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Abstract

Key message The wheat association mapping initiative
is appropriate for gene discovery without the confound-
ing effects of phenology and plant height.

Abstract The wheat association mapping initiative
(WAMI) population is a set of 287 diverse advanced wheat
lines with a narrow range of variation for days to heading
(DH) and plant height (PH). This study aimed to charac-
terize the WAMI and showed that this diverse panel has a
favorable genetic background in which stress adaptive traits
and their alleles contributing to final yield can be identi-
fied with reduced confounding major gene effects through
genome-wide association studies (GWAS). Using single
nucleotide polymorphism (SNP) markers, we observed
lower gene diversity on the D genome, compared with the
other genomes. Population structure was primarily related
to the distribution of the 1B.1R rye translocation. The nar-
row range of variation for DH and PH in the WAMI popu-
lation still entailed segregation for a few markers associ-
ated with the former traits, while Rht genes were associated
with grain yield (GY). Genotype by environment (G x E)
interaction for GY was primarily explained by Rht-Bl,
Vrn-Al and markers on chromosomes 2D and 3A when
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running GWAS with genotype scores from the G x E
biplot. The use of PC scores from the G x E biplot seems
a promising tool to determine genes and markers associ-
ated with complex interactions across environments. The
WAMI panel lends itself to GWAS for complex trait dis-
section by avoiding the confounding effects of DH and PH
which were reduced to a minimum (using Rht-Bl and Vrn-
Al scores as covariables), with significant associations with
GY on chromosomes 2D, 3A and 3B.

Introduction

Wheat productivity gains have been decreasing dur-
ing the last 30 years (Olesen et al. 2011), a trend which
has been linked to changing temperature and precipita-
tion patterns (Lobell et al. 2011). Nonetheless, genetic
gains in yield related to breeding of spring wheat are still
being achieved (Lopes et al. 2012; Sharma et al. 2012)
though at lower rates than in the past. To breed cultivars
better adapted to a changing climate, positive alleles for
improved performance under those changing conditions
must be identified in current elite germplasm, as well as in
new genetic pools.

Risch and Merikangas (1996) proposed that associa-
tion mapping or genome-wide association studies (GWAS)
may be a suitable complementary approach to bi-parental
populations for identifying genetic markers associated with
traits of interest. High-throughput genotyping technologies
and statistical methods based on linkage disequilibrium
(LD) that take population structure into account (Pritchard
et al. 2000; Kang et al. 2008) enabled GWAS to be devel-
oped for analysis of complex traits. In wheat, association
studies of yield, disease resistance, and bread making qual-
ity have already proved useful in studying complex traits
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(Crossa et al. 2007; Charmet et al. 2009; Rehman Arif et al.
2012).

It has been difficult to identify consistent genetic mark-
ers associated with yield under stress environments (par-
ticularly drought) in either wheat or maize (Maccaferri
et al. 2011; Dodig et al. 2012; Lu et al. 2012). In wheat
especially, the identification of markers has been compli-
cated by confounding effects of phenology; most stress
adaptive traits interact with days to heading (DH) and
plant height (PH), thus genes of major effect can mask the
identification of minor effect genes (Reynolds et al. 2009),
e.g., expression of cooler canopies varies with DH and PH
with co-locations and pleiotropy being observed most of
the times (Rebetzke et al. 2012). The discovery of mark-
ers associated with adaptive traits can only be accurately
assessed if experimental populations have controlled phe-
nology and PH, and are grown in reproducible field tri-
als (Pinto et al. 2010; Lopes et al. 2013); however, this
approach will not integrate genotype, or marker by environ-
ment interactions (G x E).

This study aimed to characterize the wheat associa-
tion mapping initiative (WAMI) population, consisting of
287 advanced lines released by the International Maize
and Wheat Improvement Center (CIMMYT) over the past
30 years. The 9K iSelect beadship assay (Cavanagh et al.
2013) was utilized and compared in terms of accuracy of
marker-trait associations. Specifically, this study aimed to:
(i) characterize population structure and linkage disequilib-
rium patterns in the WAMI; (ii) localize functional genes
using marker scores for Rht-Bl, Rht-D1, Vrn-Al, Vrn-B1,
Vrn-D1 in marker—marker associations to determine plei-
otropy or co-location of grain yield (GY) with phenology
and PH genes and their possible confounding effect; (iii)
characterize minor marker-trait associations in the WAMI
for DH, PH, and interactions with GY (if present) after
removal of major Vrn and Rht effects; (iv) provide the
wheat research community with a genetically well-charac-
terized population of advanced elite lines, with a particular
emphasis on the control of interactive effects from phenol-
ogy and PH.

