
ORIGINAL PAPER

Genome-wide association analysis to identify chromosomal
regions determining components of earliness in wheat

J. Le Gouis • J. Bordes • C. Ravel • E. Heumez •

S. Faure • S. Praud • N. Galic • C. Remoué •
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Abstract The modification of flowering date is considered

an important way to escape the current or future climatic

constraints that affect wheat crops. A better understanding of

its genetic bases would enable a more efficient and rapid

modification through breeding. The objective of this study

was to identify chromosomal regions associated with earli-

ness in wheat. A 227-wheat core collection chosen to be

highly contrasted for earliness was characterized for heading

date. Experiments were conducted in controlled conditions

and in the field for 3 years to break down earliness in the

component traits: photoperiod sensitivity, vernalization

requirement and narrow-sense earliness. Whole-genome

association mapping was carried out using 760 molecular

markers and taking into account the five ancestral group

structure. We identified 62 markers individually associated

to earliness components corresponding to 33 chromosomal

regions. In addition, we identified 15 other significant

markers and seven more regions by testing marker pair

interactions. Co-localizations were observed with the Ppd-1,

Vrn-1 and Rht-1 candidate genes. Using an independent set

of lines to validate the model built for heading date, we were

able to explain 34% of the variation using the structure and

the significant markers. Results were compared with already

published data using bi-parental populations giving an

insight into the genetic architecture of flowering time in

wheat.

Introduction

Earliness, defined as the time needed to reach a specified

development stage, plays a major role in plant adaptation to

the environment. Its selection is considered to have been

one of the main explanations for the gradual extension of

wheat cultivation (Stelmakh 1990; Law and Worland

1997). In the context of global climate changes associated

with increased drought and heat stresses, strategies to

escape these constraints based on earliness adaptation are

often advocated (e.g., Debaeke 2004; Gate et al. 2008).

This predominant role of earliness in adaptation was

highlighted using wheat experimental populations, where

heading time was the fastest changing trait in response to

local climatic conditions (Goldringer et al. 2006). The

identification of the most determinant chromosomal

regions would then be of interest to better control flowering
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time (Jung and Müller 2009) which is a key factor in wheat

adaptation.

The development toward the reproductive stage is a

complex phenomenon that implies different processes.

Earliness for flowering time is generally decomposed into

three processes: vernalization requirement, photoperiodic

sensitivity and narrow-sense earliness (also named intrinsic

earliness and earliness per se). Vernalization induces the

shoot apical meristem to switch from a vegetative phase

where it produces leaf primordia to a reproductive phase

where it produces floral primordia. Optimal vernalization

temperatures lie in the 5–10�C range, but higher and lower

nonfreezing temperatures still have an effect (Brooking and

Jamieson 2002). Provided that the vernalization require-

ment is satisfied, long days promote the switch from the

vegetative to reproductive phase (Trevaskis 2010). How-

ever, vernalization and photoperiod interact in a complex

way. The vernalization rate is still high above 10�C for

short days, while it decreases rapidly for long days

(Brooking and Jamieson 2002).

It is well known that cereals are characterized by a

strong genetic variability for both vernalization require-

ment and photoperiod sensitivity. Winter-type cereals

require an extended vernalization period, while spring-type

cereals can reach anthesis after no or only a short exposure

to vernalizing temperatures. Flowering in photoperiod-

insensitive wheat genotypes is only marginally delayed in

short days (10 h or less light) compared to long days (14 h

or more light), while flowering of sensitive types is mas-

sively delayed and may not even occur (Beales et al. 2007).

Genetic variability for narrow-sense earliness was also

observed (Worland 1996). This refers to the remaining

earliness variability when vernalization requirements and

photoperiodic sensitivity are satisfied.

Our understanding of wheat flowering time determinism

has largely improved in the past few years. Early genetic

studies focused first on single chromosomes (e.g., Galiba

et al. 1995; Worland 1996, Kato et al. 1998) and mainly

concerned chromosome groups 2 and 5 that were known to

be highly determinant. Then, thanks to the development of

dense comprehensive genetic maps, approaches at the

whole-genome level have been developed (e.g., Sourdille

et al. 2000, 2003; Börner et al. 2002; Hanocq et al. 2003,

2004; Kuchel et al. 2006; Baga et al. 2009; Griffiths et al.

2009). Recently, some of the major genes involved in

determining flowering time have been identified and

characterized.

Photoperiod requirement for flowering involves mainly

the Ppd-1 genes on group 2 chromosomes (Welsh et al.

1973; Law et al. 1978). Turner et al. (2005) cloned the

barley Ppd-H1 gene using the colinearity with rice and

Brachypodium. The gene was shown to be a member of the

pseudo-response regulator (PRR) family most similar to

Arabidopsis PRR7 (Turner et al. 2005). Beales et al. (2007)

then cloned the wheat orthologs using the sequence of the

Ppd-H1 gene. A 2-kb deletion upstream from the coding

region was associated with dominant photoperiod insensi-

tivity at the Ppd-D1 locus. This deletion caused a misex-

pression of Ppd-D1 with the peak of expression shifted

from the light to the dark period associated with the

induction of the FT gene (now called Vrn-3 in wheat).

No candidate polymorphism was identified for the other

homoeologous copies.

Vernalization requirement is determined by different

genetic factors localized on several chromosomes. The

Vrn-1 genes localized on chromosomes of group 5 are long

known to be major determinants of the growth habit

(Halloran 1967; Law et al. 1976; Maystrenko 1980). Yan

et al. (2003) determined that in both diploid and hexaploid

wheats, Vrn-1 was homologous to the Arabidopsis meri-

stem identity gene Apetala 1. Insertions or deletions in the

regulatory regions of the three homoeologous copies of

bread wheat are associated with dominant homoeoalleles

for the spring growth habit (Yan et al. 2004a; Fu et al.

