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Abstract There is increasing awareness that epistasis
plays a role for the determination of complex traits. This
study employed an association mapping approach in a large
panel of 455 diverse European elite soft winter wheat lines.
The genotypes were evaluated in multi-environment trials
and fingerprinted with SSR markers to dissect the under-
lying genetic architecture of grain yield and heading time.
A linear mixed model was applied to assess marker-trait
associations incorporating information of covariance
among relatives. Our findings indicate that main effects
dominate the control of grain yield in wheat. In contrast,
the genetic architecture underlying heading time is con-
trolled by main and epistatic effects. Consequently, for
heading time it is important to consider epistatic effects
towards an increased selection gain in marker-assisted
breeding.

Introduction

Understanding the impact of epistasis on quantitative traits
remains a major challenge in genetics of complex traits (Le

Communicated by X. Xia.

Electronic supplementary material The online version of this
article (doi:10.1007/s00122-011-1583-y) contains supplementary
material, which is available to authorized users.

J. C. Reif (X)) - H. P. Maurer - T. Miedaner - T. Wiirschum
State Plant Breeding Institute,

University of Hohenheim,

70599 Stuttgart, Germany

e-mail: jochreif @uni-hohenheim.de

V. Korzun - E. Ebmeyer
KWS Lochow GMBH, 29303 Bergen, Germany

Rouzic and Alvarez-Castro 2008). Classical approaches of
quantitative genetics to elucidate the role of main effects
and epistasis include generation means analyses and vari-
ance components reflecting different types of genetic
effects (Hallauer and Miranda 1981). Detection of epistasis
by generation means analysis is conservative, because they
reflect only net effects over the entire genome and QTL
effects with positive and negative sign may cancel in the
sum (Melchinger et al. 2007). Moreover, many designs to
estimate the relative importance of main versus epistatic
effects from second-moment statistics have serious limi-
tations with respect to unbiased estimation of genetic
effects (Kearsey and Jinks 1968). Despite these restrictions,
several studies in soft winter wheat based on either first- or
second-moment statistics have reported a significant con-
tribution of epistasis for grain yield and flowering time (for
review see Goldringer et al. 1997).

Since the late 1980s, linkage mapping was applied in
wheat in numerous studies to dissect the underlying genetic
architecture of complex traits such as grain yield and
flowering time. Several important main effect QTL
involved in the expression of flowering time through their
control of vernalization, photoperiod response, and earli-
ness per se have been detected (Distelfeld et al. 2009;
Griffiths et al. 2009). In contrast to studies based on first- or
second-moment statistics, linkage mapping revealed that
epistatic interactions contributed to a low extent to the
genotypic variance for flowering time (Griffiths et al.
2009). Similarly, for grain yield, epistasis was also of
minor importance compared to main effects (e.g., Kumar
et al. 2007).

Major limitations of linkage mapping are a poor reso-
lution in detecting QTL and the fact that with biparental
crosses of inbred lines only two alleles at any given locus
can be studied simultaneously (Flint-Garcia et al. 2003).
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Association mapping methods promise to overcome these
limitations (Kraakman et al. 2004). In a first pioneering
candidate region association mapping study in soft winter
wheat, Breseghello and Sorrells (2006) found significant
main effect QTL for kernel traits. For grain yield, Crossa
et al. (2007) reported in a genome-wide association map-
ping study based on 94 and 76 historical spring wheat lines,
that 88% of the markers exhibited significant additive and/
or additive x additive interaction effects. Computer sim-
ulations in the context of linkage mapping (Beavis 1998;
Goring et al. 2001; Allison et al. 2002) demonstrated that
small population sizes can lead to a severe bias in QTL
detection, which may explain the large proportion of
markers significantly associated with grain yield in the
study of Crossa et al. (2007).

Here, data from a large association mapping panel
composed of 455 wheat lines were used to: (1) estimate the
resolution of association mapping in a diverse panel of
European elite soft winter wheat lines, (2) unravel the
relative magnitude of main effect QTL versus epistatic
interactions for grain yield and heading time using asso-
ciation mapping approach, and (3) dissect the genetic
architecture of grain yield and heading time.

Materials and methods
Plant materials and field trials

A total of 455 soft winter wheat (Triticum aestivum L.)
lines adapted to Central European conditions were used for
this study. All 455 entries were evaluated for grain yield
and heading time in a series of seven breeding trials in
Germany (Table 1). Heading time was recorded as the
developmental stage (BBCH; Hack et al. 1992) at that time
when ears of approximately half of the genotypes were
fully visible. Data for grain yield was recorded at four to

eight environments with an average of six. Data for
heading time was recorded at four to seven environments
with an average of five. The experimental design for each
trial was a lattice design with two replications per location
with the number of entries per trial ranging from 56 to 110.
Two of the 455 entries were evaluated as common entries
in each lattice. Sowing density was 350 grains m > and
plot size ranged from 5.5 to 15.0 m?.

Phenotypic data analyses

The phenotypic data of each environment were first ana-
lyzed separately based on the statistical model:

Yikno = K+ & + tk + Frux + bonk + €ikno,

where y;,, was the phenotypic observation for the ith
wheat line in the oth incomplete block of the nth replica-
tion of the kth trial, u was an intercept term, g; was the
genetic effect of the ith genotype, #, was the effect of the
kth trial, r,,; was the effect of the nth replication of the kth
trial, b, was the effect of the oth incomplete block of the
nth replication of the kth trial, and e;,, was the residual.
Except b, all effects were regarded as fixed. We used
estimates of variance of the residuals of single environ-
ments and calculated the average across environments,
which was denoted in the following as c2.