Materials and methods
Plant material, DNA extraction, and genotyping

The WAMI population was obtained from CIMMYT inter-
national nurseries that are annually distributed worldwide
(26th, 27th, and 28th Elite Spring Wheat Yield Trial; 1st
to 16th Semiarid Wheat Yield Trial; and Ist to 12th High
Temperature Wheat Yield Trial). The population was care-
fully selected to obtain a reduced range of variation in phe-
nology and height (9 days and 35 cm variation for DH and
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PH, respectively, averaged across 12 environments; Lopes
et al. 2012). Seeds of all lines were obtained from the
CIMMYT Genetic Resources Center and genomic DNA
was extracted from five leaves using a CTAB procedure
(Saghai-Maroof et al. 1984), modified according to CIM-
MYT laboratory protocols (http://repository.cimmyt.org/
xmlui/handle/10883/3221).

Whole-genome marker polymorphisms were generated
via genotyping with the 9K iSelect beadship assay, includ-
ing gene-associated single nucleotide polymorphisms
(SNPs), as described in Cavanagh et al. (2013). Markers
with a minor allele frequency (MAF) <0.05 were excluded
to avoid the high statistical power required to make mean-
ingful statements about association with very rare alleles. A
total number of 3,848 markers were located on the consen-
sus map available in Cavanagh et al. (2013) and these were
used for association analysis.

Ppd-1, Vrn-1, and Rht-1 markers, and the 1B.1R rye
translocation

We used primers described in Beales et al. (2007), Wilhelm
et al. (2009), and Diaz et al. (2012) to detect alleles of the
photoperiod loci Ppd-Al, Ppd-Bl, and Ppd-DI, which
confer sensitivity or insensitivity to day length, on chro-
mosomes 2A, 2B, and 2D, respectively. PCR assays were
applied to detect the 1,027 bp ‘GS-100’ type and 1,117 bp
‘GS-105’-type deletions in the Ppd-Al gene; the junction
between intact Ppd-BI copies in the ‘Sonora64’ allele; and
the 2,089 bp deletion in the Ppd-D1 gene. The two deletions
in the Ppd-Al gene were identified exclusively in durum
wheat, but are routinely transferred to CIMMYT bread wheat
via the use of synthetic wheat. The photoperiod-insensitive
allele was labeled as Ppd-1A in accordance with Beales et al.
(2007). The alternative allele, which we have assumed to
infer photoperiod sensitivity, was designated Ppd-1B.

Dominant spring alleles related to variation in the pro-
moter region of the Vrn-Al locus were identified using the
genome-specific primers VRNIAF and VRNIR, described
by Yan et al. (2004). Deletion alleles affecting vernalization
response in intron-1 of the Vrn-BI and Vrn-DI loci were
detected as described in Fu et al. (2005).

Primers were amplified in single 10-ul PCRs, with final
concentrations of: 1x Buffer with Green Dye (Promega
Corp., US), 200 uM dNTPs, 1.2 mM MgCl,, 0.25 uM of
each primer, 1U DNA polymerase (Promega), and 50 ng
DNA template. PCRs consisted of 94 °C for 2 min, fol-
lowed by 30 cycles of 94 °C for 1 min then 54-60 °C for
2 min (dependent on the primer), then finally 72 °C for
2 min. Products were separated on 1.2 % agarose gels in
TAE buffer.

Alleles of Rht-BI and Rht-D1 (a or b for the dwarfing
and wild-type allele, respectively) were classified using the
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method described in Ellis et al. (2002). We scored poly-
morphisms using LGC Genomics KASP reagents (www.
lgcgenomics.com) in reactions containing 2.5 pl water,
2.5 pl 2x KASPar reaction mix, 0.07 pl assay mix, and
50 ng dried DNA, with a PCR profile of 94 °C for 15 min
(activation), followed by 20 cycles of 94 °C for 10 s, 57 °C
for 5 s, 72 °C for 10 s, then 18 cycles of 94 °C for 10 s,
57 °C for 20 s, and 72 °C for 40 s. Fluorescence was meas-
ured as an end point reading at 25 °C. Primer combinations
are described at http://www.cerealsdb.uk.net/CerealsDB/
SNPs/Documents/MAS.php?URL.

The 1B.1R translocation was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) of alcohol-soluble (gliadins) and alcohol-insolu-
ble (glutenins) grain protein extracts, using the procedure
described by Liu et al. (2005). The presence of Sec-1 seca-
lins in the gliadin gel and the Glu-B3j allele in the glutenin
gel confirmed the presence of the 1B.1R translocation.