2005; Santra et al. 2009). The Vrn-A2 locus was cloned

using a positional cloning approach in T. monoccocum

(Yan et al. 2004b). It acts as a dominant repressor of

flowering down-regulated by vernalization. Distelfeld et al.

(2009a) recently characterized the A and B loci in tetra-

ploid wheat. The Vrn-2 locus includes two ZCCT genes

(putative zinc finger and CCT domain) in tandem that code

for highly similar proteins (Yan et al. 2004b). The Vrn-A2

was shown to be located on chromosome 5AL in a region

translocated from the distal part of chromosome 4AL

(Dubcovsky et al. 1998). Other homoeologous copies of the

Vrn-2 locus are located on the 4B and 4D hexaploid wheat

chromosomes. The Vrn-B3 gene was shown to be orthol-

ogous to the Arabidopsis FT gene and located on chro-

mosome 7B (Yan et al. 2006). The dominant allele

promotes the transcription of Vrn-1 and accelerates flow-

ering. Bonnin et al. (2008) later reported that single

nucleotide polymorphism (SNP) or insertions–deletions on

A and D copies could also explain differences in heading

date in a wheat core collection. Finally, the Vrn-D4 gene

was also located in the centromeric region of chromosome

5D (Kato et al. 1993, 2003; Yoshida et al. 2010), but its

function is not known yet. Interactions between these major

genes are now better understood and models of the regu-

lation of flowering have been proposed (Trevaskis et al.

2007; Distelfeld et al. 2009b; Trevaskis 2010).

Following a study conducted on maize (Chardon et al.

2004), a method called meta-analysis was used to integrate

and summarize results from separate wheat studies con-

ducted on flowering time (Hanocq et al. 2007). Combining

13 different detection studies, 84 QTL were projected on a

reference map leading to the identification of 18 meta-QTL
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on chromosomes 2B, 2D, 4A, 4B, 5A, 5B, 5D, 6A, 7A, 7B

and 7D. More recently, Griffiths et al. (2009) using four

wheat populations identified 19 meta-QTL, some of them

appearing unique to their survey. Baga et al. (2009) iden-

tified 11 genomic regions associated with floral transition,

length of vegetative growth and flowering time. In all the

studies, regions containing the major Ppd and Vrn genes

are usually detected, but several other regions were also

identified showing that several genetic factors were not yet

determined. This is reinforced by the recent report

involving a large complex population composed of 5,000

recombinant maize (Zea mays L.) inbred lines from 25

crosses, which showed that about 50–60 QTL regions

affected flowering time in maize (Buckler et al. 2009).

High-throughput genotyping technologies and statistical

methods based on linkage disequilibrium (LD) that take

population structure into account (Kang et al. 2008)

enabled association mapping studies to be developed for

complex traits analysis. In wheat, genetic association

studies have already proved successful to study complex

traits at the scale of candidate genes using SNPs on

worldwide genetic resources (Ravel et al. 2006; Bonnin

et al. 2008; Charmet et al. 2009), and at the chromosome

scale using SSR on modern cultivars (Breseghello and

Sorrells 2006; Zheng et al. 2009). At the whole genome

scale, DArTs were used to study associations with yield,

disease resistance (Crossa et al. 2007) and bread quality

(Bordes et al. 2011).

The objective of this study was to identify chromosomal

regions associated with development using whole-genome

association mapping on a specific 227-wheat core collec-

tion. Memberships of lines in this panel have previously

been allocated to five ancestral groups using SSR markers

(Rousset et al. 2011). Briefly, groups correspond to Central

Asia, North-West Europe, worldwide CIMMYT bread

lines, Eastern Asia and Eastern Europe. Then, experiments

in controlled conditions and in the field for 3 years (2004,

2005 and 2006) were conducted to dissect earliness into its

components: photoperiod sensitivity, vernalization require-

ment and narrow-sense earliness.

Materials and methods

The population, genotyping and structure

A sample of 227 bread wheat accessions was used for

the present study. This sample is part of the INRA bread

wheat core collection of 372 accessions (372CC) set up by

Balfourier et al. (2007). To fit available phenotyping

capacity while best conserving variability, the accessions

were sub-sampled using passport data and previous field

evaluation data to cover an expected wide range of

variation for earliness and growth habit. This sub-sample of

227 accessions, all common to the sub-sample of 235

described by Rousset et al. (2011) captured more than 88%

of the alleles observed at the 38 SSR loci among the 4,000

accessions used by Balfourier et al. (2007). Finally, this

sub-sample includes landraces and cultivars from 56 dif-

ferent countries.

Genotyping available on the 372CC core collection was

used for this study. Briefly, 578 DArT markers were gen-

erated by Triticarte Pty. Ltd. (Canberra, Australia; http://

www.triticarte.com.au) as previously described (Wenzl

et al. 2004; Akbari et al. 2006). All the accessions were

also genotyped with 171 SSR markers assigned to the 21

chromosomes (Balfourier et al. 2007) and particularly to

the 3B chromosome (Horvath et al. 2009). Based on data

obtained from two previous genotyping studies (Balfourier

et al. 2006; Bérard et al. 2009), 89 SNP markers within 44

genes were also genotyped. None of these genes were

a priori related to flowering time, but were used here as

polymorphic markers. For association mapping, we con-

sidered rare alleles (\5%) as missing data and then markers

with too many missing values ([25%) were removed from

the analysis. This resulted in 760 markers tested in the

association as 572 DArT, 114 SSR and 74 SNP.