A combined analysis across locations was performed
using the following statistical model:

Yip = 1 + g+ enyv, + dip,

where y;, was the best linear unbiased estimate (BLUE) for
the ith wheat line in the pth environment, y was an inter-
cept term, g; was the genetic effect of the ith genotype,
env,, was the effect of the pth environment, and d;, was the
residual, which is the sum of genotype x environment
interaction effects and single environmental residuals.
Variance components were determined by the restricted

Table 1 Description of the series of seven wheat breeding trials conducted in Germany

Trial Number of Location (year)

name genotypes

AP1_2008 56 Bernburg (2008), Seligenstadt (2008), Wetze (2008), Wohlde (2008)

GO01_2008 56 Bernburg (2008), Lautzschen (2008), Schmoel (2008), Seligenstadt (2008), STW (2008), Toisdorf (2008), Wetze
(2008), Wohlde (2008)

G02_2008 56 Bernburg (2008), Lautzschen (2008), Schmoel (2008), Seligenstadt (2008), STW (2008), Troisdorf (2008),
Wetze (2008), Wohlde (2008)

G02_2009 56 Bernburg (2009), Lautzschen (2009), Schmoel (2009), Seligenstadt (2009), STW (2009), Toisdorf (2009), Wetze

(2009), Wohlde (2009)
G03_2009 110
G04_2009 100
G05_2009 64

Bernburg (2009), Kondratowice (2009), Seligenstadt (2009), Wetze (2009), Wohlde (2009)
Bernburg (2009), Kondratowice (2009), Seligenstadt (2009), Wetze (2009), Wohlde (2009)
Bernburg (2009), Kondratowice (2009), Seligenstadt (2009), Wetze (2009), Wohlde (2009)
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maximum likelihood (REML) method assuming a random
model. The estimate of o7 reflects the sum of 6%, . and G2
divided by the number of replications, which was 2 in our
study. Variance component due to genotype X environ-
ment interactions was therefore calculated as 6%, =
03 — a2 /2 following standard procedure (Cochran and Cox
1957). Heritability on an entry-mean basis was calculated
as the ratio of genotypic to phenotypic variance according
to Melchinger et al. (1998). In addition, BLUEs across
environments were estimated by assuming fixed genetic
effects.

Molecular data analyses

The 455 wheat lines were fingerprinted following standard
protocol with 115 simple sequence repeat (SSR) markers
(Supplementary Table S1). These markers were randomly
distributed across the wheat genome. Map positions of
markers were based on the linkage map published by
Somers et al. (2004).

Associations among the inbred lines were analyzed by
applying principal coordinate analysis (PCoA) (Gower
1966) based on the modified Rogers’ distances (Wright
1978). Moreover, extent of linkage disequilibrium (LD)
between all pairs of loci was determined estimating D’ as
described by Hedrick (1987). LD analyses and PCoA were
performed using software Plabsoft (Maurer et al. 2008).

Association mapping

Following Stich et al. (2008a), we applied for each of the
115 SSR markers, a two-step association mapping
approach based on y;,, the BLUE for the ith wheat line in
the pth environment, using the following statistical model:

Yip = p+m, + g +env, +djp,

where m, denotes the effect of the vth marker genotype. All
effects except m, were regarded as random. Note that the
applied two-step approach possesses only a slightly
reduced power for detection of marker-phenotype associ-
ations than one-step approaches following Stich et al.
(2008a). The variance of the random effects g*{gy,...,
g455"} was assumed to be Var(g*) = 2 KGZG*, where aé*
refers to the genetic variance estimated by REML and K
was a 455 x 455 matrix of kinship coefficients that define
the degree of genetic covariance between all pairs of
entries. We followed the suggestion of Bernardo (1993)
and calculated the kinship coefficient K;; between inbreds i
and j on the basis of marker data as K;; = 1 + (S;—1D/(1—
T;)), where S;; is the proportion of marker loci with shared
variants between inbreds i and j and Tj; is the average
probability that a variant from one parent of inbred i and a

variant from one parent of inbred j are alike in state, given
that they are not identical by descent. In practice, the value
of T; is unknown. We estimated one optimum value of T
for all pairs of inbreds using a REML method suggested by
Stich et al. (2008b) setting negative kinship values between
inbreds to zero. Based on the Wald F statistic, we per-
formed tests for the presence of marker-phenotype asso-
ciations with a significant (P < 0.05) effect on grain yield
and heading time applying the Bonferroni-Holm procedure
(Holm 1979). For significant main effects, QTL x envi-
ronment interactions have been tested extending the above
statistical model with a term m,:env,, (Stich et al. 2008a).
The proportion of the phenotypic variance explained by all
QTL was determined by the estimator Rgdj as described by
Utz et al. (2000). The proportion of the genotypic variance
explained by all detected QTL was estimated from the ratio
pe = Riy/h.

In addition, we performed a two-dimensional scan for
pairwise interaction effects among the 115 SSR markers
extending the above model to:

yipzﬂ+mv+mw+mv:mw+gi+envp+dip7

where m, and m,, denote the effect of the vth and wth
marker genotype and m,:m,, refers to the interaction effect
of the vth and wth marker genotype. Based on the Wald F/
statistic, we performed a test for the presence of significant
(P < 0.05) pairwise interaction effects for grain yield and
heading time correcting for multiple testing with the
Bonferroni-Holm procedure (Holm 1979). All mixed-
model calculations were performed with ASReml release
2.0 (Gilmour et al. 2006).