Gene diversity, polymorphism information content (PIC),
population structure and linkage disequilibrium (LD)

Gene diversity, defined as the probability that two ran-
domly chosen alleles from the population are different
(Weir 1996), and polymorphism information content (PIC)
values, defined by Botstein et al. (1980), were calculated
using PowerMarker software V 3.25 (Liu and Muse 2005).
LD was determined by calculating 7> using allele frequen-
cies of the markers with Graphical GenoTypes GGT2 (Ber-
loo 2008) 2.0 software. The critical  value, after which
LD is due to true physical linkage, was calculated through
the 95th percentile of normalized (square root) r* values.
Population structure was analyzed applying principal com-
ponent analysis (PCA) using markers at least 10 cM apart.
The number of markers was 151, 151, and 45, for A, B,
and D genomes, respectively. PCA was implemented in
R (Everitt 2007). A neighbor joining (NJ) tree was deter-
mined with PowerMarker V3.25 (Liu and Muse 2005) to
further support the PCA results.

Field trials, traits measured and genotype by environment
interaction

Four field trials were conducted in the Norman E. Borlaug
(CENEB) experimental station near Ciudad Obregon, Son-
ora, Mexico during the 2009-2010 season. Experiments
were conducted at recommended sowing time (late Novem-
ber) under the following conditions: near optimal condi-
tions, i.e., irrigated (IRRIGATED); drought (DROUGHT)
with reduced irrigation; to test performance under heat
stress, two experiments were sown late (February), one
with irrigation (HEAT) and another one with reduced irriga-
tion (HD) (for meteorological data see Lopes et al. 2012).

Appropriate fertilization and weed, disease, and pest control
were implemented to avoid yield limitations. Experimental
design was a randomized lattice with two replications in
2-m-long and 0.8-m-wide plots consisting of one raised bed
with 2 rows per bed at seed rates of 120 kg ha~!. Best lin-
ear unbiased estimates (BLUPs) for all measured traits were
used and procedures to determine GY, DH and PH have
been described in Lopes et al. (2012). Prior analysis, aver-
ages across environments were calculated using normalized
values (against the mean trial) to avoid giving more weight
to high-yielding environments (where GY, DH and PH
were all higher irrigated environments than in environments
with either drought or heat). To obtain information on the
(G x E) interactions, site regression analysis was used. Site
regression analysis was performed according to Samonte
et al. (2005) using normalized yield values in SAS (2004)
and scores of genotypes and environments plotted in a
biplot. Broad sense heritability (H?) was estimated for each
trait individually in each environment and across environ-
ments as shown in Lopes et al. (2012). Phenotypic correla-
tions among traits in different environments were calculated
with the PROC CORR procedure in SAS (2004).

Genome-wide association analysis (GWAS)

To determine the best model for GWAS allowing for false-
positive control due to genetic relatedness a forward model
selection using the Bayesian information criterion (BIC)
was determined with the Genomic Association and Predic-
tion Integrated Tool -GAPIT (Lipka et al. 2012 and http://
www.maizegenetics.net/GAPIT) applied in R. Besides
basic population structure control with kinship matrix
and PCA scores, two sets of models were applied: (1)
no correction was applied in the GWAS besides the kin-
ship and PCA scores from population structure; (2) scores
for Rht and Vrn functional genes included as covariables
for correction of their effects in GWAS plus kinship and
PCA scores; Furthermore, GWAS was conducted [using
approaches (1) and (2) as explained above] on the follow-
ing type of phenotypic data for each trait: (1) estimated
means in each environment; (2) normalized means across
all environments; (3) two first PC scores from site regres-
sion G x E biplot; (4) normalized average across stress
environments (DROUGHT, HEAT and HD). The following
mixed model was used to account for genetic relatedness
among advanced lines and varieties in the genome-wide
association mapping (Kang et al. 2008):

y=pn+xp+u+te

where u is the mean; x is the SNP marker effect; u is ran-
dom effects due to genetic relatedness with Var (1) = ong
and Var (e) = oﬁ; and K is the kinship matrix across all
genotypes.
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Table 1 Gene diversity, polymorphism information content (PIC),
number of markers (no. Markers), chromosome size in cM (Chrom
size), marker density (SNP Dens), and average linkage disequilibrium

(AVG LD) for all chromosomes, genomes, and overall means; calcu-
lated using SNP markers in the wheat association mapping popula-
tion (WAMI) of 287 advanced lines