A consensus map using published data was built with

the MetaQTL software (Veyrieras et al. 2007) and the map

published by Somers et al. (2004) was used as the reference

map (following Hanocq et al. (2007) chromosome 4B was

reversed). Where markers had not been genetically map-

ped, they were placed close to the DArT markers with

which the LD was the highest. Major growth habit genes

(Ppd-1, Vrn-1, Vrn-2, Vrn-3, Vrn-4, Rht-1) were placed on

the map using published and communicated data (Table

S1). Linkage disequilibrium was calculated with the Tassel

v2.1 software (Bradbury et al. 2007), which computes R2 as

proposed by Weir (1996) when only two alleles are

observed, and R2 for each allele pair and then the weighted

mean when more than two alleles are present.

We used the structure of five ancestral groups proposed

by Rousset et al. (2011) with 82 SSR markers. The first

group gathered all Nepalian accessions together with

accessions from Afghanistan, Tadjikistan and some from

India and Pakistan. The second group was formed with the

major part of accessions from North-West Europe. A third

group included accessions possibly related to the world-

wide CIMMYT breeding program based on common

genetic resources and scattered in very diverse regions such

as Mexico, Australia, Israel, South America and Africa.

Most of the Japanese and Chinese accessions formed a

fourth group with some Mediterranean accessions from

Spain and Italy. A majority of European, East European

and South-East European accessions together with Aus-

tralian, Canadian and North American accessions were
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clustered in a fifth group also including some accessions

from the Middle East. Trait values weighted by the con-

tribution of each genotype to each group were used to

compute group means.

A locus-by-locus analysis of variance was carried out

using a fixed linear model written in R (R Development

Core Team 2009) to identify DArT markers associated

with the contribution to groups. To take into account

multiple comparisons, significance was tested using a 0.05

false discovery rate as proposed by Storey and Tibshirani

(2003) and implemented in the q value software.

Phenotyping

The measurements of phenotypic traits related to earliness

assessed in field and nursery experiments at Le Moulon,

France (48.4�N, 02.1�E) in 3 consecutive years (2004, 2005

and 2006) have been described in Rousset et al. (2011).

Greenhouse experiments were conducted at Mons-Péronne,

France (49.1�N, 03.3�E). Briefly, in the field experiment,

the 227 genotypes were sown at the end of October in 2004

and the beginning of November in 2005 and 2006, in a two-

replicate complete block design, where they received nat-

ural full vernalization during winter. Average heading

dates were recorded for each accession and denoted as

HdField. In the nursery experiment, the genotypes were

spring planted in April (long days) after 0, 4 or 8 weeks in

controlled conditions under cold temperature (4�C).

Heading dates recorded after no, partial or full vernaliza-

tion treatments were denoted HdNV, HdV4 and HdV8,

respectively. In 2007, heading dates of vernalized plants

(8 weeks at 4�C) were also measured in a photoperiodic

glasshouse under long day (20 h of light per day) and short

day conditions (10 h of light per day) and were denoted,

respectively, as HdLD and HdSD. Temperature conditions

were 18�C during the day and 14�C at night. For all

experiments, the heading date of each plant was recorded

when the first ear (main stem) was half out of the flag leaf

sheath. Heading dates were transformed into thermal time,

calculating temperature sums in degree-days (�Cd) from

germination to heading (0�C basis).

Following Rousset et al. (2011), the measured traits and

some calculated combinations of these traits were consid-

ered to be good proxies of earliness components. Narrow-

sense earliness (NSE) was estimated using HdV8, HdLD

and HdField. These three traits provide an estimate of

wheat earliness when vernalization requirements and pho-

toperiodic sensitivity are satisfied. Vernalization require-

ment (VR) was assessed using three different traits: HdNV,

HdV4 and partial vernalization sensitivity (PVS) with

PVS calculated as the quantitative response to extended

exposition to cold temperature as PVS = HdV4 - HdV8

(Goldringer et al. 2006; Rousset et al. 2011).

As shown in Rousset et al. (2011), HdNV exhibited a

bimodal distribution with accessions heading for the

unvernalized May planting with less than 1,450�Cd classified

in the spring subpopulation and the accessions heading with

more than 1,450�Cd or not heading classified in the winter

subpopulation. As observations were stopped while some

accessions were still in a vegetative stage, an arbitrary HdNV

value of 2,000�Cd (in 2004 and 2005) and 2,100�Cd (in 2006)

was attributed to genotypes that did not head before the end of

the experiment.

Photoperiod sensitivity (PS) was estimated using HdSD

from the glasshouse experiment and day length sensitivity

(DLS) calculated from the field experiment as DLS =

HdField - HdV8, where HdField is supposed to express

both PS and NSE and HdV8 only NSE. Moreover, the

quantitative nature of photoperiodic sensitivity was also

assessed using two other calculated variables: rapSDLD =

HdSD/HdLD and diffSDLD = HdSD - HdLD.

Association

The association between phenotype and single markers was

tested with a fixed linear model implemented in the Tassel

v2.1 software (Bradbury et al. 2007). Population structure

was incorporated into the model by using the covariates

indicating the relative contribution of each genotype to

each ancestral group. P values adjusted for multiple com-

parisons using a test derived from a step-down MinP pro-

cedure (Ge et al. 2003) of 0.05 or less were considered.

Associations between phenotype and pairwise marker

interactions were also tested using a fixed linear model

written in R (R Development Core Team 2009). Again,

population structure was incorporated into the model using

covariates. First, pairwise interactions were tested between

markers that were identified as being significant using the

Tassel software. Then, all combinations of markers with

more than ten individuals in each of the defined genotypic

classes were tested. This resulted in 146,487 interactions

tested. Significant associations were identified with a 0.10

false discovery rate (FDR) considering all traits in the

first step and trait by trait in the second step (Storey and

Tibshirani 2003). A fixed confidence interval was consid-

ered for each association. Horvath et al. (2009) showed that

for the 372CC core collection, the most significant LD was

limited to 5 cM, so we used twice this value as an estimate

of the confidence interval. Maps and QTL were represented

with the MapChart v2.1 software (Voorrips 2002).

