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Abstract Modern wheat (Triticum aestivum L.) varieties
in Western Europe have mainly been bred, and selected in
conditions where high levels of nitrogen-rich fertilizer are
applied. However, high input crop management has greatly
increased the risk of nitrates leaching into groundwater
with negative impacts on the environment. To investigate
wheat nitrogen tolerance characteristics that could be
adapted to low input crop management, we supplied 196
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accessions of a wheat core collection of old and modern
cultivars with high or moderate amounts of nitrogen fer-
tilizer in an experimental network consisting of three sites
and 2 years. The main breeding traits were assessed
including grain yield and grain protein content. The
response to nitrogen level was estimated for grain yield and
grain number per m* using both the difference and the ratio
between performance at the two input levels and the slope
of joint regression. A large variability was observed for all
the traits studied and the response to nitrogen level. Whole
genome association mapping was carried out using 899
molecular markers taking into account the five ancestral
group structure of the collection. We identified 54 main
regions involving almost all chromosomes that influence
yield and its components, plant height, heading date and
grain protein concentration. Twenty-three regions, includ-
ing several genes, spread over 16 chromosomes were
involved in the response to nitrogen level. These chromo-
somal regions may be good candidates to be used in
breeding programs to improve the performance of wheat
varieties at moderate nitrogen input levels.

Introduction

Since the Green Revolution, breeding of modern wheat
(Triticum aestivum L.) varieties in Western Europe has
been mainly carried out using an optimal input manage-
ment system for crop growth which includes applying high
levels of nitrogen (N) fertilizer (Hirel et al. 2007). The use
of N-rich fertilizers has greatly increased the quantity of
nitrates leaching into groundwater, the emission of nitrous
oxide derived from denitrification, and the consumption of
fossil fuels necessary for their manufacture and application.
The extent of these negative environmental impacts could
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be reduced using less mineral N fertilizer and selecting
crop varieties that are adapted to low input management
systems. Such plants must be specifically N stress tolerant,
i.e., they have to maintain good levels of both yield and
grain protein content under moderate N deficiency (Wit-
combe et al. 2008). Although alleles specifically adapted to
moderate input conditions may exist, it is unlikely they
have been retained in most West European breeding pro-
grams, although they may have been maintained as genetic
resources in germplasm banks.

Association genetics could be used to search for, in
genetic resource collections, genes or QTL involved in the
response to N level (RNL), i.e., alleles that limit the loss of
productivity in conditions of moderate N availability.
Contrasting genetic responses to N deficiency have often
been reported either between varieties (e.g., Austin et al.
1977; Le Gouis et al. 2000; Barraclough et al. 2010; Gaju
et al. 2011) or within mapping populations (An et al. 2006;
Laperche et al. 2007, 2008; Garcia-Suarez et al. 2010). The
variability of the response can be quantified in different
ways, for instance, by linear regression of each variety’s
performance on the mean environment grain yield as
described by Finlay and Wilkinson (1963) or by global
interaction variables such as the ratio and difference of
values between N levels as used by Laperche et al. (2007).

The RNL value per se of a plant depends on its N use
efficiency (NUE) and involves both N uptake and N uti-
lization. N uptake efficiency is a genotype’s ability to
extract N from the soil and mainly depends on root
attributes. N utilization is essentially how much grain a
genotype can produce per unit of N taken up and this
depends on both N assimilation and remobilization (Moll
et al. 1982). Numerous traits summarized by Foulkes
et al. (2009) have been identified as influencing NUE:
root length density, stem capacity for N accumulation,
low leaf lamina N concentration, post-anthesis remobili-
zation of N from stems to grain, remobilization of N from
leaves to grain, delayed senescence, and grain N con-
centration. Grain yield itself can be considered to be the
sum total of the effects of all these traits, as observed by
Barraclough et al. (2010) who found that it explained
77 % of the variation in NUE. Many key enzymes
involved in N metabolism have been identified, e.g.,
nitrate reductase (NR), nitrite reductase (NiR), glutamine
synthetase (GS), glutamate synthase (GOGAT), glutamate
dehydrogenase (GDH), sucrose phosphate synthase (SPS),
etc. Many genes or QTL that determine NUE have been
mapped or positioned on genetic maps (An et al. 2006;
Laperche et al. 2007; Habash et al. 2007; Fontaine et al.
2009) using quantitative traits.

To explore the diversity of wheat accessions conserved
in the Clermont-Ferrand Genetic Resources Center, a core
collection of 372 accessions (372CC) was selected based
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on passport and simple sequence repeat (SSR) marker data
(Balfourier et al. 2007). The wide phenotypic variation of
this core collection (Bordes et al. 2008) has been used to
identify genetic associations for several quality traits
(Bordes et al. 2011) and components of earliness (Bonnin
et al. 2008; Rousset et al. 2011; Le Gouis et al. 2011) using
molecular markers based on the diversity array technology
(DArT), microsatellites (SSRs) and single nucleotide
polymorphisms (SNPs). This core collection is therefore
potentially a good resource for locating loci involved in the
main agronomic traits and their response to N input levels.
In bread wheat, several association mapping studies have
highlighted loci acting on agronomic traits (Breseghello
and Sorrells 2006; Roy et al. 2006; Crossa et al. 2007,
Neuman et al. 2011) or quality traits (Ravel et al. 2009),
but not to our knowledge responses to input level.

The objective of this work was to identify favorable
alleles associated with agronomic traits, including grain
yield (GY) and grain number per m* (GN), under moderate
N levels from a subset of accessions selected from the
global core collection of 372 accessions, by evaluating
parameters during 2 years at three locations with two N
input levels.

Materials and methods
Plant materials

A sample of 196 bread wheat accessions (196CC) from the
INRA bread wheat core collection of 372 accessions
(372CC) set up by Balfourier et al. (2007) was used. The
accessions were sub-sampled based on field evaluation data
obtained by Bordes et al. (2008) and passport data (geo-
graphic origin and registration date). To favor good grain
production and limit plant lodging, the 196 accessions were
chosen among the shortest accessions (50-130 cm tall)
having a good grain weight (250-1,000 g m~2). The
accessions chosen originate from 38 different countries.
About half are modern cultivars bred after 1960, the others
are older accessions including landraces and cultivars from
the nineteenth century.