Chr Gene diversity PIC No. markers Chrom size (cM) SNPDens (no. locus cM™1) AVG LD (%)
1A 0.29 0.23 321.00 278.10 1.15 0.10
1B 0.35 0.28 224.00 206.50 1.08 0.39
1D 0.34 0.28 63.00 153.80 0.41 0.21
2A 0.35 0.28 209.00 370.50 0.56 0.11
2B 0.38 0.30 419.00 395.40 1.06 0.16
2D 0.36 0.29 47.00 159.90 0.29 0.09
3A 0.36 0.29 240.00 279.30 0.86 0.11
3B 0.29 0.24 257.00 302.70 0.85 0.08
3D 0.31 0.25 10.00 10.45 0.39 0.26
4A 0.41 0.32 215.00 234.60 0.92 0.27
4B 0.32 0.26 92.00 157.50 0.58 0.09
4D 0.29 0.24 14.00 50.90 0.28 0.13
S5A 0.38 0.30 291.00 240.80 1.21 0.05
5B 0.36 0.29 360.00 298.00 1.21 0.07
5D 0.35 0.28 10.67 31.23 0.24 0.24
6A 0.36 0.28 282.00 256.60 1.10 0.08
6B 0.41 0.32 2717.00 243.30 1.14 0.15
6D 0.40 0.31 14.00 51.10 0.84 0.24
TA 0.30 0.24 256.00 281.20 0.91 0.08
7B 0.34 0.27 186.00 268.50 0.69 0.07
7D 0.35 0.28 7.67 17.97 0.84 0.35
Genome A 0.35 0.28 1,814 NA 0.96 0.11
Genome B 0.35 0.28 1,815 NA 0.95 0.14
Genome D 0.32 0.26 230 NA 0.43 0.25
Mean 0.34 0.27 NA NA 0.78 0.17
A restricted maximum likelihood (REML) estimate of = Results

oé and o2 were computed using EMMA and the association
mapping conducted based on the estimated variance compo-
nents, with a standard F test to test 8 = 0. In genome-wide
association mapping studies with n molecular markers, the
same statistical test is performed n times at the significance
level . The threshold for defining a marker to be significant
was taken at p < 0.0005 considering the small number of
markers and the deviation of the observed quantile—quan-
tile (Q—Q) plots. The Q—Q plots were constructed by plot-
ting the observed —log(p value) of the markers against the
expected —loglO(p value), under the null hypothesis that
there is no association between marker and phenotype.

To verify if marker-trait associations were co-localized
to any of the used functional markers or closely linked
SNPs associated with DH (Vrn and Ppd) and PH (Rh1),
marker—marker associations were determined using the
scores of the functional markers in GWAS. This was also
useful to localize the functional markers within chromo-
somes and to ensure that the WAMI, markers, map, and
methods were adequate for GWAS.
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Polymorphism, gene diversity, marker density, and LD

LD was higher and decay was faster in the D genome, com-
pared to the A and B genomes (Table 1; Fig. 1). For the ca.
9K SNP markers, 4,059 displayed polymorphic SNP loci,
of which 3,848 were located on the consensus map avail-
able in Cavanagh et al. (2013). The SNP markers showed
different levels of gene diversity; values ranged from 0.26
to 0.41, with an average of 0.34 (Table 1). PIC generated
with SNP markers ranged from 0.22 to 0.32 with a mean
value of 0.27 (Table 1). Decreased gene diversity and PIC
were depicted in genome D when compared to genomes A
and B (Table 1).

Population structure
Population structure of the WAMI was examined with

PCA, using markers more than 10 cM apart (Fig. 2). Across
genomes PCA analysis separated the WAMI lines in two
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Fig. 1 Linkage disequilibrium (LD) using the squared allele-fre-
quency correlation (?) against marker distance for genomes A, B
and D (a, b and c, respectively). The 95th percentile of 7* for each
genome is represented by a dark horizontal line

groups, with and without the 1B.1R translocation (Fig. 2a).
Using SNP markers localized in the A genome, ‘Pastor’
and ‘Babax’ derivative elite lines were separated (Fig. 2b).
SNP markers from B genome grouped according to the
IB.1IR translocation (Fig. 2c) and markers localized in D
genome mainly separated ‘Kauz’ derivative advanced lines
(Fig. 2d).

Marker-marker associations of Rht-Bl, Rht-D1, Vrn-Al,
Vrn-B1, and Vrn-D1 functional genes

Nearly all lines (except five) carried the photoperiod-
insensitive Ppd-Dla allele. Similarly, the frequency of
the 1,027 bp ‘GS-100’ type and 1,117 bp ‘GS-105’-type

deletions in the Ppd-Al gene was low and did not fall under
the MAF >0.05 threshold. Both alleles (Ppd-D1b and Ppd-
Ala) were, therefore, excluded from further analyses and
only Vrn and Rht genes were considered. The marker—
marker associations for Rht-BI and Rht-D1I localized the
genes on chromosomes 4B and 4D at 76.58 and 0.50 cM,
respectively (Supplementary Table 1). Vin-Al was local-
ized on chromosome 5A at 82.82 and 83.37 cM, whereas
Vrn-B1 was localized on chromosome 5B at 96.68 and
97.98 cM (Supplementary Table 1). Vrn-DI was localized
on chromosome 5D at 16.86 cM and on chromosome 5A at
83.37 cM (Supplementary Table 1).