Validation for field heading date

The whole core collection of 372 accessions was sown in

Clermont-Ferrand on 2 November 2005. The heading date

was scored on each genotype. These data were used to
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validate the model derived from the markers identified on

the 227 lines. This concerned 130 lines for which the

phenotype was predicted using their genotype at the sig-

nificant loci. The structure of Horvath et al. (2009) based

on DArT markers was used.

HdFieldi ¼ lþ
X

j

Gij þ
X

k

Mik þ Ri

where HdField is the heading date scored in Clermont-

Ferrand on genotype i, Gij the contribution of ancestor

group j to genotype i, Mik the effect of the allele of

genotype i at marker k, and Ri the residual effect. Marker

effects were based on a multiple regression analysis where

all the significant markers were tested simultaneously.

Results

The structure explained about 30% of the phenotypic

variation

Ten traits related to vernalization requirement (VR), pho-

toperiod sensitivity (PS) and narrow-sense earliness were

measured on 227 accessions of a core collection devised to

represent the wheat worldwide diversity (Balfourier et al.

2007). The structure based on 82 SSR markers (Rousset

et al. 2011) explained between 9 and 46% of the pheno-

typic variance with an average of 30%. Weighted means

were computed for each trait and each group (Table 1).

Only small differences were observed between groups 2

and 5, and between groups 1, 3 and 4. Except for DLS,

groups 2 and 5 had higher values than the other three

groups. For HdField, the difference between these two and

the other three groups was 122�Cd. Groups 2 and 5 broadly

correspond to accessions with a European origin while

groups 1, 3 and 4 correspond to accessions with an Asian

origin (Balfourier et al. 2007). To identify chromosomal

regions possibly contributing to this pattern of mainly two

larger groups differing in earliness, based on similarity in

heading date groups 1, 3 and 4 were considered together as

one large group and groups 2 and 5 as another. For each of

the 572 DArT markers, an ANOVA was computed to test

whether they participated in the partition into two groups.

A total of 373 markers explained significantly the contri-

bution to the two groups. These markers were spread all

over the genome.

Single marker association identified 33 regions

associated with earliness

For each of the ten traits, an association was tested with

760 markers including SSR, SNP and DArT. A total of 130

significant trait–marker associations were found (Table 1,

Tables S2, S3) with 8–22 significant loci for trait-specific

association depending on the trait. This represented 62

markers that were spread on all the chromosomes except

chromosomes 5D. Chromosome 5D suffered from weak

marker coverage as did all group D chromosomes. One to

five significant associations per marker were observed

(Table S2). The percentage of phenotypic variance

explained by individual markers was on average 4.8% and

ranged from 2.7 to 9.4% with the largest effect observed

for wPt-9971 (6B) on HdV4 (Table S3). Despite some high

phenotypic correlations between some traits (data not

Table 1 Weighted means for each of the ancestral group, number of

markers associated with earliness components and traits, percentage

of phenotypic variance explained by the structure and by associated

markers included simultaneously in the model for ten earliness-

related traits measured on a 227-wheat core collection

Narrow-sense earliness Vernalization requirement Photoperiod sensitivity

HdLD (�Cd) HdV8 (�Cd) HdField (�Cd) HdNV

(�Cd)

HdV4

(�Cd)

PVS

(�Cd)

HdSD

(�Cd)

DLS

(�Cd)

SD - LD

(�Cd)

SD/LD

Group1 970 889 1,113 1,297 944 35 1,660 257 690 1.71

Group2 1,141 1,033 1,240 1,718 1,217 172 2,233 237 1,091 1.95

Group3 914 873 1,120 1,110 924 29 1,601 272 687 1.73

Group4 947 889 1,120 1,243 929 32 1,669 260 722 1.74

Group5 1,081 1,011 1,240 1,502 1,162 122 2,243 256 1,162 2.07

Component assoc. marker 23 30 26

Component specific marker 9 17 19

Trait associated marker 12 12 13 22 22 10 10 12 8 9

Trait-specific marker 2 1 3 7 2 0 1 8 0 3

% var. expl. structure 46 46 46 30 29 10 38 9 29 18

% var. expl. markers 27 26 19 42 45 31 11 24 11 27

Total % var. explained 73 72 66 72 73 41 49 33 40 45
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shown), in most cases at least one specific significant

marker was identified for each trait (Table 1). Based on

overlap of confidence intervals (fixed to 10 cM), 33 regions

associated with earliness and growth habit were identified

(Fig. 1).

For narrow-sense earliness, the five-group structure

explained about 50% of the total phenotypic variance

(Table 1). Twenty markers were associated with the three

traits that we considered as representative of narrow-sense

earliness (Fig. 1). They were mapped on all chromosomes

except the three chromosomes of group 1, and chromo-

somes 2B, 3A, 3D and 5D. The significant markers carried

by chromosomes 2A, 3B, 4A, 5A and 6D were not asso-

ciated with other components of earliness (trait-specific

markers), while for the other loci the markers were also

associated with vernalization requirement and/or photope-

riodic sensitivity. On average narrow-sense earliness-

associated markers explained 20–25% of the phenotypic

variance (Table 1).

For vernalization requirement, about 10–30% of the total

phenotypic variance for vernalization requirements traits

was explained by the structure (Table 1). Twenty-eight loci

were associated with the three traits describing vernaliza-

tion requirements (see ‘‘Materials and methods’’) and were

mapped on all chromosomes except 4D, 5D, 6D and 7A.

Seven loci were specifically associated with vernalization

requirements. As much as 30–45% of the phenotypic vari-

ance was explained by the associated loci (Table 1).

