO0248 (0.0)—LEI0209 (24.5) Main BW20, 24, 28, 32, 36, SL28

1B MCWO0010 (35.1)—MCWO0111 (67.6) Main BW40, 44, 48, 52, 56, 60, 64

1C ROS0327 (70.0)—ADLOI188 (79.1) Main SL16, 20, 24, 28, 32, 36, 40, 44, 48, 52

1D ADLO0124 (84.8)—LEI0146 (102.5) Main Epistasis BWI10, 11, 12,13

1E LEIOI146 (102.5)—MCW0112 (132.4) Main BWS, 14, 15

1F MCWO0112 (132.4)—MCWO0058 (157.8) Main BW16, 20, 24, 28, 48, 52, 64

1G LEIOI98 (256.7)—MCWO0036 (282.3) Main BW2,3,4,5,7,8,SL4,5,6,7, 10, 11

1H ABRO0328 (367.5)—GCT0032 (407.3) Main BW20, 24, 28, 32, 36, 40, SL1, 16, 20, 24, 28, 32, 36, 40, 44,
48,52

1-1 MCWO0036 (282.3)—LEI0106 (319.2) Epistasis BWI12

1-] GCT0032 (407.3)—MCWO0107 (460.3) Epistasis BWO, 14, 20, SL8, 9, 11

2A ADLO0176 (133.6)—MCWO0062 (182.5) Main SL1

2B MCWO0062 (182.5)—LEI0096 (230.8) Main Epistasis SL24, 28, 32

2C LEI0096 (230.8)—LEI0147 (270.5) Main Epistasis BW3, 24, SL4, 15, 16, 44

2D LEIOI47 (270.5)—MCW0185 (286.8) Main SL1

2E LEI0237 (302.5)—LEIO070 (363.8) Main Epistasis BW20

2F ADLO146 (387.6) Main BWI1

3A MCWO0156 (271.3) Main Epistasis BW60

3-B MCWO0252 (223.8)—LEI0223 (246.3) Epistasis BW28

4A ABRO0331 (176.5)—ABR0622 (233.8) Main Epistasis BWI11, 12, 13, 14, 15, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52,

56, 60, 64, SLO, 1,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 20, 24,
28, 32, 36, 40, 44, 48, 52

4-B ADL0203 (40.7)—LEI0095 (87.8) Epistasis BW1

S5A MCWO0038 (0.0 —MCW0214 (21.8) Main SL10, 16

5B MCWO0078 (34.5)—MCW0223 (57.9) Main Epistasis SL3,4,5,6,7

5C ADL0233 (717.6) Main Epistasis BW56

5-D ADLO0166 (91.9)—R0OS0330 (121.9) Epistasis BW5

6A MCWO0118 (0.0—ABR0028 (18.9) Main BW52

6B LEI0092 (28.8)—LEI0196 (67.4) Main Epistasis BWS5S, 52, SL14, 15

TA MCWO0120 (8.4 —MCW0178 (33.3) Main Epistasis BW1, 2, SL14

7B MCWO0183 (42.8)—LEI0158 (76.4) Main BW3,8

8-A ABRO0017 (0.0)—MCWO0305 (27.3) Epistasis SL6, 7

9A MCWO0329 (42.6)—ABR0526 (79.2) Main BW56, 64, SL16, 20, 24, 28, 32, 36, 40, 44, 48, 52
9B MCWO0135 (52.2)—ABR0526 (79.2) Main SL1

9-C ROS0078 (0.0)—MCW0329 (42.6) Epistasis BW1

10-A ADLO0106 (19.3)—LEI0112 (37.5) Epistasis BWO, 13

11A ADL0210 (22.5) Main SL1

13A MCWO0340 (0.0)—LEI0251 (46.9) Main Epistasis BWwW28

13B LEI0251 (46.9)—ADL0214 (79.7) Main SL28, 44, 48

13C MCWO0104 (81.1) Main Epistasis BWO

14-A MCWO0296 (0.0)—MCW0123 (45.2) Epistasis BW52, SL6, 7

15-A MCWO0031 (1.5—MCW0211 (54.8) Epistasis BWO, 20, SL36

18A ABRO0374 (0.0)—MCW0217 (16.1) Main BW20

19A ABRO133 (0.0)—ABR0180 (24.0) Main Epistasis BW1,2,3,4,5,SL3,4
19B ABRO180 (24.0)—MCW0304 (32.7) Main SL1

23A MCWO0165 (1.9) Main BW44, 48

24A ROS0302 (0.0)—MCWO0301 (19.9) Main BW40, 44

26A MCWO0069 (13.4)—ABR0006 (38.2) Main Epistasis BW56

27A MCWO0233 (0.00—GCT0022 (38.9) Main Epistasis BW14, 15, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64,

SL15, 16, 20, 24, 28, 32, 36, 40, 44, 48, 52
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Table 1 (continued)

QTL no.*  Flanking markers (cM)® Effect Traits®

28A LEIO135 (0.0)—ADL0254 (20.9) Main Epistasis BWS5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 20, 24, SL6, 7, 8,
9,10, 11, 12,13