Genotype by environment (G x E) interaction for GY, DH
and PH: correlations between traits and heritability

Site regression analysis is shown in Fig. 3. For GY, all
stressed environments including HEAT, HD, DROUGHT
were clustered together, whereas the near optimal environ-
ment IRRIGATED was separated from all other environ-
ments and causing the main G x E (Fig. 3). For DH and
PH G x E was also significant. DH showed the same trend
(as observed for GY) with all stressed environments having
similar patterns and only IRRIGATED was separated from
all other environments (though similar to DROUGHT). PH
measured in HD and HEAT environments, gave very simi-
lar responses whereas IRRIGATED and DROUGHT were
separated by PC2 (Fig. 3). Heritability of all traits per envi-
ronment and across environments is shown in Table 2. Phe-
notypic correlations between GY and DH were all signifi-
cantly negative, but stronger under DROUGHT, HEAT and
HD conditions (Table 2). Correlations between GY and PH
were all significantly positive except under IRRIGATED
conditions where correlations were negative (Table 2).

Genetic architecture of GY, DH and PH determined
by GWAS in different environments

The type of model used for GWAS for each trait and envi-
ronment was determined by forward model selection using
the BIC to determine the optimal number of parameters
(kinship, PCs from population structure analysis and Rht-
BI and Vrn-Al as covariables) that best control for popu-
lation structure, and results are shown in Supplementary
Table 2 (with and without correction of Rht-BI and Vrn-Al
covariables). GWAS results are shown in detail in Supple-
mentary Tables 3, 4, 5, for GY, DH and PH, respectively.
GWAS was conducted for each trait or phenotype, using
estimated means in each environment, normalized means
across environments and PC scores from site regression
biplot (G x E). Q-Q plots are shown in Supplementary
Fig. 1 for the traits and environments where significant
associations were observed.
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Fig. 2 Principal component analysis of the WAMI based on SNP
markers (using markers >10 cM apart). a Including markers from all
genomes; b Including markers present in genome a only; ¢ Includ-

Approach 1-GWAS without Vrn and Rht marker scores
as covariables

Markers associated with GY across all environments (nor-
malized average) were detected on chromosomes 2D at
94.63 cM, 3A at 30.82 cM, 3B at 278.7 cM (with lower
allelic effects) and Rht-BI on chromosome 4B (Table 3 and
Supplementary Table 3). The same SNP marker on chro-
mosome 3B at 278.7 cM was associated with GY averaged
across stress environments (DROUGHT, HEAT and HD,
see Table 3 and Supplementary Table 3). SNP markers on
chromosomes 2D at 94.63 cM, 3A at 30.82 cM and Rht-
BI were also associated with PC1 scores from the G x E
biplot, whereas a few SNP markers on chromosome 5A
(near Vrn-Al, see Supplementary Table 1 for Vrn localiza-
tion) were associated with PC2 (Table 3 and Supplemen-
tary Table 3).

For DH, the most significant associations across all envi-
ronments were observed on chromosome 5A and the Vrn-
Al functional gene between 74.68 and 86.37 cM (Table 3
and Supplementary Table 4).

Major effects for PH were associated with Rht-Bl and
Rht-D1 and several SNP markers on chromosome 6A in
‘IRRIGATED’ and ‘DROUGHT’ environments (Table 3
and Supplementary Table 5).
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Approach 2-GWAS using Vrn and Rht as covariables

With this approach it was possible to remove associations
of Vrn-Al or Rht-BI (Table 4 and Supplementary Table 3)
with GY. All SNPs associated with GY with the first
approach on chromosomes 2D and 3A (Table 3) were also
detected in GWAS with Vrn-Al and Rht-B1 as covariables,
however, allelic effects decreased with the correction (com-
paring allelic effects of markers in Table 3 with Table 4).
Using Approach 2, DH was not associated with any marker
under any of the conditions tested (Supplementary Table 4)
and PH was associated with Rh#-DI under IRRIGATED
conditions (Supplementary Table 5).

The most significant markers identified by GWAS on
chromosomes 2D, 3A and 3B associated with GY were
summarized for each line in the WAMI to determine their
direct effects on GY, PH and DH (Fig. 4). It was shown
that when the favorable allele ‘A’ is present in the three
SNPs, the highest GY was obtained with no changes in DH
(Fig. 4). PH remained constant for almost all allele combi-
nations but it was higher when the unfavorable allele ‘B’
was present in all SNPs (Fig. 4). Furthermore, Fig. 4b also
shows that the impact of Rht-BI on yield was smaller than
the effect caused by the new SNPs identified as associated
with GY in the WAMIL.
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Fig. 3 Site regression analysis of the WAMI grown in four environ-
ments in Mexico (DROUGHT, HEAT, heat combined with drought
(HD) and IRRIGATED) for three variables: grain yield (GY), days
to heading (DH) and plant height (PH) as shown in the left corner of
each panel. Genotypes are indicated with dark circles and environ-
ments with open diamonds. Percentages of variation for genotype by
environment interaction are shown for the first two principal compo-
nents (PC1 and PC2)