The five-group structure explained from 9 to 38% of

the total phenotypic variance for photoperiod sensitivity

(Table 1). Twenty-five markers were associated with the

four traits used to characterize photoperiodic sensitivity

(Fig. 1). They were mapped on all chromosomes except on

chromosomes 1D, group 3 chromosomes, 4B, 5A, 5D and

6D. Three regions were associated specifically with photo-

period sensitivity, while the others were also associated with

vernalization requirements and/or narrow-sense earliness.

The markers explained about 10–30% of the phenotypic

variance (Table 1).

Interactions between loci were detected

An analysis of variance was used to test for interaction

between the 62 markers that were individually associated.

Seven significant interactions were found involving marker

wPt-0408 (2B) in interaction with wPt-4144 (2D), wPt-

4077 (3A), wPt-1409 (5B), wPt-8283 (7B) for HdV4 and in

interaction with wPt-4144 (2D), wPt-4077 (3A), wPt-8283

(7B) for PVS. In each case, the presence of the DArT allele

‘‘1’’ at the wPt-0408 locus gives a spring phenotype

regardless of the allele present at the other locus as shown

on Fig. 2 for the wPt-0408 9 wPt-8283 interaction effect

on the HdV4 trait. The presence of the DArT allele ‘‘0’’ at

the wPt-0408 locus provides a spring or a winter phenotype

depending on the allele present at the other locus.

For interactions involving at least one marker not indi-

vidually associated, 11 significant interactions were iden-

tified at the 0.10 FDR level (Fig. 1). Those interactions

involved 17 different markers in which 2 were also indi-

vidually associated (wPt-7330 and wPt-0408). This led to

the identification of 7 new regions that differed from the 33

regions previously identified with single marker associa-

tions. The most significant interactions were identified for

wPt-9268 (3A) 9 wPt-1269 (7D) for HdV4 (Fig. 3a) and

wPt-2587 (6B) 9 wPt-2019 (1B) for the photoperiodic

sensitivity-related traits difSDLD (Fig. 3b) and rapSDLD.

In the first case, the interaction was similar to the one

involving wPt-0408 described above: the presence of the

DArT allele ‘‘1’’ at the wPt-9268 or wPt-1269 locus pro-

vides a spring phenotype regardless of the allele present at

the other locus. A winter phenotype is observed for the

combination of the ‘‘0’’ allele at both loci. In the second

case, a cross-over interaction is observed and a photope-

riod-insensitive phenotype is obtained with two different

combinations (Fig. 3b).

Candidate genes colocalized for some associations

When possible, the map positions of the most obvious

candidate genes (Ppd-1, Vrn-1, Vrn-2, Vrn-3, Vrn-4, Rht-1)

were added to be compared with significant associations

(Fig. 1). The three homoeologous copies of Ppd-1 on group

2 chromosomes were close to markers significantly asso-

ciated with earliness components (NSE on 2A, VR on 2B,

NSE and VR on 2D). Copies of the dwarfing gene Rht1 on

chromosomes 4B and 4D and of vernalization gene Vrn-1

on 5A (NSE and VR) and Vrn-2 on 4B (VR) were close or

in the confidence intervals of significant associations.

Although not in the considered confidence interval, an

association was identified near Vrn-D3 (7D) (*20 cM

away) for the three components of earliness (NSE, VR,

PS). No significant association colocalized near Vrn-B1

(5B), Vrn-A2 (5A), Vrn-D2 (4D), Vrn-A3 (7A), Vrn-B3

(7B) and Vrn-D4 (5D), but no polymorphic markers were

tested close to Vrn-A2, Vrn-D2 and Vrn-B3. So 7 out of 11

candidate genes were close to the associated regions.

Assuming a 10-cM confidence interval for each associ-

ated marker and using the consensus map to estimate

confidence intervals overlap, it is possible to know what

proportion of the genome tested for association is covered

by associated regions (P = 0.309). We then used a bino-

mial distribution to calculate the probability that at least 7

out of 11 genes are by chance close to associated regions

(P = 0.309, k = 7, n = 11). The low probability obtained

(0.026) is in favor of a nonrandom distribution of associ-

ated regions and mapped major candidate genes.
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Fig. 1 Results of the association studies conducted on 227 wheat

genotypes with 760 polymorphic markers for ten traits related to

earliness. The Somers et al. (2004) map was used as a reference map

on which markers were projected using MetaQTL (Veyrieras et al.

2007). Only markers used in the association study are represented.

When two markers were less than 1 cM apart and not associated, only

one marker was represented. Approximate centromere positions are

represented in gray based on Somers et al. (2004). For interacting

QTL, the name is composed of the trait(s) followed by the name (and

chromosome assignation) of the other marker. A confidence interval

of the QTL was fixed to 10 cM, based on the average LD in the core

collection (Horvath et al. 2009). Distances are in cM. Traits are as

follows: HdField heading date of plants sown in the field in autumn,

HdV4 heading date of plants vernalized for 4 weeks and planted in the

field in mid-April, HdV8 heading date of plants vernalized for

8 weeks and planted in the field in mid-April, HdNV heading date of

nonvernalized plants sown in the field in mid-April, PVS partial

vernalization requirement, HdV4 - HdV8, HdLD heading date of

plants vernalized for 8 weeks and planted in the greenhouse in long

day conditions (20 h photoperiod), HdSD heading date of plants

vernalized for 8 weeks and planted in the greenhouse in short day

conditions (8 h photoperiod), DLS day length sensitivity, HdField -

HdV8, difSDLD partial photoperiod sensitivity, HdSD – HdLD, and

rapSDLD partial photoperiod sensitivity, HdSD/HdLD. When QTL

for a same earliness component overlapped, they were clustered

together and their confidence intervals were combined. Regions

(based on confidence interval overlap) are numbered as A.01–1.33 for

additive regions and I.01–I.07 for interactive regions. Meta-QTLs

from Hanocq et al. (2007) and Griffiths et al. (2009) are reported.

