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Abstract To better understand the genetic variability for

nitrogen use efficiency in winter wheat is a necessity in the

frame of the present economic and ecological context.

The objective of this work was to investigate the role of the

enzymes glutamine synthetase (GS) and glutamate dehy-

drogenase (GDH), and other nitrogen (N)-related physio-

logical traits in the control of agronomic performance in

wheat. A quantitative genetics approach was developed

using the Arche 9 Récital population of doubled haploid

lines grown for 3 years in the field. GS and GDH activities,

ammonium, amino acid and protein contents were mea-

sured at different stages of plant development in different

organs after flowering. Significant genotypic effects were

observed for all measured physiological and agronomical

traits. Heading date was negatively correlated with

ammonium, amino acid, protein contents and GS activity in

the flag leaf lamina. Grain protein content was positively

correlated with both ammonium and amino acid content,

and to a lesser extent with soluble protein content and GS

activity. A total of 148 quantitative trait loci (QTLs) were

detected, 104 QTLs for physiological traits and 44 QTLs

for agronomic traits. Twenty-six QTLs were detected for

GDH activity spread over 13 chromosomes and 25 QTLs

for GS activity spread over 12 chromosomes. We found

only a co-localization between a QTL for GS activity and

GSe, a structural gene encoding cytosolic GS on chromo-

some 4B. A coincidence between a QTL for GDH activity

and a gene encoding GDH was also found on chromosome

2B. QTL regions combining both physiological and agro-

nomical QTLs were mainly identified on linkage groups

2A, 2B, 2D, 5A, 5B and 5D. This approach allowed us to

propose possible functions of physiological traits to explain

the variation observed for agronomic traits including yield

and its components.

Abbreviations

14DAF 14 days after flowering

28DAF 28 days after flowering

DHL Doubled haploid line

DM Dry matter

DW Dry weight

FL Flowering

GDH Glutamate dehydrogenase

GS Glutamine synthetase

LOD Logarithm of the odd ratio

N Nitrogen
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NUE Nitrogen use efficiency

QTL Quantitative trait locus

SNP Single nucleotide polymorphism

Abbreviations of the 16 traits studied

A Flag leaf lamina area

AA Amino acids

C Carbon in flag leaf lamina

CN Carbon nitrogen ratio in flag leaf lamina

DTH Heading date

DW Flag leaf lamina dry weight

FLS Flag leaf lamina senescence

GDHDM Glutamate dehydrogenase activity expressed

per dry matter

GDHPR Glutamate dehydrogenase activity expressed

per protein

GPC Grain protein content

GPS Grain number per spike

GSDM Glutamine synthetase activity expressed per dry

matter

GSPR Glutamine synthetase activity expressed per

protein

N Nitrogen content of the flag leaf lamina

NH4
? Ammonium

PROT Protein content of the flag leaf

QPG Quantity of protein per grain

TKW Thousand kernel weight

Introduction

Nitrogen (N) fertilizers have been and are still extensively

used to increase both grain yield and grain protein content

(GPC) in cereals in general and bread wheat in particular.

However, the current agricultural situation requires that

growers must optimize the use of N fertilizers to avoid

pollution, while maintaining reasonable profit margins.

Therefore, selecting new crop varieties exhibiting

improved nitrogen use efficiency (NUE), being defined as

the yield of grain per unit of available N in the soil, and

adapting agricultural practices to reduce the use of N fer-

tilizers represents a challenge for both breeders and farmers

(Hirel et al. 2007).

NUE is a complex polygenic trait. Therefore, quantita-

tive genetic studies were undertaken to decipher the genetic

basis of N uptake and utilization in several crops including

barley (Kjaer and Jensen 1995), maize (Agrama et al. 1999;

Bertin and Gallais 2001; Hirel et al. 2001; Gallais and Hirel

2004; Coque et al. 2006), rice (Obara et al. 2004; Lian et al.

2005) and wheat (An et al. 2006; Habash et al. 2007;

Laperche et al. 2006a, b). Whichever the crop examined,

these studies have allowed the identification of chromo-

somal regions that are either representative of the

responsiveness of the plant to the level of N nutrition, or

controlling plant root or shoot vegetative growth or yield

through the efficiency of N uptake, assimilation and recy-

cling. For example, experiments based on the discrimina-

tion of 15N-natural abundance (Coque et al. 2006), or

studying the impact of root architecture on NUE through

the development of a simplified conceptual model

(Laperche et al. 2007), are representative of the variety of

approaches that can be used to identify the genetic deter-

minism of NUE. Other studies have allowed the identifi-

cation of putative candidate genes encoding enzymes

involved in N assimilation and recycling (Lea and Azevedo

2007) that were present in chromosomal regions for which

co-localizations between agronomic and physiological

traits related to N metabolism were identified (Hirel et al.

2001; Obara et al. 2001). In particular, quantitative trait

loci (QTLs) for grain yield and its components were found

to be coincident with QTLs for glutamine synthetase (GS;

EC 6.3.1.2) activity and loci for distinct cytosolic forms of

the enzyme (GS1). The functional validation of the role of

these different GS1 isoenzymes in the control of grain

number or grain size was further validated using either

reverse or forward genetic approach both in rice and maize

(Obara et al. 2004; Martin et al. 2006). Since all of the N in

a plant, whether derived initially from nitrate, ammonium

ions, N fixation or generated by other reactions within the

plant that release ammonium, is channeled through the

reactions catalyzed by GS, it is somehow logical to find

that in cereals the enzyme is likely to be a major check

point controlling plant growth and productivity (Miflin and

Habash 2002). Several other co-localizations between

QTLs related to yield, physiological traits related to NUE

and enzyme activities involved in the control of N assim-

ilation and recycling were detected for nitrate reductase

(NR) and glutamate dehydrogenase (GDH) in maize (Hirel

et al. 2001; Gallais and Hirel 2004), cytosolic GS in wheat

(Habash et al. 2007) and proteases in barley (Yang et al.