Results

The variance component analysis across environments
revealed significant variances for environments, genotypes
and genotype x environment interactions for both traits
(Table 2). Heritability was substantially higher for heading
time compared to grain yield. Grain yield averaged
9.8 Mg ha~'. Heading time ranged from 49.8 to 63.6 at
BBCH stage. This difference of 14 BBCH stages corre-
sponds to around 10 days. Both traits, grain yield and
heading time, showed no linear relationship with a corre-
lation coefficient of 0.00 (Supplementary Figure S3).

The average number of alleles per locus was 6.4, with
the number of alleles per marker locus ranging from 2 to
20. The proportion of marker loci with shared variants
between inbreds i and j, S;;, averaged 0.51 (Supplementary
Figure S1). The extent of LD decreased with increasing
genetic map distance between marker loci (Fig. 1). In total,
we observed 88% of adjacent marker loci pairs were in
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Table 2 Means, ranges, environmental variance components (G3),
genotypic variance components (G%), genotype x environment
interaction variances (G3,5), error variances (c2), and broad sense
heritabilities (%) of 455 wheat lines evaluated for grain yield
Mg ha™!) and heading time (BBCH stage) in five (heading time) to
six environments (grain yield)

Parameter Grain yield Heading time
Mean 9.8 55.9

Min 8.1 49.8

Max 11.1 63.6

o3 1.17%* 2.4

o5 0.12%%* 6.56%**

0%k 0.17%* 0.94%*

o2 0.07 0.82

n 0.78 0.96

** Significant at P < 0.01

significant (P < 0.05) LD. The first principal coordinate
revealed two subgroups of genotypes (Fig. 2). A closer
look at the pedigree information revealed that the smaller
group consisted mainly of British varieties or varieties
derived from one British parent.

The optimum identity-by-state probability for estimation
of the K matrix, which was calculated for the current data
set using a REML approach, was 0.75 for both traits (data
not shown). The genome-wide scan revealed 10 significant
(P < 0.05) marker-phenotype associations for grain yield
and 12 for heading time (Fig. 3). The proportion of the
genotypic variance explained simultaneously by all
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Fig. 1 Linkage disequilibrium (D’) between SSR markers as a
function of genetic map distance. A genetic map distance of 1.5 M
was chosen to represent unlinked loci on different chromosomes.
Curve was fitted by robust locally weighted regression
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Fig. 2 Principal coordinate analysis of the 455 entries based on
modified Rogers’ distance estimates. Percentages in parentheses refer
to the proportion of variance explained by the principal coordinate

markers with significant main effect was the same for
heading time (46%) and grain yield (46%). The proportion
of the genotypic variance explained by the individual
markers ranged for grain yield from 2.0 to 14.9% and for
heading time from 0.1 to 19.3% (Table 3).

The two-dimensional scan revealed 5 significant
(P < 0.05) digenic epistatic interactions for grain yield and
7 for heading time (Fig. 4). The proportion of the geno-
typic variance explained simultaneously by all main and
epistatic marker effects was substantially higher for head-
ing time (93%) compared to grain yield (58%). The pro-
portion of the genotypic variance explained by the
individual digenic epistatic interactions ranged for grain
yield from 0.2 to 2.2% and for heading time from 0.4 to
7.7% (Table 4).

Discussion

The relevance, magnitude and sign of epistatic effects are
important for understanding gene function and interaction
(Boone et al. 2007; Phillips 2008), speciation (Coyne
1992), evolution of sex and recombination (Barton and
Charlesworth 1998), the dynamic of evolving populations
(Cheverud and Routman 1996), and changes of genetic
variances caused by long-term selection (Carlborg et al.
2006) or by a population bottleneck (Goodnight 1987).
Unraveling epistasis based on association mapping designs
allows estimating effects in populations with allele fre-
quencies, which are of direct relevance for breeding.
Moreover, detection of epistatic QTL with association
compared to linkage mapping may be more promising,
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Fig. 3 Plot of P values of the 115 markers associated with (a) grain
yield and (b) heading time. The horizontal line refers to a threshold of
P < 0.05 applying a Bonferroni-Holm correction for multiple tests.
Black or no filling of the bars were used to differentiate the different
chromosomes

because fixation of QTL alleles is less likely. Therefore, we
investigated the extent of epistasis in grain yield and
heading time in soft winter wheat on the basis of an
association mapping design.

Applicability of genome-wide association mapping
in soft winter wheat

The power to detect QTL greatly depends on the sample
size, the heritability of the traits under consideration, and
the applied marker density. Our study was based on a large
experimental data set of 455 wheat elite lines. Lines are
adapted to Central European conditions as underlined by
the absence of a positive association between grain yield
and flowering time (Supplementary Figure S3). Genotypic
effects were estimated with high accuracy reflected by
heritabilities of 0.78 for grain yield and 0.96 for flowering
time (Table 2). Therefore, the experimental setup should

allow to elucidate the genetic architecture of grain yield
and heading time in soft winter wheat.

Association mapping is expected to enable a higher
mapping resolution than traditional linkage mapping
methods, as it employs LD based on historical recombi-
nations (Myles et al. 2009). For our dataset we found that
LD stretched over a distance of up to 20 cM (Fig. 1). This
is in accordance with a survey of US wheat lines (Chao
et al. 2007) as well as with a study based on CIMMYT
wheat lines (Crossa et al. 2007) and corroborates results
from breeding populations of other crops such as maize
(Stich et al. 2005) and barley (Kraakman et al. 2004). In
contrast, Breseghello and Sorrells (2006) observed in US
soft winter wheat that LD extended in centromeric regions
of chromosome 5A for 5 cM and observed an even faster
decline on chromosome 2D within <1 cM. The differences
in the extent of LD between the studies can be explained by
varying population histories of the underlying germplasm
with differences in the number of effective meiosis, pop-
ulation stratification, degree of relatedness, and presence of
selection as well as genetic drift (Stich et al. 2007).