Discussion
Gene diversity, LD, and population structure

Gene diversity is an important factor for crop improve-
ment and is, therefore, essential for the effective use of
genetic resources in breeding programs (Chao et al. 2007)
as long as this diversity integrates positive and profitable
genes. Gene diversity varied across wheat genomes in the

WAMI population; specifically, gene diversity was high
and similar in genomes A and B, and lower in genome D
(with both marker platforms). This lower gene diversity in
the D genome was observed despite the fact that around
15 % of elite lines included in the WAMI population were
derived synthetic wheats; the result corroborates previous
findings observed in a Chinese winter wheat collection
(Chen et al. 2012). It is worth noting that gene diversity in
the D genome among synthetic-derived lines in the WAMI
population was higher (0.332) when compared with non-
synthetic advanced lines of the population (0.328). This
further confirms that synthetic-derived lines are a valuable
source for broadening the genetic base of elite wheat breed-
ing germplasm (Zhang et al. 2005). The gene diversity and
PIC values observed in the WAMI population were higher
than other wheat elite germplasm collections (Chao et al.
2010), though similar trends were observed in both studies
in that the D genome had lower PIC values compared to the
other genomes.

LD declines rapidly with distance and knowledge of LD
extent is important for determining the adequate marker
density required for proper marker-trait association (for a
review of LD, see Gaut and Long 2003). LD in the WAMI
population was highest in the D genome (highest aver-
age r°) when compared to the other genomes, a result that
is in accordance with findings published by Chao et al.
(2010). Higher LD in the wheat D genome has been linked
to episodes of recent introgression and population bottle-
necks accompanying the origin of hexaploid wheat (Chao
et al. 2010). Nevertheless, CIMMYT materials have been
reported to show the lowest rate of LD decay among
wheat populations within 30 cM (Chao et al. 2010; Dre-
isigacker et al. 2012). In this study, a faster LD decay in
the D genome (similar results were observed by Edae et al.
2014) indicates the need for higher marker density to locate
genes in the D genome; the marker platforms used here
are still poor in terms of D genome cover. For the A and
B genomes, LD decay was slower and thus higher marker
density may or may not improve localization.

Population structure or stratification is particularly
important in genome-wide studies because it can cause spu-
rious marker-trait associations (Pritchard et al. 2000; Pat-
terson et al. 2006; Kang et al. 2008). In the present study,
analysis of population structure has been used for a general
overview and knowledge of biological background explain-
ing the WAMI structure. Particularly we were interested
to understand the broad relatedness across individuals and
used PCA. In this study, the WAMI population was mostly
stratified by the presence or absence of the 1B.1R trans-
location (this was confirmed by both marker platforms).
Population stratification in the A genome was mainly asso-
ciated with pedigree (separating ‘Pastor’-, ‘Kauz’-, and
‘Babax’-derived lines) whereas B genome stratification
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Table 2 Pearson correlation coefficients (r) and associated probabili-
ties (P<) of grain yield (GY) with days to heading (DH and correla-
tions with GY are indicated by GY_DH) and plant height (PH and
correlations with GY are indicated by rGY_PH) in the WAMI grown
under IRRIGATED, DROUGHT, HEAT and heat combined with
drought (HD) conditions plus the average of all environments (AVG)

IRRIGATED DROUGHT HEAT HD AVG
tGY_DH —0.12 —0.29 —0.34 —022 —0.24
P< 0.05 0.0001 0.0001  0.001  0.0001
1GY_PH -0.15 0.14 0.13834 0.19  0.17
P< 0.05 0.0001 0.0001 001  0.001
PGY 074 0.71 0.76 073  0.67
PDH 085 0.93 0.86 0.86  0.87
PPH 07 0.77 0.81 0.6 0.7

Heritability (h*) of GY, DH and PH are shown for each environment
and calculated across environments (AVG)

was related with the 1B.1R rye translocation, as expected.
The 1B.1R translocation has been previously identified as
an important cause of population stratification, as shown by
Zhang et al. (2011) in Chinese wheat germplasm.