Chromosome 5D was not represented, as no significant association

was identified on it
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The model was used to predict field heading date

of an independent set of accessions observed

at different environmental conditions (location

and year)

Independent field data were used to validate the markers

identified. The whole 372 core collection was sown at

Clermont-Ferrand in autumn 2005. The correlation

between HdField (3-year average on the Moulon) and 2005

heading date in Clermont was high for the 225 common

accessions (r = 0.94). The structure and the 13 markers

associated to HdField (Table 1) were used to predict

heading date of 130 lines that were in the core collection

CC372, but were not used in the present association study.
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These lines could be considered as a random sample of the

whole core collection as far as heading date is concerned:

the average heading date was 1,321�Cd (min = 1,127�Cd,

max = 1,517�C) for the 130 genotypes compared to

1,317�Cd for the 225 common accessions (min =

1,138�Cd, max = 1,572�C). A highly significant correla-

tion was found between heading dates measured in Cler-

mont and the predicted heading dates (r = 0.58) (Fig. 4).

The structure alone based on the five ancestral groups

explained about 20% of the observed heading date in

Clermont (r = 0.45). The total model with both the

structure and the associated markers explained about 34%

of the variation with a root mean square error of prediction

of about 59�Cd, which corresponded to about 3.4 days

considering that the mean daily temperature in Clermont in

May–June 2005 was 17.4�C.

Discussion

A structured core collection was used to identify the main

chromosomal regions determining photoperiod sensitivity,

vernalization requirement and narrow-sense earliness in

wheat. We identified 62 markers individually associated

with earliness components and 15 additional markers

with interactive effects leading to 40 regions involved.

Co-localizations were observed with the Vrn-1, Ppd-1 and

Rht-1 candidate genes. Finally, we were able to explain 34%

of the variation for field heading date of an independent set of

accessions using the structure and the significant markers.

We first discuss the number and associated loci in relation to

previously published results and known candidate genes, and

then the interactions observed between the loci and the val-

idation of the marker model using the independent set of

accessions.

A whole-genome scan enabled detection of significant

regions

The determinism of flowering date is a complex phenom-

enon that is likely to be controlled by a larger number of
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Fig. 2 Allelic effects on heading date of plants partially vernalized for

4 weeks planted in the field in mid-April (ResHdV4) for the four

haplotypic classes at the wPt-0408 (2B) and wPt-8283 (7B) loci. Means

were calculated with an ANOVA model taking into account the

structure of the core collection. The boxes are drawn with widths

proportional to the square roots of the number of observations in the

groups
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Fig. 3 Allelic effects for the

four haplotypic classes on

heading date of plants partially

vernalized for 4 weeks planted

in the field in mid-April

(ResHdV4) at the wPt-9268

(3A) and wPt-1269 (7D) loci

(3A) and on the difference in

heading dates in short day and

long day greenhouse grown

plants (ResdifSDLD) at the

wPt-2587 (6B) and wPt-2019

(1B) loci (3B). Means were

calculated with an ANOVA

model taking into account the

structure of the core collection.

The boxes are drawn with

widths proportional to the

square roots of the number of

observations in the groups
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genes than the network composed by the few well-known

major genes. The oldest studies focused on chromosomes of

group 2 (Welsh et al. 1973; Law et al. 1978) and 5 (Halloran

1967; Law et al. 1976; Maystrenko 1980) that were soon

identified as carrying major genes, Ppd-1 and Vrn-1,

respectively. Thanks to the fast development of polymorphic

molecular markers, whole-genome QTL detections were

then conducted on bi-parental recombinant populations.

These studies identified from 2 to 11 chromosomal regions

(Table S4) associated with earliness-related traits depending

on the genetic material used. The information contained in

these studies was then compiled using meta-analysis

approach that was adapted to QTL studies (Goffinet and

Gerber 2000). This approach was first carried out on maize

data (Chardon et al. 2004) and then on wheat (Hanocq et al.

2007; Griffiths et al. 2009). The two latter reported 18 and 19

earliness-related meta-QTL, respectively. QTL analysis has

the advantages over whole-genome association mapping in

that it requires fewer markers to identify rare alleles and is

not hindered by population structure (Bergelson and Roux

2010). Combining data through a meta-analysis is then a

powerful way to overcome some of its limitations, namely

low mapping resolution and low genetic diversity. However,

except if large homogenous public datasets are available, it

requires more work than association studies as each QTL

detection requires about the same quantity of phenotyping as

an association study. Moreover, even with the large number

of QTL studies published on flowering time in wheat (Table

S4), out of the 40 regions that we reported 17 were not

identified as metaQTL by either Hanocq et al. (2007) or

Griffiths et al. (2009).

A survey of published mapping studies on wheat (Table

S4) reveals that probably all chromosomes are involved in

the determinism of earliness. This is reinforced by reports

on other crop species such as maize for which Buckler

et al. (2009) identified about 50–60 QTL regions affecting

flowering time, rice with over 80 earliness-related genes

and QTL reported (Uwatoko et al. 2008) and oil seed rape

(Brassica napus L.) for which Shi et al. (2009) identified

57 meta-QTL associated with earliness traits. On Arabid-

opsis where the physiological determinants of flowering are

better known, the network of interacting genes is very

complex, so that quantitative variation may be explained

by several loci (Jung and Müller 2009; Higgins et al. 2010).