The extent of LD due to linkage of up to 20 cM suggests
that the applied marker density with an average of one
marker per 22 cM represents the lower limit for genome-
wide association mapping in this soft winter wheat elite
breeding population. Although utmost emphasis was given
to select equally spaced markers, some chromosomal
regions were not covered with markers (Supplementary
Table S1). These gaps must be kept in mind when inter-
preting the QTL results from our study.

Appropriate statistical model for association mapping

Correcting for population and/or family structure is essen-
tial for association mapping to decrease the number of false
positive QTL (Yu et al. 2006; Zhao et al. 2007). The first
two principal coordinates explained only 11.53% of the
total variation (Fig. 2). This finding is expected in elite
wheat breeding germplasm improved through intra-popu-
lation selection and suggests absence of a clear population
structure as for instance in maize (Reif et al. 2005).
Therefore, we have not used a biometrical model with
subpopulation effects, which could lead to an overcorrec-
tion for population stratification resulting in a low power to
detect QTL (Wiirschum et al. 2011). For both traits, the
REML estimate of the optimum identity-by-state proba-
bility for the calculation of the K matrix was 0.75, which is
in accordance with findings from Stich et al. (2008b) using
the same marker system in soft winter wheat. It is important
to note, that all negative kinship values K;; between inbreds
i and j, ie., S; <0.75, were set to zero. Consequently,
covariances between genotypes were only relevant for 622
pairs (0.6%) of inbred lines (Supplementary Figure S1).
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Table 3 Trait-associated

-
. .. Marker name  Chromosome
markers and their position on

Position (cM) pg (%) Reported in the literature

respective chromosomes, the

- ] Grain yield
explained proportion of the

66 10.9 -
8 5.0 -

32 5.0 -

13 11.9 -

71 35 Quarrie et al. (2006)
72 2.0 Quarrie et al. (2006)
32 6.5 -

68 5.2 -

49 12.2 -

35 14.9 Quarrie et al. (2005)
62 2.7 -
111 1.8 Kuchel et al. (2006)
163 6.3 Griffiths et al. (2009)
33 1.7 Griffiths et al. (2009)
60 7.5 Hanocq et al. (2004)
76 1.2 Hanocq et al. (2007)
30 0.1 Griffiths et al. (2009); Hanocq et al. (2007)
154 4.6 -

20 0.2 Griffiths et al. (2009)
116 19.3 Hanocq et al. (2007)
28 9.2 -
154 5.7 Hanocq et al. (2007)

genotypic variance pg, and QTL gwm047 2A
reported in the literature in the cfd071 4A
same region gwm?205 5A
barc151 5A
barc108 7A
wmc009 TA
wmc694 1B
gwm?213 5B
cfd072 1D
wmc457 4D
Heading time
gwm186 SA
barc232 5A
gwm291 S5A
gwmO018 1B
barc018 2B
barc101 2B
wmc413 4B
barc059 5B
sw4brht2 4D
gwm272 5D
* For markers mapping to barc184 7D
multiple loci the first position ofdl75 D
was given
Marker
20 40 60 80 100
20 J :
40 -
g 60 4
80 | 1
100 | : :

P <0.05
= P < 0.05 applying Bonferroni-Holm correction

Fig. 4 Two-dimensional scan for epistatic markers associated with
grain yield (above diagonal) and heading time (below diagonal)

Genetic architecture of grain yield

A survey of the literature reporting QTL for grain yield in
hexaploid wheat (Kuchel et al. 2007; Kumar et al. 2007; Li

@ Springer

Table 4 Trait-associated epistatic markers with their position on chro-
mosomes, and the explained proportion of the genotypic variance pg

Marker name Chromosome” Marker name Chromosome pc (%)

Grain yield

barc124 2A gwm610 4A 0.3
gwm044 4A barc232 5A 22
gwm312 2A cfa2147 1D 1.9
gwm480 3A cfd008 5D 0.2
gwm082 3A sw4brht2 4D 1.5
Heading time
barc151 S5A gwm577 7B 1.6
barc124 2A barc018 2B 22
wmc415 5A barc147 3B 0.4
barcl51 5A cfd072 1D 3.1
barc151 5A sw4rht2 4D 0.8
taglut 1A barc151 SA 7.7
gwm320 2D cfd008 5D 0.4

* For markers mapping to multiple loci the first position was given

et al. 2007; Quarrie et al. 2005, 2006) was undertaken to
validate the findings of our study. Three out of the ten QTL
detected for grain yield collocated with QTL reported
previously. Furthermore, we observed three major QTL
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each explaining around 12% of the genotypic variance,
which were not reported in other studies (Table 3). This
shows that genome-wide association mapping holds the
potential to detect previously unknown QTL and is well
suited to unravel the genetic architecture of complex traits.

Besides the congruency with findings of previous link-
age mapping studies, major candidate QTL have not been
identified in our genome-scan. The /B.IR translocation has
a positive effect on grain yield (Carver and Rayburn 1994),
but was not identified as a QTL. This can be explained with
the low frequency of the /B.IR translocation means only
7% of the 455 lines and the resulting reduced detection
power of variants with low minor allele frequency
(McCarthy et al. 2008). This reduced detection power has
strong implications for plant and animal breeding, because
marker-assisted selection is especially of interest for posi-
tive QTL alleles with minor frequency, which harbor a
high risk of loss due to genetic drift in breeding populations
with a commonly low effective population size. As a result,
population sizes have to be extended in future association
mapping studies to facilitate the detection of favorable low
frequency QTL alleles.