28B ADLO0284 (23.5)—ADL0299 (55.4) Main Epistasis BW438, 52

BW body weight, SL shank length

“Numerals indicate chromosome numbers. Letters after the numerals indicate different QTLs on the same chromosome. QTL number with a “-” between the num-

ber and the alphabetical symbol indicate QTLs with epistatic effect only
Chromosomal position (cM) in our map

“Numerals after the symbols indicate the age of birds in weeks

shank length traits at 20 weeks of age in these regions on
chromosomes 1, 4, and 27 (Tsudzuki et al. 2007). Since
these three QTL regions were also discovered in the pre-
sent study that examined 406 F, birds based on the Oh-
Shamo and White Leghorn breeds (population focused on
growth and egg-related traits; Goto et al. 2011, 2014a,
b), these results should be reproducible. Furthermore, the
contributions of these QTLs to phenotypic variance were
relatively high (5.0-21.2%, 2.2-32.8%, and 2.1-15.3% for
1C, 4A, and 27A, respectively in Supplementary Tables 3
and 5). In addition, the QTLs on chromosomes 1, 4, 27,
and 28 were supported by several previous studies that
used crosses of White Leghorn X Red Jungle Fowl, White
Leghorn X New Hampshire, White Leghorn X Rhode
Island Red, White Leghorn X Fayoumi, White Leg-
horn X broiler, layer X broiler, broiler X broiler, White
Plymouth Rock x White Plymouth Rock, and White Plym-
outh Rock x Silky (e.g. Nassar et al. 2015; Podisi et al.
2013; Demeure et al. 2013; Gu et al. 2011) on the Animal
QTLdb (Hu et al. 2013). Since these QTLs were found in
a wide variety of breeds, they should be important com-
mon loci that regulate the growth of chickens. Therefore, it
would be useful to identify causal genes underlying growth
traits at these QTL regions in chickens using high-reso-
lution mapping with many individuals in populations that
have undergone many recombination events and/or using
whole genome sequencing technology with a wide variety
of breeds.

Our study revealed 13 QTLs (1A, 1G, 1H, 1-], 2C, 4A,
6B, 7A, 9A, 15-A, 19A, 27A, and 28A) that affected both
body weight and shank length traits, but the remaining 36
QTLs affected either body weight or shank length only. The
former case implies that there may be closely linked multi-
ple genes and/or pleiotropic genes affecting the growth of
muscle and bone. On the other hand, the latter case indicates
that there may be different genes that affect the growth of
either muscle or bone. It is well known that there is a robust
genetic correlation between body weight and shank length
(Demeure et al. 2013), suggesting that body weight increases
along with increased shank length. The present study also
indicated relatively high phenotypic correlations between

body weight and shank length at early and middle stages.
To develop chickens with high body weight and low shank
length, the conventional statistical breeding system will
require much more time. The information about the 36 QTLs
for either trait will be useful to achieve these improvements
in a more direct fashion using genomic information and
within a shorter time period. Moreover, we detected numer-
ous age-specific QTLs for growth in chickens. Therefore,
the spatio-temporal features of genetic control mechanisms
found in the present study should be adopted by the poultry
industry and basic science fields.

Under the condition of relatively high phenotypic cor-
relations between body weight and shank length, we have
a question that how independent are QTLs affecting shank
length rather than body weight. Actually, since the present
single-trait QTL mapping of shank length did not use body
weight as a covariate, some QTLs for shank length may have
no direct effect on shank length (due to direct and indirect
effects on body weight). To distinguish direct and indirect
effects of the QTLs, QTL-directed dependency graph (QDG)
mapping is more suitable statistical method using the cor-
rected multiple phenotypes (Chaibub Neto et al. 2008). QDG
mapping can discover the causal interrelationship among
correlated phenotypes and distinguish whether the QTL has
direct and/or indirect effect to the trait by comparing the
results between QDG mapping and single-trait QTL map-
ping (Yang et al. 2011). Therefore, further analysis such as
QDG mapping using correlated phenotypes will be needed
to know independent effect on shank length and deeper inter-
relationship between shank length and body weight.

Approximately 60% of the alleles derived from the Oh-
Shamo breed increased the phenotypic values, correspond-
ing to the observation that the phenotypic Oh-Shamo val-
ues were higher than those of the White Leghorn breed.
However, there were QTLs with effects in the opposite
direction in approximately 40% of the main-effect QTLs,
even in the condition that Oh-Shamo phenotypes were sig-
nificantly higher than White Leghorn phenotypes in both
traits. Regardless of large phenotypic differences in parental
breeds, the ratio of allelic effect increasing phenotypic value
was approximately 60:40, which shows close to random
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(50:50). This phenomenon of quantitative traits was seen in
other organisms, including plants and animals, and it will be
identified as one of the causes of “transgressive segregation”
(Rieseberg et al. 1999). Therefore, the phenomenon could
represent a general biological principal in which some loci
increase the trait value and the others decrease it, regard-
less of the differences between the phenotypes of parental
breeds. Generally speaking, most breeds will have a large
variety of alleles that increase and decrease the traits of
interest. Therefore, untapped genetic resources in the world
such as indigenous chicken breeds, and traditional and vil-
lage chickens should be analyzed more frequently because of
their great potential to have several alleles influencing trait
variation (Goto and Tsudzuki 2017).