Experimental design

The experiment was conducted in 2007 and 2008 at
three different locations in France: Joze (45.86'N,
3.30'E), Le Moulon (48.42'N, 2.08E) and Mons
(49.53'N, 3.00'E). Two input levels, called here high and
moderate, were applied at each location (Table 1). The
high input system corresponded to the usual farming
practises used at each location for high yield objectives,
which included dense planting and applying a high level
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Table 1 Description of experiments conducted at Mons, Le Moulon and Joze (France) for the 2006-2007 (2007) and 2007-2008 (2008)

growing seasons on a collection of 196 bread wheats grown at two input levels (moderate = LN and high = HN)

Mons Le Moulon Joze
2007 2008 2007 2008 2007 2008
LN HN LN HN LN HN LN HN LN HN LN HN
Inorganic soil N (kg ha™") 43 43 58 58 68 68 69 69 100 100 70 70
N applied
Tillering 33 40 33 40 35 50
Jointing 40 60 40 80 40 60 40 80 40 50
Booting 40 60 40 40 60 40 40 40
Flowering 50 50 40 40
Total N supply 123 196 98 218 148 221 109 229 190 225 160 200
Difference HN-LN 73 120 73 120 35 40
Seeding density m™> 220 220 220 220 220 220 220 220 280 170 280 170
Fungicide treatments No Yes Yes Yes No Yes Yes Yes No Yes Yes Yes
Growth regulator No Yes Yes Yes No Yes Yes Yes No Yes Yes Yes

Inorganic soil N was determined in February (growth stage 31) in the top soil layer (0-0.9 m)

of N fertilizer (HN) with appropriate pesticides. For the
moderate input system the concentration of N applied with
fungicide treatments was lowered by 35-120 kg N ha™'
(LN). Seeding density was 40 % lower for both years at
Joze only. Application of N was mainly reduced at the early
tillering stage in 2007 and at the early tillering and booting
stages in 2008. For HN in 2007, the growth regulator
chloroethyltrimethylammonium chloride was applied at
9.6 kg a.i. ha™' to avoid lodging, with fungicide treat-
ments. In 2008, the applications of growth regulator and
fungicides were identical for LN and HN, so only N
availability differed.

In each site-season (year x location combinations),
two blocks were grown, one with HN and one with LN.
Each block contained 234 plots (196 accessions plus
height standard cultivars, six of which were repeated six
times) sized 7.5 m% This experimental design was ana-
lyzed as a split-plot design, with nitrogen as the whole-
plot factor, genotype as the split-plot factor and the six
site-seasons as repetitions. To take into account possible
heterogeneity of the soil, each block was divided into six
sub-blocks. The 196 accessions plus the two cultivars
Farandole and Recital were allocated to these six sub-
blocks according to their height to limit plant com-
petition. The six standard cultivars Apache, Caphorn,
Soissons, Oratorio, Koreli and Renan were then added in
each sub-block. Within a sub-block, the cultivars were
randomized differently for each site-season-N level
combination. Grain yield (GY, tha ! at 0% humidity),
grain number (GN, mz), thousand kernel weight (TKW,
2), plant height (PH, cm), heading date (HD, days from

the 1st January) and grain protein concentration (GPC,
%) were determined for each plot.

Statistical analysis

To control for intra-sub-block heterogeneity for each site-
season and N level, subplot trait values were adjusted relative
to the six cultivars repeated in each sub-block using the glm
and Ismeans procedures in Statistical Analysis Software
(SAS Institute Inc 1999) using the model:

Yj=pu+ Gi+ B+ ey

where Y;; represents the value of the trait under investigation
for genotype i in sub-block j, u represents the general mean,
G represents the fixed genotypic effect, B is the fixed sub-
block effect, and e;; is the error term of the model.

Analysis of variance was then carried out with Statisti-
calO (StatSoft Inc, Tulsa, USA) for each trait using the
subplot adjusted values and the following mixed model:

Yiu = u+ G; + Sitep + N; + G x Sitey + G x Ny + Site
X Ny + €ikts

where Y;;; represents the value of the trait under investigation
for genotype i at site k and N level I, G represents the random
genotypic effect, N the fixed nitrogen level effect, Site the
fixed site-season effect, i.e., the combination of year and
location, and e;; is the error term of the model.

To take into account the split-plot structure, the Site and
N effects were both tested against the Site x N interaction
effect, the G effect was tested against the G x Site
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interaction effect, and the G x N interaction effect was
tested against the e, error term.

The correlation coefficients between traits were com-
puted independently for low and high N using the adjusted
means of the first stage analysis averaged across the six
site-season (2 years x 3 sites) trials.

Variability of the response to N level

The RNL was computed in three ways: the difference
between the value under HN and the value under LN
(HN-LN), the ratio between HN and LN values (LN/HN),
and the joint regression.

The difference is an estimate of the G x N interaction
term, whereas the ratio approximates the deviation of the
linear relationship between LN and HN values (Laperche
et al. 2006). To estimate the variation of these two
parameters, an analysis of variance was carried out with
StatisticalO0 (StatSoft Inc, Tulsa, USA) for HN-LN and
LN/HN using the following mixed model:

Yy = u+ G; + Siteg + ey,

where Y;; represents the value of the trait under investi-
gation for genotype i and Site k, and e;; is the error term of
the model.