Short-stature wheat varieties containing Rkt genes have
been reported to possess a positive effect on grain yield
(Trethowan et al. 2007). Nevertheless, both Rht-BI (marker
sw4brhtl) and Rht-D1 (marker sw4brhtl) were not signif-
icantly associated with grain yield in our study (Table 3).
As 18% of the lines carry neither Rht-BI nor Rht-D1, fix-
ation of positive alleles cannot explain the lack of associ-
ation, but rather point to an enhanced lodging resistance
and harvest index through increased frequencies of positive
alleles at several minor QTL which compensate for func-
tional Rht alleles.

The variance of genotype x environment interaction
was 1.4 times higher as compared to the genotypic variance
(Table 2). Nevertheless, only 60% of QTL showed sig-
nificant environmental interaction effects (data not shown).
In addition, 80% of the QTL had larger genetic variation
than QTL x environment effects (data not shown). These
findings are in accordance with previous studies (Campbell
et al. 2003; Kuchel et al. 2007) and suggest a stable genetic
architecture of grain yield within the Central European
mega-environment.

The two-dimensional scan revealed five significant di-
genic epistatic interaction effects (Fig. 4). Like previous
studies in drosophila (Montooth et al. 2003), humans
(Nyholt et al. 2008), mice (Leamy et al. 2005), rice (Li
et al. 1997), and barley (Xu and Jia 2007), we found that
the interacting loci have no significant main effects
(Tables 3, 4). Consequently, any epistasis scan which is
limited to testing only selected QTL with significant main
effects will fail to detect the majority of epistatic
interactions.

The proportion of the genotypic variance explained
simultaneously by main and epistatic QTL effects was
slightly higher (58%) compared to the fit considering only
main effect QTL (46%). Moreover, genotypic variance
explained by single epistatic QTL was very small with a
maximum of 2.2% (Table 4). The low amount of epistasis
observed for grain yield is surprising considering that we
used a panel of adapted elite soft winter wheat lines. These
lines have most often been developed based on second
cycle breeding with the use of related inbreds, which would
maintain favorable epistatic gene combinations, especially
linked epistatic combinations (Lamkey et al. 1995). Fixa-
tion of alleles within elite breeding populations due to high
selection intensity may be one explanation for the low
amount of epistasis observed in our study.

Summarizing, integrating epistatic QTL mapped using
the framework of genome-wide association mapping in
marker-assisted breeding will not lead to substantially
increased selection gain for grain yield. Nevertheless,
recent improvements in genomic selection (e.g. Habier
et al. 2010) open new ways of improving marker-assisted
breeding by accommodating epistasis also in the prediction
models.

Genetic architecture of heading time

The life cycle of wheat is determined predominantly by
three groups of genes (Worland et al. 1998; Sourdille et al.
2000): earliness per se, photoperiod sensitivity (Ppd), and
vernalization (Vrn) genes. Two of these groups interact
with the environment, namely those controlling vernaliza-
tion (Vrn-Al, Vrn-BI, Vrn-DI, and Vrn-B3; Law and
Worland 1997) and photoperiod response (Ppd-Al, Ppd-
BI, and Ppd-D1; Scarth and Law 1984). The Vrn and Ppd
genes have profound effects on mega-environment adap-
tation but contribute only to a minor extent to the genotypic
variation among varieties within a mega-environment
(Worland et al. 1998; Griffiths et al. 2009). In accordance
with this expectation, we identified no main effect QTL,
which map closely to the chromosomal regions of Vrn or
Ppd genes (Table 3).

To validate the findings of our study, we performed a
literature review for QTL on heading and flowering time
focusing on earliness per se genes (Hanocq et al. 2004,
2007; Kuchel et al. 2006; Griffiths et al. 2009). Approxi-
mately 60% of the QTL detected (Table 3) collocated with
QTL regions reported in the two meta-QTL studies of
Hanocq et al. (2007) and Griffiths et al. (2009). This clearly
underlines the power of genome-wide association mapping
for traits with medium complexity such as heading time.
Moreover, we observed two minor QTL and one major
QTL, which were not reported elsewhere (Table 3). The
major QTL on chromosome 7D, associated with the marker
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barc184, explained 9% of the genotypic variance and is,
therefore, a promising candidate for further fine mapping
approaches.

The genotypic variance observed for heading time was 7
times larger compared to the variance of geno-
type x environment effects (Table 2), which is also
reflected at the molecular level with QTL main effects
showing on average of 9 times larger genetic variation than
QTL x environments effects (data not shown). These
findings are in accordance with a study on the genetic
architecture of flowering time in maize (Buckler et al.
2009) and clearly underline the stable genetic architecture
of flowering time across environments.

The proportion of the genotypic variance explained
simultaneously by main and epistatic QTL effects was
substantially higher (93%) compared to the fit considering
only main effect QTL (46%). Separating main and inter-
action effects for epistatic loci revealed that epistasis
contributed 15.9% of the genotypic variance (Table 4). The
marker barci51, located in close vicinity to Vin-Al, was
involved in four significant QTL interaction effects
(Table 4). Moreover, 52% of the interactions involving
marker barcl51 displayed at a comparison-wise signifi-
cance level of P < 0.05 significant epistatic interaction
effects (supplementary Figure S2). This clearly suggests
that Vrn-Al plays a central role in the regulatory network
controlling heading time in populations adapted to the
Central European mega-environment.