Removal of major confounding effects of DH and PH
in the WAMI for the genetic dissection of complex traits
like GY

Complex traits like GY and most physiological traits are
strongly influenced by the time of flowering and height
of the crop in wheat (Lopes et al. 2014). These are two
baseline traits that if well synchronized in the crop will
maximize yield and have been basically fixed by breed-
ers (Richards et al. 2010). However, many other potential
physiological responses and traits can effectively contribute

Table 3 Main SNP markers associated with grain yield (GY), days to heading (DH) and plant height (PH)

TRAIT ENV SNP Chr Pos (cM) P value Maf All Eff
GY AVG wsnp_Ex_c8303_14001708 2D 94.63 7.10E-05 0.070 —0.163
wsnp_Ex_c55051_57706127 3A 30.82 3.06E—05 0.070 —0.183
wsnp_CAP12_c2297_1121142 3B 278.7 9.00E—05 0.382 —0.105
rhtB1 4B 76.58% 0.0005 0.214 0.097
AVG STRESS wsnp_CAP12_c2297_1121142 3B 278.7 5.28E—05 0.382 —0.027
wsnp_Ex_c55777_58153636 5A 74.68 0.000167 0.225 0.033
PC1 wsnp_Ex_c8303_14001708 2D 94.63 0.000128 0.070 —0.028
wsnp_Ex_c55051_57706127 3A 30.82 5.51E—06 0.070 —0.036
PC2 rhtB1 4B 76.58% 0.000128 0.214 0.017
wsnp_Ex_c55777_58153636 5A 74.68 0.000119 0.225 0.019
wsnp_Ex_c621_1230852 5A 78 0.000299 0.267 0.017
DH AVG wsnp_AJ612027A_Ta_2_1 SA 82.82 1.83E—-05 0.186 —0.013
vrnAl SA 82.82-83.37* 6.55E—05 0.189 0.012
VrnAla SA 82.82-83.37* 0.000171 0.221 —0.010
PC1 NA NA NA NA NA
PC2 NA NA NA NA NA
PH DROUGHT® RhtB1 4B 0 0.000297 0.214 —0.349
wsnp_Ex_rep_c107564_91144523 4D 0.5 4.47E—05 0.200 0.816
PC1 NA NA NA NA NA NA
PC2 NA NA NA NA NA NA

For each marker, chromosome (Chr) position (Pos), P values, minor allele frequency (maf) and allelic effects (All Eff) are shown. GWAS was
conducted in normalized averages across four environments (AVG), average of stress environments (AVG STRESS) and in each environment
(ENV): IRRIGATED, DROUGHT, HEAT and heat combined with drought (HD). Principal components (PC1 and PC2) from G x E interaction

biplot were used in GWAS to identify markers associated with G x E

NA non available

% See Supplementary Table 1 for localization and position of functional markers

® Only available under Drought
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Table 4 Main SNPs associated with grain yield (GY)

ENV SNP Chr Pos (cM) P value Maf All Eff
AVG wsnp_Ex_c8303_14001708 2D 94.63 0.000109 0.070 —0.155
wsnp_Ex_c55051_57706127 3A 30.82 6.03E-05 0.070 —0.173
wsnp_CAP12_c2297_1121142 3B 278.7 7.03E-05 0.382 —0.105
AVG STRESS wsnp_CAP12_c2297_1121142 3B 278.7 2.23E-05 0.382 —0.028
PC1 wsnp_Ex_c55051_57706127 3A 30.82 1.73E-05 0.070 —0.033
PC2 NA NA NA NA NA NA
DROUGHT wsnp_Ex_c8303_14001708 2D 94.63 0.00039 0.070 —0.151
wsnp_Ex_c790_1554988 5A 66.48 0.000301 0.379 —0.097
HD NA NA NA NA NA NA
HEAT wsnp_CAP12_c2297_1121142 3B 278.7 0.000138 0.382 —0.116
IRRIGATED wsnp_Ex_c55051_57706127 3A 30.82 1.59E-05 0.070 —0.400

For each marker, chromosome (Chr) position (Pos), P values, minor allele frequency (maf) and allelic effects (All Eff) are shown. GWAS was
conducted after model correction with Rht-Bl and Vrn-Al (used as covariables). GWAS was conducted in normalized averages across four
environments (AVG), average of stress environments (AVG STRESS) and in each environment (ENV): IRRIGATED, DROUGHT, HEAT and
heat combined with drought (HD). Principal components (PC1 and PC2) from G x E interaction biplot were used in GWAS to identify markers

associated with G x E

NA non available
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Fig. 4 Average normalized grain yield (GY), average days to head-
ing (DH) and plant height (PH) across four environments of WAMI
lines having eight different combinations of SNP markers identi-
fied as associated with GY: wsnp_Ex_c8303_14001708, wsnp_Ex_
¢55051_57706127 and wsnp_CAPI12_c2297 1121142 on chromo-
somes 2D, 3A and 3B, respectively. Combination of alleles (a) and
(b) are shown in the XX axes