The joint regression corresponds to the linear regres-
sions of each variety’s performance on the means of
other varieties in the same environment (Finlay and
Wilkinson 1963). Here, we used 12 environments, two
per site-season (HN and LN), that were considered as
independent to perform the regression analysis. The
slope of this regression is then considered as represen-
tative of the sensitivity of a genotype to environmental
factors varying in the network. We considered that the
average yield of each environment is representative of N
availability. The lower the slope coefficient, the more
stable the genotype in response to moderate and high
inputs. The most stable accessions are considered the
most tolerant to different levels of input (Brancourt-
Hulmel et al. 1994). The variability of this parameter,
represented by the heterogeneity of the slopes, was
estimated by the size of the genotype x environment
interaction effect in an analysis of variance carried out
with StatisticalO (StatSoft Inc, Tulsa, USA) using the
following mixed model:

Yin = 0+ Gi + Envy, + ; X CovEnv,, + € i,

where Y, represents the value of the trait under investi-
gation for genotype i and environment m, f§ represents the
regression coefficient of genotype i and CovEnv; represents
the environmental covariate and e’;,, is the residual term of
the model. Environment is the combination of Site-sea-
son x N level.
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Genetic map

The core collection was genotyped as previously described
by Bordes et al. (2011) with 578 DArT markers generated
by Triticarte Pty, Ltd. (Canberra, Australia; http://www.
triticarte.com.au), 271 SSR and 109 SNP markers (Table
S1). For association analyses, we considered rare alleles
(i.e., those accounting for <2.5 % of the total number of
alleles) as missing data. Finally, 899 markers (574 DArTs,
259 SSRs and 66 SNPs) were used to test association with
phenotypic traits.

The map used as reference here was the consensus map
described in Bordes et al. (2011) built with MetaQTL
software (Veyrieras et al. 2007) using published data and
the Somers et al. (2004) reference map. If markers had not
been genetically mapped, they were placed close to the
DATrT markers with which the linkage disequilibrium (LD)
was the highest. LD was calculated as R* (Weir 1996) with
the Tassel v2.0.1 software (Bradbury et al. 2007).

Genetic structure and association analysis

The population structure of the 372CC accessions was
investigated using the STRUCTURE program (Pritchard
et al. 2000) with 578 DArT markers distributed evenly
across the genome (Bordes et al. 2011). Like the 372CC,
the 196CC population was structured into five groups
corresponding to the ancestral geographical groups
(Horvath et al. 2009). To control for possible effects of this
population structure, a matrix (Q-matrix) of the contribu-
tion of a genotype to each of the five inferred ancestor
groups was computed.

Association between markers and traits was tested for
each environment with the TASSEL version 2.0.1 software
using the general linear model (GLM). In the whole core
collection, the GLM-Q model, which controls the structure
only, gave similar results to the more complex MLM-Q-K
model, which controls for population structure (Q-matrix)
and kinship between accessions (K-matrix) (Bordes et al.
2011).

The marker being tested was considered as a fixed
effect. GLM was performed including the Q population
structure coefficients as covariates and using 1,000 per-
mutations to correct for multiple testing. The significance
of associations between markers and traits was tested with
an F test and regarded as significant when the adjusted
p values were <0.05. The association of a marker with a
trait is represented by its /* value, an estimate of the per-
centage of variance explained by the marker. It was pre-
viously shown that the most significant LD in 372CC were
limited to 5 cM (Horvath et al. 2009), hence in the general
description of associated regions, we have considered two
adjacent markers located in an interval of <10 cM as
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belonging to the same region. Maps and QTL were illus-
trated with the MapChart v2.1 software (Voorrips 2002).

Results

Characterization of the effects of the different
environments

To investigate the genetic basis of wheat tolerance to mod-
erate nitrogen levels, 196 accessions (196CC) from a larger
worldwide core collection (Balfourier et al. 2007) were
tested during 2 years at three locations (six site-seasons) and
two input levels differing in the amount of N applied, pes-
ticide treatment and seeding density. The ANOVA results of
the different traits are presented in Table 2. The trait means
at the two input levels HN and LN for each site-season are
given in Table S2.

Mean GY ranged from 4.16 in JOO7 at LN to
6.91 t ha—' in LMO7 at HN (Table S2). The input level
effect was significant at p < 0.002 for GY and GN but only
significant at p < 0.099 and 0.18 for TKW and GPC,
respectively (Table 2). The input level effect was not

significant for PH and HD. GY and GN showed a large
mean difference (1.31 tha™' and 2,415 grains m 2,
respectively) between HN and LN (Table S2). For GY, the
differences in the six site-seasons ranged from 0.2 t ha™'
for JOO8 to more than 2.0 t ha~' for JOO7 and LMO7.
A strong year effect was observed at Joze. Despite similar
reductions in N fertilizer input in both years (Table 1), we
observed a large difference in GY in 2007 and a small one
in 2008 and likewise the spike number per m? (Table S2).
At JOO7, the absence of N application at the tillering stage
and use of a growth regulator had probably affected the
number of tillers and consequently reduced the number of
spikes. At JOO8, the application of N at tillering at HN had
little or no effect probably because of a severe drought at
that time (rainfall records are given in Table S3) that must
have strongly hindered N uptake. Consequently, the spike
number at LN (387 spikes m~%) was very similar to the
spike number at HN (403 spikes m~2) and the yields were
similar. By contrast, the first N application for LN, on
March 26, 2008 when soil moisture was good, was prob-
ably efficient. In conclusion, for JOO8 the climatic condi-
tions probably largely offset the difference in N supply.

Table 2 Results of split-plot analysis of variance for genotype, input level, genotype x input level interaction effects for 196 bread wheat

genotypes grown in six site-seasons (2 years x 3 locations)

Trait Source of variation Effect SS DF MS F p
Grain yield Genotype Random 446582 195 2290 26.9 0.001
Genot x input level Random 16610 195 85 1.6 0.001
Input level Fixed 126183 1 126183 324 0.002
Site-season Fixed 13380 5 2676 0.7 0.655
Grain number per m? Genotype Random 3.3E + 10 195 1.7E + 08 15.7 0.001
Genot x input level Random 2.1E + 09 195 1.1E 4 07 1.4 0.001
Input level Fixed 6.1E + 09 1 6.1E + 09 37.1 0.002
Site-season Fixed 1.7E + 09 5 3.4E + 08 2.1 0.219
Thousand kernel weight Genotype Random 55548 195 285 19.4 0.001
Genot x input level Random 2857 195 15 1.0 0.597
Input level Fixed 2875 1 2875 4.1 0.099
Site-season Fixed 22031 5 4406 6.3 0.033
Plant height Genotype Random 1055409 195 5412 110.3 0.001
Genot x Input level Random 9569 195 49 0.7 1.000
Input level Fixed 146 1 146 0.0 0.857
Site-season Fixed 13873 5 2775 0.7 0.654
Heading date Genotype Random 111758 195 573 249.8 0.001
Genot x Input level Random 447 195 2 0.6 1.000
Input level Fixed 83 1 83 0.7 0.436
Site-season Fixed 123394 5 24679 211.9 0.001
Grain protein concentration Genotype Random 3144.2 195 16.1 40.9 0.001
Genot x Input level Random 76.9 195 0.4 0.7 1.000
Input level Fixed 291.6 1 291.6 24 0.180
Site-season Fixed 2820.3 5 564.1 4.7 0.058