Summarizing, in contrast to previous studies on the
genetic basis of heading time in wheat based on linkage
mapping (e.g. Griffiths et al. 2009), our results clearly
suggest a significant contribution of epistasis to the genetic
architecture of heading time. The significant role of epis-
tasis is expected because heading time in plants results
from interactive molecular pathways (Komeda 2004) and
corroborates findings from Arabidopsis (El-Lithy et al.
2006) and rice (Uwatoko et al. 2008).

Implications

Our study clearly underlines that genome-wide association
mapping possesses a high potential to unravel the contri-
bution of main effect QTL as well as epistasis to the
expression of complex traits. Main effects dominate the
control of grain yield in wheat. In contrast, the genetic
architecture underlying heading time is controlled by main
but also epistatic effects. Consequently, exploitation of
epistasis is central towards an increased selection gain in
marker-assisted breeding.

Acknowledgments This research was conducted within the Bio-
metric and Bioinformatic Tools for Genomics based Plant Breeding
project supported by the German Federal Ministry of Education and

@ Springer

Research (BMBF) within the framework of GABI-FUTURE
initiative.

References

Allison DB, Fernandez JR, Moonseong H, Shankuan Z, Etzel C,
Beasley TM, Amos CI (2002) Bias in estimates of quantitative-
trait-locus effect in genome scans: demonstration of the
phenomenon and a method-of-moments procedure for reducing
bias. Am J Hum Genet 70:575-585

Barton NH, Charlesworth B (1998) Why sex and recombination?
Science 281:1986-1990

Beavis WB (1998) QTL analyses: power, precision, and accuracy. In:
Patterson AH (ed) Molecular dissection of complex traits. CRC
Press, Boca Raton

Bernardo R (1993) Estimation of coefficient of coancestry using
molecular markers in maize. Theor Appl Genet 85:1055-1062

Boone C, Bussey H, Andrews BJ (2007) Exploring genetic interac-
tions and networks with yeast. Nat Rev Genet 8:437-449

Breseghello F, Sorrells ME (2006) Association mapping of kernel
size and milling quality in wheat (Triticum aestivum L.)
cultivars. Genetics 172:1165-1177

Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ,
Browne C, Ersoz E, Flint-Garcia S et al (2009) The genetic
architecture of maize flowering time. Science 325:714-718

Campbell BT, Baenzigar PS, Gill KS, Eskridge KM, Budak H,
Erayman M, Dweikat I, Yen Y (2003) Identification of QTLs and
environmental interactions associated with agronomic traits on
chromosome 3A of wheat. Crop Sci 43:1493-1505

Carlborg 0, Jacobsson L, Ahgren P, Siegel P, Andersson L (2006)
Epistasis and the release of genetic variation during long-term
selection. Nat Genet 38:418-420

Carver BF, Rayburn AL (1994) Comparison of related wheat stocks
possessing 1B or 1RS.1BL chromosomes: agronomic perfor-
mance. Crop Sci 34:1505-1510

Chao S, Zhang W, Dubcosky J, Sorrels ME (2007) Evaluation of
genetic diversity and genome-wide linkage disequilibrium
among US wheat (Triticum aestivum L.) germplasm representing
different market classes. Crop Sci 47:1018-1030

Cheverud JM, Routman EJ (1996) Epistasis as a source of increased
additive genetic variance at population bottlenecks. Evolution
50:1042-1051

Cochran WG, Cox GM (1957) Experimental designs, 2nd edn. John
Wiley & Sons, New York

Coyne JA (1992) Genetics and speciation. Nature 355:511-515

Crossa J, Burgueio J, Dreisigacker S, Vargas M, Herrera-Foessel SA,
Morten L, Singh RP, Trethowan R, Warburton M, Franco J,
Reynolds M, Crouch JH, Ortiz R (2007) Association analysis of
historical bread wheat germplasm using additive genetic covari-
ance of relatives and population structure. Genetics
177:1889-1913

Distelfeld A, LI C, Dubcovsky J (2009) Regulation of flowering in
temperate cereals. Curr Opin Plant Biol 12:178-184

El-Lithy ME, Bentsink L, Hanhart CJ, Ruys GJ, Rovito D, Broekhof
JLM, van der Poel HJA, van Eijk MIJT, Vreugdenhil D,
Koornneef M (2006) New Arabidopsis recombinant inbred
line populations genotyped using SNPWave and their use for
mapping flowering-time quantitative trait loci. Genetics 172:
1867-1876

Flint-Garcia SA, Thornsberry JM, Buckler ES (2003) Structure of
linkage disequilibrium in plants. Annu Rev Plant Biol 54:357—
374



Theor Appl Genet (2011) 123:283-292

291

Gilmour AR, Gogel BJ, Cullis BR, Thompson R (2006) ASReml User
Guide Release 2.0. VSN International, Hemel Hempstead
Goldringer I, Brabant P, Gallais A (1997) Estimation of additive and
epistatic genetic variances for agronomic traits in a population of
doubled-haploid lines of wheat. Heredity 79:60-71

Goodnight CJ (1987) On the effect of founder events on epistatic
genetic variance. Evolution 41:80-91

Goring HHH, Terwilliger JD, Blangero J (2001) Large upward bias in
estimation of locus-specific effects from genome-wide scans.
Am J Hum Genet 69:1357-1369

Gower JC (1966) Some distance properties of latent root and vector
methods used in multivariate analysis. Biometrika 53:325-338