For example, the key integrator gene Flowering Locus C

(FLC) is controlled by numerous regulators acting either

positively or negatively. In the present study, using asso-

ciation genetics on traits related to earliness component, we

identified 40 regions. Additional loci were possibly not

identified due to the deficit of markers on group D chro-

mosomes, which may be related to the already known

lower level of genetic polymorphism for the D genome

(Akbari et al. 2006). We used 760 markers in this study, of

which 607 were projected onto the reference map. Con-

sidering the Somers et al. (2004) map as a reference,

mapped markers covered approximately 61% of the wheat

genome, excluding gaps more than 20 cM. This led to an

average interval distance of 2.5 cM to be compared with

the extent of the LD, which was estimated to be around

5 cM in the core collection used in this study (Horvath

et al. 2009). If we consider that marker density should

approximately match LD to conduct a comprehensive

association study, we can estimate that about 1,000 well-

spaced markers would be needed. Such a density is not yet

available for bread wheat, but the current progress in

sequencing and genotyping technologies will probably fill

this gap in the upcoming years. Based on the same calcu-

lation, considering that the marker coverage was about

60% and that we detected 40 regions, we can extrapolate

that about 65 regions are involved in flowering time on the

whole genome. This will nicely correspond to the already

cited figures for maize (Buckler et al. 2009) and oilseed

rape (Shi et al. 2009).

The panel structured in five main groups based on

markers is mostly separated into two groups when earliness

is concerned (Table 1). The European accessions (groups 2

and 5, originating from the European wheat genepool) are

more photoperiod sensitive and require more vernalization

than the other three groups (originating from the same

Asian wheat genepool). It is then probable that some

associations were reduced or not detected by the structure

correction performed in the analysis. However, we identi-

fied regions probably corresponding to the major genes on

groups 2 (Ppd-1) and 5 (Vrn-A1). This was however not the
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Fig. 4 Observed heading dates for 130 field-grown wheat lines

(Clermont-Ferrand 2005) as a function of predicted heading dates,

based on a model incorporating the structure and 13 markers

associated with HdField in the independent set of 227 accessions
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case for chromosome 5D for which we did not find any

association. As previously stated, this was probably caused

by the low marker density on this chromosome. Rousset

et al. (2011), using the same collection genotyped for the

known polymorphism for the three Vrn-1 homoeologs,

confirmed their association with vernalization require-

ments. However, the Vrn-D1 ‘‘spring’’ allele was shown to

be rare in this collection, thus exhibiting a weak effect

on vernalization requirement. Bonnin et al. (2008) and

Rousset et al. (2011) also showed significant associations

for Vrn-3 A and D copies on chromosomes of group 7. We

found significant associations on chromosomes 7A and 7D,

but with markers mapped through projection several cM

away from the Vrn-3 genes (Fig. 1). Significant LD exis-

ted, however, between wPt-4515 and Vrn-3A on the 7A and

between gpw4129 and Vrn-3D on the 7D (Table S5). A

consensus map was built to compare the positions of the

markers used in the association and candidate genes. Such

an approach enabled us to combine in the same map a large

number of markers that were mapped on populations that

differed in their parents, structure and size. This may,

however, lead to approximate order and distance between

markers, in particular for SSR markers that amplify dif-

ferent loci on the same linkage group and for which

polymorphic bands may differ between populations. We

also identified associations on chromosomes 3B, 6A and

6B where the candidate genes Constans (CO), Gigantea

(GI) and Luminidependens (LD) were previously localized

(Nemoto et al. 2003; Dunford et al. 2005; Rhoné et al.

2010). Based on the LD with markers mapped on chro-

mosome 3B, LD-B1 and GI-B1 probably corresponded to

the A.12 region (Fig. 1; Table S5). CO-A1 is in LD with

marker cfe273 on the 6A, so that region A.26 may corre-

spond to this candidate gene. A nearby region was already

reported by Hanocq et al. (2007) and Griffiths et al. (2009)

during their meta-analysis. No significantly associated

marker is in LD with CO-B1 on chromosome 6B, so that

probably other genes were involved. Finally, we observed

significant associations on the chromosomes of group 4.

Hanocq et al. (2007) identified meta-QTL on chromosomes

4A and 4B that corresponded to regions A.16 and A.18 in

our study. These regions encompassed the dwarfing Rht-1

genes (Fig. 1). Griffiths et al. 2009 identified metaQTL on

4B and 4D. Due to a nonoverlapping confidence interval in

their populations, they concluded that it did not appear to

be a pleiotropic effect at least for the Rht-D1 gene. Indeed,

Youssefian et al. (1992) and Miralles et al. (1997) reported

no differences between isogenic Rht1 lines in term of

earliness. However, Singh et al. (2001) found on 10 iso-

genic couples (9 for Rht-B1, 1 for Rht-D1) grown in six

environments that dwarf lines headed on average 1.3 days

later. These discrepancies could be explained either by

background or linked effects, or by the existence of

different alleles with different pleiotropic effects. Addisu

et al. (2009) reported no differences between the tall

genotype (rht-B1a/rht-D1a) and semi-dwarf isogenic lines

(Rht-B1b and Rht-D1b), but found a marked delay in

flowering (?6 days) for dwarf isogenic lines carrying

either the Rht-B1c or Rht-D1c allele. It is highly probable

that different Rht-1 alleles are present in the core collection

as the range of variation is very large for plant height

(Bordes et al. 2008). Therefore, both Rht-B1 and Rht-D1

may be candidate genes for significant associations on

chromosomes of group 4, but this still need to be validated.

No candidate genes have been reported in additional

regions identified in this study; however, analysis of gene

networks may provide further candidates for test (Jung and

Müller 2009; Higgins et al. 2010).

Two SNP were significantly associated, but none of

them seemed to be a direct candidate gene for flowering

time. The storage protein activator (SPA) was significantly

associated with photoperiod sensitivity on chromosome

1B. However, this transcription factor is known to be

specifically expressed in the grain as its maize orthologues

opaque-2 (Schmidt et al. 1987). The psy2a gene was sig-

nificantly associated on chromosome 5A to narrow-sense

earliness. This gene is known to be involved in carotenoid

biosynthesis and is not associated with endosperm carote-

noids (Palaisa et al. 2003; Pozniak et al. 2007). Carotenoids

are accessory pigments which play a role in photosynthesis.