Site-season: year x location combinations. Genotype was tested against genotype x input level, genotype x input level was tested against
genotype x input level x site-season + genotype x site-season and input level and site-season were tested against input level x site-season
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The less than favorable conditions during growth in
2007 resulted in a low level of disease, leading to a
slight difference in the extent of attack by septoria
(Septoria tritici), brown rust (Puccinia recondita) and
powdery mildew (Erysiphe graminis) between the two
input conditions. The absence of growth regulator for
LN in 2007 had little effect on the root lodging dif-
ference between the two input levels. Thus, we may
assume that the main factor differing between HN and
LN was the N application and thus any effects observed
on the traits were mainly caused by the difference in
available N.

Trait variation and correlations between traits

For all the traits, there was a highly significant
(p < 0.001) genotypic effect (Table 2). A large vari-
ability was observed in the population for all the traits
at the two input conditions. The lowest yielding cultivar
was Nishikaze Komugi (Japan) producing 2.76 t ha™'
and the highest was Cadenza (France) producing
10.14 t ha~'. The highly significant genotype x input
level interaction observed for GY and GN indicated
significant variability in RNL. The variation of TKW,
PH and HD was not affected by the genotype x N level
interaction. Unlike GY, GPC showed no RNL. The
Pearson’s correlation coefficients between yield and its
components were very high for GN at both input levels
and low for TKW (Table 3). So the variation in GY is
explained more by GN than by TKW. The other coef-
ficients were very similar between HN and LN. We
observed strong negative correlations between GY and
GPC and between GY and PH and a positive correla-
tion between GPC and PH. There was a moderate
negative correlation between GY and HD such that late
genotypes on average performed less well than early
ones.

Table 3 Correlation coefficients between traits measured on 196
bread wheat genotypes grown in six site-seasons (2 years x three
sites)

Trait GY GN TKW PH HD GPC
Grain yield 0.88 030 -0.76 —-0.21 -—0.80
Grain number 0.90 -0.16 -0.72 -0.21 -0.77
Thousand 0.11 —-0.32 —0.11 0.03 —0.09
kernel weight

Plant height -0.80 -—0.77 0.06 0.51 0.61
Heading date —-0.24 -0.28 0.13 0.53 0.04
Grain protein —-0.84 -0.79 -0.02 0.64 0.08

content

Significant coefficients (p < 0.05) are in bold
Above and under the diagonal: low and high input levels, respectively
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High variability in the response to N level

The variability of the genotype response to different N
input was estimated for GY by the three computed
parameters HN-LN, LN/HN and the slope of the joint
regression. For GN, as the sowing density was different
between some environments we only used HN-LN and
LN/HN. The variations in HN-LN and LN/HN were sig-
nificant (Table 4). The HN-LN difference ranged from
0.05 to 2.94 t ha ~! for GY and from —456 to 4,894 for
GN. The range of the ratio LN/HN was from 0.65 to 0.99
for GY and from 0.68 to 1.05 for GN. For each genotype,
we then computed the regression of its yield on the average
yield for the 12 environments (site-season x input level
combinations). The genotype X environment covariate
(joint regression) explained 17.5 % of the geno-
type x environment interaction (Table 5). On average, the
determination coefficients were relatively high (> = 0.5)
being maximal (r2 = 0.96) for cultivar Gk Szoke (Hun-
gary) and minimal (r2 = 0.04) for Blanc Précoce (Swit-
zerland). The slope for GY ranged from 0.16 to 2.16. Thus,
the three parameters indicated a significant variability in
the sensitivity to N limitation. The two parameters HN-LN
and LN/HN correlated well (0.8) but were not significantly
correlated with the slope of the joint regression, indicating
that they describe different behaviors.

There was a positive relationship between the slope of
the joint regression and the mean yield for the 196 acces-
sions (Fig. 1). The lowest yielding third (cultivars yielding
3-5 t ha~') was composed mainly of old cultivars regis-
tered before 1960 and several recent cultivars mainly
originating from Southeast Europe and probably not well
suited to the French climate. In contrast, the highest
yielding third (cultivars yielding 7-9 t ha™') was com-
posed of modern varieties registered after 1960 with the
exception of two old cultivars: Kid (France) and Hana
(Czech Republic). Whichever GY graphic area was con-
sidered, the variability for the slope was similar (about 0.8
range). Among both old and recent cultivars were indi-
viduals with relatively shallow slopes indicating stable
responses to contrasted environments and individuals with
relatively steep slopes that respond much more. For
instance, the recent and most productive cultivars with high
yields and relatively low slope coefficients were cv. Arche
(France) and Renan (France), whereas Bellovac (France)
and CF3003-2 (France) with relatively high slope coeffi-
cients were less stable responding more to contrasting
environments.