Griffiths S, Simmonds J, Leverington M, Wang Y, Fish L, Sayers L,
Alibert L, Orford S, Wingen L, Herry L, Faure S, Laurie D,
Bilham L, Snape J (2009) Meta-QTL analysis of the genetic
control of ear emergence in elite European winter wheat
germplasm. Theor Appl Genet 119:383-395

Habier D, Totir LR, Fernando RL (2010) A Two-stage approximation
for analysis of mixture genetic models in large pedigrees.
Genetics 185:655-670

Hack H, Bleiholder H, Buhr L, Meier U, Schnock-Fricke U, Weber E,
Witzenberger A (1992) Einheitliche Codierung der phénologis-
chen Entwicklungsstadien mono- und dikotyler Pflanzen—Er-
weiterte BBCH-Skala, Allgemein. Nachrichtenbl Deut
Pflanzenschutzd 44:265-270

Hallauer AR, Miranda JB (1981) Quantitative genetics in maize
breeding. Iowa State University Press, Ames

Hanocq E, Niarquin M, Heumez E, Rousset M, Legouis J (2004)
Detection and mapping of QTL for earliness components in a
bread wheat recombinant inbred lines population. Theor Appl
Genet 110:106-115

Hanocq E, Laperche A, Jaminon O, Lainé AL, Legouis J (2007) Most
significant genome regions involved in the control of earliness
traits in bread wheat, as revealed by QTL meta-analysis. Theor
Appl Genet 114:569-584

Hedrick PW (1987) Gametic disequilibrium measures: proceed with
caution. Genetics 117:331-341

Holm S (1979) A simple sequentially rejective multiple test
procedure. Scand J Stat 6:65-70

Kearsey MJ, Jinks JL (1968) A general method of detecting additive,
dominance and epistatic variation for metrical traits. I. Theory.
Heredity 23:403-409

Komeda Y (2004) Genetic regulation of time to flower in Arabidopsis
thaliana. Annu Rev Plant Biol 55:521-535

Kraakman ATW, Niks RE, Van den Berg PMMM, Stam P, Van Eeuwijk
FA (2004) Linkage disequilibrium mapping of yield and yield
stability in modern spring barley cultivars. Genetics 168:435-446

Kuchel H, Hollamby GJ, Langridge P, Williams KJ, Jefferies SP
(2006) Identification of genetic loci associated with ear-emer-
gence in bread wheat. Theor Appl Genet 113:1103-1112

Kuchel H, Williams KJ, Langridge P, Eagles HA, Jefferies SP (2007)
Genetic dissection of grain yield in bread wheat. I. QTL analysis.
Theor Appl Genet 115:1029-1041

Kumar N, Kulwal PL, Balyan HS, Gupta PK (2007) QTL mapping for
yield and yield contributing traits in two mapping populations of
bread wheat. Mol Breed 19:163-177

Lamkey KR, Schnicker BJ, Melchinger AE (1995) Epistasis in an
elite maize hybrid and choice of generation for inbred line
development. Crop Sci 35:1272-1281

Law CN, Worland AJ (1997) Genetic analysis of some flowering time
and adaptive traits in wheat. New Phytol 137:19-28

Le Rouzic A, Alvarez-Castro JM (2008) Estimation of genetic effects
and genotype-phenotype maps. Evol Bioinform 4:225-235

Leamy LJ, Workman MS, Routman EJ, Cheverud JM (2005) An
epistatic genetic basis for fluctuating asymmetry of tooth size
and shape in mice. Heredity 94:316-325

Li Z, Pinson SRM, Park WD, Paterson AH, Stansel JW (1997)
Epistasis for three grain yield components in rice (Oryza sativa
L.). Genetics 145:452-465

Li S, JiaJ, Wei X, Zhang X, Li L, Chen H, Fan Y, Sun H, Zhao X, Lei T,
XuY,Jiang F, Wang H, LiL (2007) A intervarietal genetic map and
QTL analysis for yield traits in wheat. Mol Breed 20:167-178

Maurer HP, Melchinger AE, Frisch M (2008) Population genetic
simulation and data analysis with Plabsoft. Euphytica
161:133-139

McCarthy MI, Abecasis GR, Cardon LR, Goldstein DB, Little J,
Toannidis JPA, Hirschhorn JN (2008) Genome-wide association
studies for complex traits: consensus, uncertainty and challenges.
Nat Rev Genet 9:356-369

Melchinger AE, Utz HF, Schon CC (1998) Quantitative trait locus
(QTL) mapping using different testers and independent popula-
tion samples in maize reveals low power of QTL detection and
larger bias in estimates of QTL effects. Genetics 149:383-403

Melchinger AE, Piepho H-P, Utz HF, Muninovic J, Wegenast T,
Torjek O, Altmann T, Kusterer B (2007) Genetic basis of
heterosis for growth-related traits in Arabidopsis investigated by
testcross progenies of near-isogenic lines reveals a significant
role of epistasis. Genetics 177:1827-1837

Montooth KL, Marden JH, Clark AG (2003) Mapping determinants of
variation in energy metabolism, respiration and flight in
drosophila. Genetics 165:623-635

Myles S, Peiffer J, Brown PJ, Ersoz ES, Zhang Z, Costich DE,
Buckler ES (2009) Association mapping: critical considerations
shift from genotyping to experimental design. Plant Cell
21:2194-2202