All QTLs detected in the present study exhibited age-
specific effects on the growth traits of chickens. Most of the
loci have a continuous effect on the direction of the pheno-
type, but some loci had different effects on the phenotype
(e.g. 24 A for body weight and 2B and 2C for shank length).
For instance, at 24A QTL, the Oh-Shamo allele increased
BW40 but decreased BW44, and we believe that there are
two possible explanations for this phenomenon. One is that
there may be two closely linked loci with effects on the phe-
notype in both positive and negative directions, and this was
also reported in body weight QTLs in mice (Mollah and
Ishikawa 2011). The other is that the locus has a pleiotropic
effect in opposite directions on the trait value associated
with age specificity. However, there is no suitable example
of this case in the literature, to the best of our knowledge. In
addition, there are some QTLs (1E and 1F for body weight
and 1H and 2C for shank length) that were detected non-
consecutively during developmental stages. For instance,
the 2C QTL affected shank length in the early (4 weeks),
middle (15 and 16 weeks), and late (44 weeks) stages, and
this phenomenon could be caused by either of the two pos-
sibilities described below. One is that closely linked and
age-specific QTLs may be located in the region, and the
other is that a QTL may influence several growth stages.
Since our results showed relatively large confidence inter-
vals for each QTL, additional high-resolution mapping with
more individuals and population genomics data from other
chicken populations (Goto and Tsudzuki 2017) are required
to obtain concrete results.

Fourteen pairs of epistatic QTLs were detected in the pre-
sent study, and these loci were categorized into three inter-
action types that were examined in our previous studies of
chickens and mice (Goto et al. 2011, 2014b; Yoshida et al.
2013; Ishikawa et al. 2005). The results indicated some limi-
tations and advances of the present study, and one limitation
was the lack of a sufficient number of individuals. We think
that the present mapping population (406 F, individuals) has
less power to detect epistatic QTL because epistatic QTL
studies of populations are at their most powerful if they use
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good-quality data from 500 or more F, individuals (Carlborg
and Haley 2004). Carlborg et al. (2004) described that high
power to detect epistasis can only be expected in reasonably
large datasets with high-quality phenotypic measurements
and highly informative markers. The present study fits at
least one factor because we used only highly informative
markers which are completely traceable from the F, to the
parental breeds. And also, Carlborg et al. (2004) mentioned
that (1) an exotic cross such as red jungle fowl X White Leg-
horn has some advantages than a cross of broiler X layer, (2)
their study using 466 F, individuals in the broiler X layer
cross shows potential to detect epistasis in the moderately
sized experiments, and (3) mapping epistatic QTLs can be
valuable for experimental datasets of limited population
size that are initially not designed for detection of epistasis.
Therefore, we decided to conduct the present QTL map-
ping of main-effect QTL and subsequently epistatic QTL
using the exotic type of cross (Oh-Shamo X White Leg-
horn) and the limited population size. In addition, recent
extreme QTL (X-QTL) analyses of flies have used several
thousand individuals (Shorter et al. 2015), but there are sev-
eral problems associated with domestic animal research in
comparison with studies of model organisms. For instance,
greater rearing space, feeding costs, and time are needed in
domestic animal research because of body size and repro-
ductive cycle differences. To overcome these problems,
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Fig.2 Genetic network of QTLs associated with body weight (BW)
and shank length (SL) traits detected in the present study. Forty-
eight QTLs were mapped on 21 different chromosomes. QTLs high-
lighted with circles and squares indicate main-effect QTLs and epi-
static QTLs with no main effect, respectively. Light and dark gray
lines indicate epistatic QTL pairs associated with body weight and
shank length traits, respectively. See Table 1 and Supplementary
Tables 7—-10 for details of each QTL
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novel experimental setups and statistical methods that tar-
get higher-order epistasis are needed to unravel the complex
genetic architecture of quantitative traits.

On the other hand, an advantage of the present study is
that the tip of a complex genetic interaction network linked
to the growth traits of chickens was uncovered (Fig. 2).
The network consisting of allelic combinations of 28 QTLs
clearly indicated a complex and highly polygenic genetic
architecture of growth in chickens. Therefore, it is nota-
ble that a single QTL mapping population enabled us to
discover a holistic genetic network. Moreover, the present
study may provide an opportunity to experimentally vali-
date gene—gene interactions in the future. Thus, further
studies of the genetic interactions underlying quantitative
variation in growth will provide useful insights for advanc-
ing animal breeding methods, and it could help us under-
stand the causes of missing heritability.

The present longitudinal QTL study with a popula-
tion resulting from Oh-Shamo and White Leghorn breeds
clearly indicated that chicken growth is controlled by
numerous main and epistatic QTLs with age-specific
effects. This study also revealed the importance of using
of indigenous genetic resources for QTL analyses in chick-
ens. The results of this study represent importance of not
only cross-sectional but also longitudinal growth data for
further understanding of the complex genetic architecture
in animal.
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