Association analysis of phenotypic traits

As we found significant genotypic variations for all the
traits (Table 2), we looked for genetic associations both in
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Table 4 Analysis of variance on two parameters for the response of grain yield and grain number per m? to the input level: the difference and
ratio between the value under high level and the value under lower level

Trait Source of variation DF Grain yield Grain number per m?
MS F P MS F P
Difference HN-LN Genotype 195 170.4 73 0.001 2.2E 4 07 1.8 0.001
Site-season 5 7795.1 336.2 0.001 3.3E + 08 27.4 0.001
Ratio LN/HN Genotype 195 0.022 4.0 0.001 0.029 2.8 0.001
Site-season 5 1.765 321.3 0.001 0.972 96.1 0.001

Genotype and site are tested against genotype X site-season interaction effect

HN high input level, LN lower input level

Table 5 Analysis of variance for grain yield where the genotype x environment interaction is decomposed by a joint regression analysis

Source of variation SS DF MS F p Percent of genot x env
Genotype (Genot) 446581.5 195 2290.2 39.8 0.001
Environment (Env) 159050.8 11 14459.2 251.2 0.001
Genot x Env 123478.7 2145 57.6
Genot x EnvCov 21300.2 195 109.2 17.25
Residual error 102178.5 1950 524 82.75
Fig. 1 For 196 wheat 24 r r
accessions grown on 12 Slope: y =-0.3276 + 0.023*x;
environments, slope coefficients 2.2 fr=0.7603; p = 0.0000; r> = 0.5781 CF3003-2  Bellovac
of the joint regression against
the average grain yield of the 20 r
accessions. Old and recent s b ., ]
cultivars: bred before and after 8 Recital , . _Cadénzd
1960, respectively. Cultivars o 16 b . ) Adl;‘?rido Auguste e Apache ]
named are those mentioned in € a Gelpa Gl Sz‘o¥e e .
the text for a particular -% 14 s o - . Arche
characteristic = R #Aid Orpjcar
§ 12 F . R o’ /,/ "Harfi‘Renan
2 ‘ ) * Leszyn k;WczeénK g ‘AA ‘
S 10t o e e
7 “as Stypeg Dickkopf
08 3 N hk a X + : / + a A *
ishikaze P : .
06 Kon:ug - éloricg{nka
- % % tqncurren
04 - - .
g a a
L~ R AN .
02} 2 4 Old cultivars and Lanraces J
: Blanc Précoce # Recent cultivars
0.0 . L . . . . H .
3 4 5 6 7 8 9 10

Yield (t/ha): average of the 12 environments

each of the 12 environments and for the mean over the 12 five environments we considered them to be very stable.
environments. The underlying structure of the collection, = We also searched for associations with the three GY and
i.e., five groups according to data from 578 SSR markers, = GN response parameters previously described, RGY for
explained 25 % of the phenotypic variance in GY. The  GY and RGN for grain number per m>. When one marker
markers found to be significantly associated with the mean  was associated with several response parameters only one
over the 12 environments and in at least three environments  association was reported in Fig. 2. All the details of the
were considered as stable markers. Only these stable  results for each parameter, the r* of each association, and
markers were taken into account and reported in Fig. 2.  the number of environments where the marker was asso-
When markers were significantly associated with at least  ciated are given in Table S4.
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Fig. 2 Consensus map showing DArT, SSR and SNP markers tested (GY), response to nitrogen level assessed for GY (RGY), grain
for association on a collection of 196 wheat accessions. Some genes number per m? (GN), response to nitrogen level assessed for GN
not tested (italic) and some QTLs (written vertically and highlighted (RGN), grain protein concentration (GPC), plant height (PH), heading
in yellow) found by Habash et al. (2007) and Fontaine et al. (2009) date (HD) and thousand kernel weight (TKW). Distances are in cM
were also mapped. Significant markers are shown for grain yield
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We identified 54 main associated regions spread along
all chromosomes except chromosome 5A. Some regions
were represented by only one marker (DArT, SSR or SNP)
while others were represented by clusters of two to seven
markers. The length of segments covered by clusters varied
from 0.1 cM for two DArT markers on chromosome 1B to
10 cM for seven DArT, SSR and SNP markers on chro-
mosome 1D.

The association of cluster wPt-1911/wPt-8682 on chro-
mosome 1BS with almost all the traits was due to the 1BL/
1RS translocation carried by 19 genotypes. When these 19
genotypes were not included in the analysis, only the distal
cluster wPt-7094/wPt-8267 remained associated. In the
following presentation of results, the wPt-1911/wPt-8682
cluster will be treated separately from the other regions.

Chromosome regions associated with grain yield

Thirty-one regions spread over 16 chromosomes were
involved in the control of GY variation. Twenty-one of
these regions were detected in more than five environ-
ments. For the mean over the 12 environments, the r? of
significant markers ranged from 4.4 to 25.3 % (gwm?282 on
7A). With SNP 13 genes were identified that are possibly
involved in the variation in GY.

For RGY, 24 regions spread over 16 chromosomes were
involved. The r* of significant markers of the three
parameters (HN-LN, LN/HN and the slope) ranged from
4.7 to 22.9 % (for nw2706 on 3B). Of the 24 regions
involved in the response to input level, 15 were involved in
GY, including homoeologous genes Glu-B1 (1B) and Glu-
D1 (1D), SPA-D (1D), FAGOGAT-B (2B), AAP-D (2D),
DREB-B (3BS) and DeKI-A (6A). Seven regions were
independent of regions involved in GY including genes
Vpl-A (3A) and Alper-A (6A). Two markers, wPt-4413
(2D) and gwm272 (5D), each representing one of these
independent regions, were significantly associated with all
three N parameters. Twelve regions were significantly
associated with two parameters and nine with only one
parameter.

. . . . 2
Chromosome regions associated with grain number per m

Twenty regions spread over 14 chromosomes, including 8
SNP were involved in the control of GN. For the mean over
the 12 environments the r* of the significant markers ran-
ged from 4.1 to 22.5 % (for both gwm332 and gwm?282 on
7A).

For the two parameters estimating the response to the
input level (HN-LN and LN/HN), 17 regions spread over
11 chromosomes were involved including genes Glu-Bl,
Glu-DI, PGK-D, DREB-B and DeKI-A. Only nine regions
coincided with the 20 regions directly associated with GN,

hence 11 were independent. For HN-LN and LN/HN the 12
of the significant markers ranged from 4.2 to 26.0 % (for
gwm332 on 7A).