Nyholt DR, LaForge KS, Kallela M, Alakurtti K, Anttila V, Farkkild
M, Hémaléinen E, Kaprio J, Kaunisto MA et al (2008) A high-
density association screen of 155 ion transport genes for
involvement with common migraine. Hum Mol Genet
17:3318-3331

Phillips PC (2008) Epistasis—the essential role of gene interactions in
the structure and evolution of genetic systems. Nat Rev Genet
9:855-867

Quarrie SA, Steed A, Calestani C, Semikhodskii A, Lebreton C,
Chinoy C, Steele N, Pljevljakusic D, Waterman E, Weyen J,
Schondelmaier J, Habash DZ, Farmer P, Saker L, Clarkson
DT, Abugalieva A, Yessimbekova M, Turuspekov Y, Abu-
galieva S, Tuberosa R, Sanguineti M-C, Hollington PA,
Aragues R, Royo A, Dodig D (2005) A high density genetic
map of hexaploid wheat (Triticum aestivum L.) from the cross
Chinese Spring x SQI and its use to compare QTLs for grain
yield across a range of environments. Theor Appl Genet
110:865-880

Quarrie SA, Pekic Quarrie S, Radosevic R, Rancic D, Kaminska A,
Barnes JD, Leverington M, Ceoloni C, Dodig D (2006)
Dissecting a wheat QTL for yield present in a range of
environments: from the QTL to candidate genes. J Exp Bot
57:2627-2637

Reif JC, Hallauer AR, Melchinger AE (2005) Heterosis and heterotic
patterns in maize. Maydica 50:215-223

Scarth R, Law CN (1984) The control of the day-length response in
wheat by the group 2 chromosomes. Z. Pflanzenzuechtung
92:140-150

Somers DJ, Isaac P, Edwards K (2004) A high-density microsatellite
consensus map for bread wheat (Triticum aestivum L.). Theor
Appl Genet 109:1105-1114

Sourdille P, Snape JW, Cadalen T, Charmet G, Nakata N, Bernard S,
Bernard M (2000) Detection of QTLs for heading time and
photoperiod response in wheat using a doubled-haploid popula-
tion. Genome 43:487-494

Stich B, Melchinger AE, Frisch M, Maurer HP, Heckenberger M,
Reif JC (2005) Linkage disequilibrium in European elite maize

@ Springer



292

Theor Appl Genet (2011) 123:283-292

germplasm investigated with SSRs. Theor Appl Genet 111:723—
730

Stich B, Melchinger AE, Piepho HP, Hamrit S, Schipprack W,
Maurer HP, Reif JC (2007) Potential causes of linkage disequi-
librium in a European maize breeding program investigated with
computer simulations. Theor Appl Genet 115:529-536

Stich B, Melchinger AE, Heckenberger M, Mohring J, Schechert A,
Piepho H-P (2008a) Association mapping in multiple segregat-
ing populations of sugar beet (Beta vulgaris L.). Theor Appl
Genet 117:1167-1179

Stich B, Mohring J, Piepho H-P, Heckenberger M, Buckler ES,
Melchinger AE (2008b) Comparison of mixed-model
approaches for association mapping. Genetics 178:1745-1754

Trethowan R, Reynolds MP, Ortiz-Monasterio I, Ortiz R (2007) The
genetic basis of the green revolution in wheat production. Plant
Breed Rev 28:39-58

Utz HF, Melchinger AE, Schén CC (2000) Bias and sampling error of
the estimated proportion of genotypic variance explained by
quantitative trait loci determined from experimental data in
maize using cross validation and validation with independent
samples. Genetics 154:1839-1849

Uwatoko N, Onishi A, Ikeda Y, Kontani M, Sasaki A, Matsubara K,
Itoh Y, Sano Y (2008) Epistasis among the three major flowering

@ Springer

time genes in rice: coordinate changes of photoperiod sensitivity,
basic vegetative growth and optimum photoperiod. Euphytica
163:167-175

Worland AJ, Borner A, Korzun V, Li WM, Petrovic S, Sayers EJ
(1998) The influence of photoperiod genes to the adaptability of
European winter wheats. Euphytica 100:385-394

Wright S (1978) Evolution and genetics of populations, variability
within and among natural populations, 4th edn. The University
of Chicago Press, Chicago, p 91

Wiirschum T, Maurer HP, Schulz B, Moéhring J, Reif JC (2011)
Genome-wide association mapping reveals epistasis and genetic
interaction networks in sugar beet. Theor Appl Genet (in press)

Xu S, Jia Z (2007) Genome-wide analysis of epistatic effects for
quantitative traits in barley. Genetics 175:1955-1963

Yu J, Pressoir G, Briggs WH, Bi IV, Yamasaki M, Doebley J,
McMullen MD, Gaut BS, Nielsen DM, Holland JB, Kresovich S,
Buckler ES (2006) A unified mixed-model method for associ-
ation mapping that accounts for multiple levels of relatedness.
Nat Genet 38:203-208

Zhao K, Aranzana MJ, Kim S, Lister C, Shindo C, Tang C,
Toomajian C, Zheng H, Dean C, Marjoram P, Nordborg M
(2007) An Arabidopsis example of association mapping in
structured samples. PLoS Genet 3:e4



	Mapping QTLs with main and epistatic effects underlying grain yield and heading time in soft winter wheat
	Abstract
	Introduction
	Materials and methods
	Plant materials and field trials
	Phenotypic data analyses
	Molecular data analyses
	Association mapping

	Results
	Discussion
	Applicability of genome-wide association mapping in soft winter wheat
	Appropriate statistical model for association mapping
	Genetic architecture of grain yield
	Genetic architecture of heading time
	Implications

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