They are also precursors to abscisic acid (Hirschberg

2001). Thus, this gene may interfere with the photosyn-

thetic complex and impact the photosensitivity in the plant,

but the most probable hypothesis is that of a linkage dis-

equilibrium with a flowering time gene.

Several significant interactions between loci were

detected

We identified 18 significant interactions between markers.

Significant interactions have already been reported

between homoeologs for Ppd-1 and Vrn-1. Welsh et al.

(1973) first reported that Ppd-D1 and Ppd-B1 showed

epistatic interactions using monosomic lines to assign the

genes and characterizing distributions for photoperiod

response in the progenies of crosses. For both the Ppd-1

and Vrn-1 genes, the epistatic interaction is caused by loss-

of-function mutations in regulatory regions that change the

pattern of expression (Yan et al. 2004a; Beales et al. 2007).

In the model of Loukoianov et al. (2005), a single Vrn-1

allele not repressed by Vrn-2 is sufficient to induce flow-

ering, resulting in an epistatic dominant spring growth

habit. Other interactions have been reported between Vrn-1

and Vrn-D4 (Yoshida et al. 2010), between Vrn-D1 and

Vrn-3A (Rousset et al. 2011) and between QTL for heading

date located on chromosomes 2B–6D and 7A–7D (Zhang
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et al. 2009). Buckler et al. (2009) reported only very few

epistatic loci in maize, making the hypothesis that for

outcrossing species the genetic architecture of flowering

time is dominated by small additive QTLs with few genetic

or environmental interactions. In our study, several of the

interactions we detected involved the marker wPt-0408.

This marker was mapped on chromosome 2B using map-

ping populations (Baga et al. 2009; Francki et al. 2009) and

Chinese Spring deletion lines (Francki et al. 2009), but a

homolog locus was also reported on chromosome 7B

(Francki et al. 2009; Bogard et al. 2011). Both loci may be

polymorphic in the core collection so that scores may

represent a combination of the 2B and 7B loci creating the

interaction. The wPt-0408 marker involved interactions

with markers on chromosomes 2D, 3A, 5B and 7B. All

these interactions dealt with vernalization requirements.

Along with the interaction between wPt-9268 (3A) 9 wPt-

2019 (7D) for HdV4, the spring phenotype is dominant

with three out of four haplotypes showing a spring habit.

This is consistent with interactions between homoeologous

copies of the Vrn-1 gene. The crossover interaction

reported for wPt-2587 (6B) 9 wPt-2019 (1B) for photo-

period sensitivity (Fig. 3) is less common. Uwatoko et al.

(2008) reported such an interaction also for photoperiod

sensitivity in rice between the gene Early Flowering 1

(Ef1 = Ehd1, Os10g32600) and its modifier (e1 = m-Ef1).

Ehd1 is a B-type response regulator, whose role is to

upregulate FT (Hd3a) in inductive conditions (short days).

Ehd1 orthologs were, however, identified in neither Ara-

bidopsis nor Brachypodium suggesting that it was an

additional flowering component that evolved within the

rice lineage or was deleted from the temperate grasses

(Higgins et al. 2010). A crossover interaction suggests

alternative routes for the regulation of photoperiod in

wheat as was observed in rice.

The marker model explained about 34% of variation

in heading date of an independent set of accessions

Thirteen makers were significantly associated with heading

date scored for 3 years in the field. We used these markers

and the structure developed on the whole core collection to

predict heading date measured on an independent set of

lines in a different site. Despite a high correlation coeffi-

cient of 0.94 between the field heading dates used for the

association study and the ones used for the test, only 34%

of the variation was explained by the markers and the

genetic structure, while 65% was reached in the association

study. Different hypotheses can explain the drop in the

heading date prediction. The first one is a bad assignation

to ancestral groups. Two different structures were used,

based on either the 227 genotypes (Rousset et al. 2011) or

the whole core collection (Horvath et al. 2009) and the

structure alone explained about 20% of the heading date.

The five groups identified in the two structures were very

similar, but a wrong assignation could have an impact as

the structure explained a large part of the variability for

earliness components. About 0.1 point r2 is lost (data not

shown) when applying the structure used in the calibration

process (Rousset et al. 2011) compared to the structure

used in the validation on the same set of genotypes

(Horvath et al. 2009). The second hypothesis is the

occurrence of missing data. Markers with too many miss-

ing data were removed from the association analysis, after

rare alleles were coded as missing for SSR. Even if their

number was limited (8.3% considering all markers) with a

13-marker model, more than half of the lines had at least

one missing data. As each marker explained about 5% of

the phenotyping variance, a decrease in the prediction was

observed. The third hypothesis is the presence in the val-

idation set of new alleles or loci. This could not be ruled

out even if there was no bias in terms of heading date range

and geographic origin between the two sets. It is expected

that additional studies using different association panels

will bring more information on the possibility of con-

structing a prediction model based on markers.

Conclusions

Genetic studies of flowering time were up to now restricted

to bi-parental populations, eventually combined together

thanks to a meta-analysis. We carried out a genome-wide

association study on a wheat core collection showing the

efficiency of such an approach. We thus identified 40

potentially different regions influencing heading date and

its components, most of them showing only additive

effects. The identification of the most determinant chro-

mosomal regions is of interest to better modulate flowering

time, which is a key factor in wheat adaptation to biotic and

abiotic stress. The number of regions involved and the

small additive effects observed (a little less than 5% on

average) show that although major regions have been

known for a long time, flowering may still be considered a

complex trait. Using a model that included significant

markers and the structure showed that it was possible to

predict heading date with a mean error of prediction of less

than 4 days, which gives hopes for future marker-assisted

selection when abundant and cheap markers will be

available.
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