Coincidences between loci associated with GY and grain
number per m*

Of the 31 and 20 regions involved in GY and GN,
respectively, 13 coincided, including the genes SPA-
B (1B), SPA-D, Glu-DI, PGK-D (1D), FdGOGAT-B,
PM9.1 (3A) and DREB-B. For the response to input level,
of the 23 and 17 regions involved, respectively, in the GY
and GN parameters, 11 coincided including genes Glu-B1,
Glu-DI, DREB-B and DeKI-A. The most explanatory
region was represented by SSR nw2706 on chromosome
3B, which was significantly associated with mean GY in
five environments with an r* value of 21.1 %. It was also
associated with two RGY parameters with r* values of 18.7
and 22.9 % and with one RGN parameter with an * value
of 23.2 %. Two very close SSR markers on chromosome
7A, gwm332 and gwm282, were also highly involved in
GY and GN but not in RGY. For GY and across the
environments, the response of the five most frequent alleles
of nw2706 was different than the response of the four most
frequent alleles of gwm?282 (Fig. 3). For gwm282 the
decrease in yield was almost the same for each allele. For
example, a difference of 1t ha~' was observed between
the extreme alleles (249 vs. 210) in all the environments.
The decrease was different between alleles for nw2706. For
example, the theoretical difference estimated from the
slope of the regression line between the two extreme alleles
202 and 174 was 2.5 t ha~" in high yielding environments
and only 1.0 t ha—' in low yielding environments. Most of
the 47 accessions carrying allele 202 were recent
(1978-1998) or relatively recent (1960-1975) French
varieties, only 12 accessions were old cultivars, whereas
most of the 17 accessions carrying allele 174 were land-
races and very old cultivars (1900-1939) only seven were
recent (1974—-1975) or relatively recent (1962—-1967).

Associations with other traits

TKW, the second yield component, was associated with six
regions including the genes Hga3-B, LD-B (3B) and Vrn-
BI (5B). With an * value of 22.4 % the most explanatory
marker was SSR gwm372 on chromosome 2A, the same
marker that was associated with GY.

PH was associated with 30 regions including 14 SNP
markers spread over 17 chromosomes. Twenty of these
coincided with the regions involved in GY. HD was
associated with 17 regions including the genes SPA-B (1B),
SPA-D, AAP-D, DREB-B and GAMYB-B (3B). Eleven of
these regions coincided with the regions found to be
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Fig. 3 Response of the most 8,5

represented alleles of the SSR °
markers nw2706 (a) and
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the largest to the smallest.
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involved in PH and ten with regions involved in GY.
Finally, GPC was associated with 11 regions including the
genes SPA-D, Glu-DI1, FAGOGAT-B and DeKI-A. Seven
of these regions corresponded to regions involved in GY.

Discussion
Using a large experimental network, we identified chro-

mosome regions associated with the main wheat breeding
traits: grain yield, grain number per m?, thousand kernel

@ Springer
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weight, plant height, heading date and grain protein con-
centration. We also identified regions involved in the
response to input level, mainly differing in the amount of N
applied, and found specific alleles that may mitigate
reduction in yields when the crop is managed at moderate
input levels. The phenotyping study by Bordes et al. (2008)
was used to sample from the 372CC genotypes maximizing
the variability for agronomic traits while favoring shorter
cultivars to limit root lodging. The highly significant
genotypic variance observed for all the traits demonstrated
the large variability of this sample of 196 accessions which
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facilitated a genome wide association analysis to locate
regions involved in determining these traits.

The significant effect of input level confirmed the view
that N availability has a large impact on most cereal yield
traits but not PH. The absence of a significant effect on PH
was probably due to the use of the growth regulator to
avoid lodging. The Pearson’s correlation coefficient con-
firmed the strong influence of GN and the low influence of
TKW on GY, mainly at HN. The correlations found were
similar, mainly at HN, to correlation coefficients between
yield and TKW and GN, approximately 0.3 and 0.8,
respectively, reported by Kuchel et al. (2007). The negative
correlation between GY and both GPC and PH could be
explained by the inclusion of many old accessions that are
very tall with a low grain yield, yet rich in grain proteins.
In modern cultivars, the negative correlation between GY
and GPC is well known (reviewed by Oury et al. 2003) and
the value we report here is similar to the average observed
in French registration trials (Oury and Godin 2007).

Assuming that the observed effects were mainly caused
by the N fertilizer level, the genotype x input level inter-
action can be interpreted as a response to available N. The
three parameters used to characterize the response of GY
and GN to the input level were significant (HN-LN and
LN/HN) or explained more than 17 % of the heterogeneity
of the slopes in the joint regression analysis, close to the
22 % value obtained by Brancourt-Hulmel et al. (1994). In
the following discussion, while we focus in the mapped
regions associated with RNL, some associations of the
main chromosome regions with raw traits are also
discussed.

Associations spread over the whole genome for raw
and response traits

Associated markers were fairly well distributed throughout
the genome. They were generally very stable and were
even significant in all environments, particularly for PH.
All chromosomes, except chromosome 5A, were involved
in determining at least one trait.

Some regions, mainly on group 1 chromosomes, were
particularly rich in associations; the cluster including the
1BL/1RS translocation, the cluster around the gene Glu-DI
including the SPA-D gene, and some other regions
including the Glu-BI and SPA-B genes acted on almost all
the traits. The respective positive and negative impact of
the 1BL/1RS translocation on GY and GPC is well estab-
lished (Crossa et al. 2007). The structural Glul genes
encode high molecular weight subunits of glutenin (HMW-
GS), a storage protein (Payne 1987). They influence the
quantity of protein fractions (Zhang et al. 2011) and the
quantity and quality of HMW-GS (Branlard et al. 2003).
Variation in N application also influences protein

components and the ratio of gliadin to glutenin subunits
(Johansson et al. 2001). In the same region encompassing
SSR gwm642, Habash et al. (2007) detected a QTL for PH,
grain filling, plant N content and grain weight per ear. In
the Glu-DI region, including DArT wPt-3743 as in our
results, Crossa et al. (2007) found significant associations
with GY. The transcription factor Spal plays an important
role in plant development (Ravel et al. 2009) and a strong
association of this region with HD has already observed
(Le Gouis et al. 2011).