to maximize GY but associated genomic regions cannot
easily be identified due to the confounding effects of DH
and PH. These confounding effects have been observed in
almost all QTL discovered so far, particularly for GY and
stress adaptive traits that frequently correlate with DH and
PH (e.g., Rebetzke et al. 2012; Bennett et al. 2012a, b).
Some efforts to optimize DH and PH in experimental popu-
lations have been recently presented in the literature with
the Seri x Babax population (Pinto et al. 2010; Lopes et al.
2013). The WAMI population was designed for a narrow
range of DH and PH variation, but some variation was still
observed (9 days and 35 cm on average, respectively, see
Lopes et al. 2012). Furthermore, phenotypic correlations
were significant for DH and PH with GY and particularly
significant under DROUGHT, HEAT and HD. Even under
these circumstances (DH and PH correlated with GY), it is
worth noting that neither DH nor PH explained more than
12 % of phenotypic yield variation in the WAMI, thus indi-
cating that GY can be further dissected into other minor
associated genetic and phenotypic components. Using the
WAMI population, despite its narrow range of variation
for DH and PH, effects were still observed for Vrn-Al and
Rht-B1 on chromosomes 5A and 4B, respectively. It has
been reported that Vrn-1 is dominant epistatic and has the
strongest effect in reducing vernalization requirements
relative to other Vrn genes (Trevaskis et al. 2003) and our
results support this. While Ppd-1 gene was monomorphic,
Vrn-Al and Rht-Bl, were responsible for the major G x E
interaction for GY in the four different environments where
the WAMI was tested. This was shown by significant
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associations of the functional markers with PC1 and PC2
scores from GY site regression biplot. Genotype by envi-
ronment interactions of GY were primarily explained by
SNP markers on chromosomes 2D, 3A and the Rht-Bl
functional gene (associated with PC1 of site regression
analysis), followed by Vrn-Al and nearby markers (associ-
ated with PC2 of site regression analysis). This result pri-
marily explained the G x E observed between the stressed
environments (DROUGHT, HEAT and HD) where earli-
ness becomes more important to increase GY and the IRRI-
GATED environment, where increased height may reduce
yields due to increased chance of lodging. Yan and Hunt
(2001) have inferred this concept when correlating the PCs
from site regression with several winter wheat traits and
showed that G x E interactions were explained by differ-
ent traits according to years: some years winter survival
scores, other years could relate with heading dates, plant
height and lodging. Yan and Hunt (2001) suggested that
an increase or decrease in the levels of expression of these
traits would, therefore, improve the specific adaptation of
the genotypes to certain environments, but it is unlikely to
lead to improved overall cultivar performance. The concept
suggested by Yan and Hunt (2001) was to target trait opti-
mization rather than maximizing or minimizing a specific
trait which will lead only to specific adaptation. The use of
PC scores from the G x E biplot seems a promising tool
to determine genes and markers associated with complex
interactions across environments. Furthermore, Lopes et al.
(2014) has shown how these scores are useful to sort mark-
ers identified by GWAS to find patterns of important SNPs
contributing to yield in clusters of environments.

By removing the effects of major genes Vrn-Al and
Rht-B1 (Approach 2, using Vrn-Al and Rht-Bl as covari-
ables in GWAS) in the WAMI, it was possible to identify
SNPs exclusively associated with GY, on chromosomes 2D
and 3A and with lower allelic effects on chromosome 3B.
Moreover, lines with ‘A’ calls for the SNPs associated with
GY on chromosomes 2D, 3A and 3B showed the highest
GY while no major changes in PH and DH were observed.
Markers on chromosomes 2D are most probably not asso-
ciated with Ppd genes, as almost all (except five) WAMI
wheat lines were monomorphic for Ppd, plus these mark-
ers were not associated with DH or PH in any of the tested
environments. Consistent GY associations with markers on
chromosome 3B support previous results reported in the lit-
erature for QTL identified in the same chromosome (Bon-
neau et al. 2013).

Concluding remarks
The wheat association mapping initiative (WAMI) has been

systematically characterized in terms of population struc-
ture, linkage disequilibrium and confounding effects by

@ Springer

phenology and plant height The WAMI panel lends itself
to GWAS for complex trait dissection by avoiding the con-
founding effects of DH and PH which were reduced to a
minimum, explaining around just 10 % of the phenotypic
variation of complex traits like GY. This small confound-
ing effect was further removed using Rht-BI and Vrn-Al
as covariables in GWAS and, therefore, markers associ-
ated with GY on chromosomes 2D, 3A and 3B indenti-
fied in this study were shown to be exclusively associated
with GY. As such the WAMI will be the first model popu-
lation for marker discovery of complex traits, particularly
for adaptation to environmental conditions where the con-
founding effects of DH and PH are large. It is suggested
that the future development of new populations without the
confounding effects of DH and PH must be primarily based
on: (i) prior phenotypic evaluation in the field of at least
1,000 genotypes for maturity class and height and selec-
tion of around 600 genotypes showing the lowest range of
variation; (ii) screening for major functional genes like Rht,
Vrn and Ppd in the subset selected in (i); (iii) GWAS con-
ducted for DH and PH and major associated genes identi-
fied on the subset selected in (i); (iv) selection of genotypes
monomorphic for major genes identified in (iii).
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