On the contrary, some regions expected to be involved
in the determination of specific traits showed no or few
significant associations here. The absence of associated
markers on chromosome 5A, noted for bearing the dwarf-
ing gene Rhr-12 (Peng et al. 1999), the vernalization
requirement gene Vrnl-A (Law et al. 1976) and the awn
inhibitor B1 gene (MclIntosh et al. 1998), does not accord
with several QTL and association or linkage studies in
which chromosome 5A is demonstrated to influence grain
yield, thousand kernel weight, response to input level and
flowering time (Quarrie et al. 2005, Laperche et al. 2007,
Rousset et al. 2011; Worland et al. 1994). Our sample of
196 accessions was largely divided into short and tall
cultivars, reflecting the fact that about half were old cul-
tivars and about half were recent varieties possibly carrying
the Rht-12 dwarfing gene, a mutant allele induced in 1968
by gamma ray treatment of Karcagi 522 (Viglasi 1968).
The PH means of old and recent varieties differed greatly
in all 12 environments (p < 0.000, data not shown). The
absence of association observed for PH and other traits was
very likely due to an absence of LD between markers and
Rht-12, and possibly Vrnl-A and BI. So coverage of 5A
chromosomes was probably not sufficient to analyze the
effects of some genes known to affect the studied traits.
The Rht-B1 gene on chromosome 4B was only associated
with PH in six environments, and although not associated
with GY means, it was significantly associated with GY
(mean, p = 0.05) in three environments. Unlike Laperche
et al. (2007) who observed a significant influence of Rht-B1
on the sensitivity of a mapping population to N limitation,
Rht-B1 was not associated with RNL in our study. It is
possible that the inclusion of recent short accessions giving
very low yields in our conditions, like Nishikaze Komug
(Japan), the least productive and the shortest (GY
3.17 t ha—'; PH 75 cm) of the 196 accessions (and possibly
lacking the dwarfing gene), could disrupt the association
test for the 4B and 5A chromosomes.

Complex traits such as GY, PH, GN, HD and GPC are
under the control of numerous genomic regions (e.g.,
Borner et al. 2002; Groos et al. 2003; Prasad et al. 2003;
Charmet et al. 2005; Blanco et al. 2006; Kuchel et al. 2007;
Crossa et al. 2007). The pleiotropic effects of several loci
for different traits are also consistent with significant
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correlations being observed between these traits. The
numerous regions involved in determining PH were very
often involved in GY and also GPC and HD. Unlike other
traits, the few associations found for TKW may be partly
explained by the strong influence of environmental condi-
tions during the grain filling period when the crop is more
susceptible to drought and heat stress. Donmez et al. (2001)
observed that this trait was the most variable of the yield
components using a population of 14 old (1873-1945) and
recent (1964-1995) cultivars. Marker gwm372 on chro-
mosome 2A was the most explanatory for TKW variation
(¥ = 22.2 %) but with moderate stability (in four envi-
ronments of the 12 tested). Interestingly, this region was
associated with GY but not with GN. For the other five
regions associated with TKW, four corresponded to SNP in
genes, including Hga3 and LD on chromosome 3B, Vrn on
5B and SALI on 7B. The Hga gene codes for an enzyme
which synthesizes the pectic polysaccharide homogalactu-
ronan (HGA) that accounts for approximately 60 % of total
plant pectin, a major component of primary cell walls
(Willats et al. 2001). The LuminiDependens (LD) gene and
the Vrn-Bl gene are involved in the control of wheat
development and were shown to be associated with ver-
nalization requirement in an association study on a sub-
sample of 372CC (Rousset et al. 2011). The sub-aleurone
layer (SAL) gene, which plays an important role in deter-
mining the number of aleurone layers and affects vacuolar
sorting proteins (Sabelli and Larkins 2009), could be
involved in TKW. Thus, these four genes are candidates as
acting on TKW.

Several genes and markers implicated in RNL

The response to the input level appeared to be explained by
associations with all three homoeologous groups. Several
enzymes involved in plant nitrogen assimilation may
explain NRL differences observed in wheat, mainly NR
(EC 1.6.6.1), NiR (EC 1.7.7.1), GS (EC 6.3.1.2), glutamate
synthases NADH-GOGAT (EC 1.4.1.14) and Fd-GOGAT
(EC 1.4.7.1) and GDH (EC 1.4.1.2) (Habash et al. 2007;
Hirel et al. 2007; Fontaine et al. 2009). The genes encoding
these enzymes and QTL determining their activities are
spread over the whole genome. For instance, 26 QTL for
GDH activity are spread over 13 chromosomes and 25
QTL for GS activity are spread over 12 chromosomes
(Fontaine et al. 2009) while loci involved in N metabolism
are found throughout the genome (Habash et al. 2007).
According to our consensus map using common markers,
several of the regions we identified co-localized with these
N metabolism-related regions, thus bearing out our initial
assumption that most of the response effects observed
between input levels are due to differences in available
nitrogen.
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The large number of regions observed to be involved in
RNL included several genes or markers in LD with genes
that encode enzymes involved in N metabolism, e.g., the
ferredoxin-dependent (Fd)-Gogat gene on chromosome 2B
and markers wPt-6662 and wPt-1554 possibly in LD with
GS2 genes about 5 cM away on chromosomes 2A and 2D,
respectively (Habash et al. 2007). SSR nw2706 on chro-
mosome 3B is very informative for RNL in terms of GY
and GN and maps in the vicinity of the NADH-Gogat gene,
a candidate gene for an NUE QTL (Masood Quraishi et al.
2011). GOGAT catalyzes the conversion of glutamine and
2-oxoglutarate to two molecules of glutamate, thus pro-
viding glutamate for ammonium assimilation while GS
plays a major role in fixing ammonium to form the amino
acid glutamine, hence these enzymes have a central role in
nitrogen assimilation and recycling (Krapp et al. 2005).

The gene AAP on chromosome 2D encodes an amino
acid permease. Members of the amino acid permease
family are good candidates for proteins involved in the
phloem loading process (Koch et al. 2003). One member is
mainly expressed in root tissue (Okumoto et al. 2004),
suggesting a potential role in the uptake and distribution of
amino acids and hence in nitrogen metabolism. The AAP
gene could also be in LD with the GS2 gene about 3 cM
away (Habash et al. 2007). On chromosome 6A, the Dek
gene encoding a calpain cysteine proteinase involved in
seed development (Lid et al. 2005) and the Alper gene
encoding xanthine/uracil/vitamin C permease located at
about 1 cM from GS1 genes could be in LD with this gene.
SSR gwm261 and gwm?272 on chromosomes 2D and 5D,
respectively, coincide with a GDH gene positioned by
Habash et al. (2007). The GDH enzyme plays important
roles in controlling tissue ammonium concentration and N
assimilation and recycling (Dubois et al. 2003; Fontaine
et al. 2009). SSR gwm?2 on chromosome 3A coincides with
several QTL reported to act on yield components and N
content of different organs of plants and co-localizes with
the asparagine synthetase (AS2) and SPS genes (Habash
et al. 2007). DArT markers wPt-5072 and wPt-7614
involved in the RNL of GY and GN map to a distal region
of chromosome 3BL and may be in LD with an SPS gene
localized about 6 cM away (Habash et al. 2007). In plants,
a significant portion of assimilated N is channeled into the
relatively inert amino acid asparagine, serving to store N
and/or transport it from sources to sinks. SPS, a key reg-
ulatory enzyme in the pathway of sucrose biosynthesis, has
been shown to be linked to QTL controlling plant growth
and yield, mainly in maize (Castleden et al. 2004).

In contrast to chromosome 4B, a cluster on chromosome
4A from markers wPt-2319 to wPt-8886 was strongly
associated with PH (rz, 9.1-13.1) with very stable markers
(in all 12 environments) so it could be in strong LD with a
gene involved in this trait. This locus also acts on earliness
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and yield (Crossa et al. 2007) and was involved in RNL of
both GY and GN, mapping in the vicinity of the NR and
GA-200x genes (Habash et al. 2007). NR activity correlates
with N absorption (Kichey et al. 2006, 2007). GA20-0x
codes for gibberellin GA 20-oxidase which catalyzes the
final steps in the synthesis of bioactive GAs (Yamaguchi
2008). It is possible that GA modulates lateral root prolif-
eration associated with regulation of plant allometry during
the stress response that could have an effect on N absorption
(Gou et al. 2010).

To a lesser degree, it could be argued that the cluster
between wPt-7636 and wPt-4662 on chromosome 6B
influences PH even though Crossa et al. 2007 found no
significant association in this region. In a nearby region,
however, one QTL involved in grain number per ear,
grain weight per ear, grain N per ear, N per grain and
percentage peduncle N (Habash et al. 2007) could
explain the involvement of this cluster in RNL.

Other genes such as Vipl-3A, known to contribute to
susceptibility of modern hexaploid wheat varieties to
PHS (Groos et al. 2002), or DREB-B, known to control
the expression of stress-responsive genes via ABA-
independent pathways in Arabidopsis (Pradeep et al.
2006), and other markers significantly associated with
RNL were in regions not yet established as acting in
nitrogen assimilation. These regions are now candidate
loci for RNL in wheat.

Finally, several favorable alleles have now been
identified that minimize the loss of yield at low input
level compared to high input level which can be used in
breeding programs where the adaptation to moderate N
level is important. For instance, the SSR nw2706 marker
explains most of the response to input level. The culti-
vars carrying the 174 and 204 alleles of this marker were
more stable between environments than cultivars carrying
the 202 allele. Allele 174 was found in landraces or old
cultivars such as Concurrent (Netherlands, 1905) and
Blondynka (Poland, 1920) but also in some varieties
such as the relatively recent Gelpa (France, 1967). Allele
204, found in several old cultivars, was also found in cv
Adular (Germany) and cv Davidoc (France) registered in
1986 whose average yields were of 8.4 and 8.2t ha=!,
respectively. Therefore, it is now possible to incorporate
these cultivars carrying favorable alleles into breeding
programs as they are less demanding in nitrogen while
productivity levels are compatible with current demand.

Influence of the 1BL/1RS translocation

The 1BL/IRS translocation had an unfavorable effect on
RNL in terms of the chosen criteria giving greater HN—
LN differences, lower LN/HN ratios and higher slope
coefficients (data not shown). However, in low input

conditions, the average yield performance of the 19
accessions carrying the translocation was significantly
better than the average performance of the other indi-
viduals (data not shown). Greater root biomass has been
reported for spring wheat lines with the 1BL-1RS
translocation (Ehdaie and Waines 2003), an effect con-
firmed in primary synthetic spring wheats grown in
Australia (Dreccer et al. 2004) in conditions where
nitrate rapidly leaches down the soil profile. Rooting
depth is therefore an important attribute for soil N cap-
ture. The 1BL/1RS translocated lines may be of interest
for increasing yield in low N situations. However, the
1BL/1RS translocation also has a deleterious effect on
the rheological properties of bread wheat flour (Wieser
et al. 2000) although there is considerable variation in
the magnitude of such effects (Pena et al. 1990) that
could be highly dependent on the genetic background
(Lee et al. 1995). Some sister lines from the CIMMYT
nursery bearing the IBL/IRS translocation have good
bread-making properties (Pena et al. 1990). The 1BL/
1RS translocation has the advantage of carrying several
disease resistances (Kim et al. 2004) and potentially
confers beneficial health effects since the flour has an
increased content in dietary fiber (Bordes et al. 2011).

Conclusion

The 196CC contains a wide genetic variability that can
be used to dissect the genetic determinism of the main
agronomic traits targeted in wheat breeding. The genetic
variability includes that for RNL and several loci
involved in this trait have been newly identified or
confirmed at the gene or marker level. Denser high-
throughput genotyping can be used to identify new
regions, to map some regions more precisely and to
detect new candidate genes.

Favorable alleles of associated markers could now be the
focus of breeding programs to reduce N input without
unacceptable decreases in grain yield. The presence of
favorable alleles in both old and recent cultivars suggests that
they have not been eliminated by the breeding process
mostly conducted at an optimal nitrogen level. To increase
the range of the available genetic variability in the confirmed
chromosome regions, new alleles will be sought in genetic
resources available in germplasm banks. Finally, the ongo-
ing sequencing of wheat chromosome 3B (Paux et al. 2008)
will enable a more precise study of regions specifically
involved in the response to available nitrogen.
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