2004). Although the physiological function of the enzyme

GDH is still not fully elucidated in higher plants (Dubois

et al. 2003), there are strong lines of evidence that the

enzyme serves as a major link between carbohydrate and

amino acid metabolism in different organs or cell types

(Miyashita and Good 2008) and is therefore a key enzyme

controlling plant productivity (Lightfoot et al. 2007).

However, in all cereals studied so far, neither the identifi-

cation nor the functional validation of the candidate genes

controlling metabolic major agronomic traits other than the

genes encoding GS has yet been carried out.

This is particularly relevant to wheat, a plant of major

economic importance, for which there is still no clear

evidence that the activities of GS and possibly GDH are

tightly linked to the control of grain production (Habash

et al. 2001). Despite this, it is clear that in wheat GS
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activity is one of the best physiological markers to depict

the whole plant N status, irrespective of the developmental

stage or N fertilization level. Moreover, in wheat the role of

GS in controlling the plant N economy was further

strengthened by the finding that there was a strong corre-

lation between GS activity and the amount of N re-mobi-

lized from shoots to the grain and grain yield. This was

demonstrated by performing correlation studies using five

cultivars exhibiting contrasted NUE (Kichey et al. 2006),

or using a quantitative genetic approach to show that there

was coincidence between QTLs for GS activity and grain N

content (Habash et al. 2007).

There are also strong lines of evidence that the GDH

enzyme may also be implicated in the control of cereal

productivity at least in maize as demonstrated using a QTL

(Gallais and Hirel 2004), or a forward genetic approach

(Lightfoot et al. 2007). Although the physiological role of

GDH still needs to be fully assessed, it is becoming more

and more likely that the enzyme plays a pivotal role at the

interface between carbon (C) and N metabolism through its

metabolic activity or sensing function restricted to the

vascular tissues. This pivotal role of GDH by virtue of its

tissue-specific expression may be essential for regulating

the plant C and N balance and thus resource allocation at

particular stages of plant growth and development (Tercé-

Laforgue et al. 2004a, b), or under stress conditions

(Skopelitis et al. 2006; Miyashita and Good 2008).

Thus, the objective of this work was to further investi-

gate, through a quantitative genetic approach, the role of

the enzymes GS and GDH and other N-related physio-

logical traits in the control of the agronomic performance

of wheat. Whether the two enzymes can be used as key

targets for improving NUE in relation to plant growth and

productivity with emphasis on the grain filling period is

discussed.

Materials and methods

Plant material and growth conditions

Two bread wheat (Triticum aestivum L.) cultivars, Arche

and Récital, were chosen as parental lines to produce a

DHL population because they exhibit a contrasting

response to N deficiency with regard to both N uptake and

N utilization efficiency. Arche is more tolerant to N defi-

ciency than Récital as its grain yield is less affected by N

deficiency (Le Gouis et al. 2000). The population used in

the present work consisted of subsets of the original 241

double haploid lines previously studied by Laperche et al.

(2006a, b, 2007).

Three separate experiments were carried out in 2004,

2006 and 2007 at Estrées-Mons INRA experimental

station (Somme, Northern France, 03�000N lat., 49�080E
long.). The soil, which is classified as a deep loam soil

(Orthic Luvisol, FAO classification), contained an average

of 190 g clay; 730 g silt; 52 g sand; and 19 g organic

matter per kg, with a pH of 8.1. Soil characteristics were

very similar over the 3 years of field trials. In the 2004

experiment, the population was composed of a subset of

137 DHLs that were sown on 29 October 2003 at a density

of 240 plants m-2 in 6.5 m2 plots and received

160 kg N ha-1. The DHLs were distributed in four

incomplete blocks, the two parental lines Arche and

Récital being grown in each block as controls. In the 2006

experiment, the DHL population was composed of 166

lines sown on the 18 October 2005 at a density of

240 plants m-2 in 6.5 m2 plots that received

180 kg N ha-1. The DHLs were distributed in four

incomplete blocks with 25 DHLs repeated twice, the two

parental lines being grown in each block as controls. In the

2007 experiment, the population was composed of 221

DHLs. They were sown on the 17 October 2006 with two

2 m rows for each line at a density of 280 plants m-2 and

received 180 kg N ha-1. On the 3 years, N was applied as

a liquid solution (15% uric acid, 7.5% ammonium, 7.5%

nitrate) in three applications at mean tillering (GS21),

stem elongation (GS30) and 2nd node (GS32) growth

stages. One hundred and eight DHLs randomly selected

within the DHL population were common to the 3 years of

experimentation. Fungicide, herbicide and insecticide

treatments were applied each year to achieve total control

of parasites. To reduce lodging, a growth regulator was

sprayed as 0.92 kg ha-1 chlormequat chloride ? 2 g ha-1

imazaquine. These substances are known to have effects

beside those on height; however, their use is necessary on

unselected material grown at high level of N fertilization.

Main meteorological data (rainfall, incoming radiation and

mean temperature) are presented for each growing season

in Table ESM S1.

Agronomic traits

On the 3 years, DTH, TKW, GPC, QPG and GPS were

measured. Grain protein concentration was measured with

a near infrared reflectance analyzers (NIRS 6500, Foss

NIRSystems Inc., Laurel, MD, USA). In 2006, flag leaf

senescence was scored visually 28DAF on a scale spanning

from 0 to 100% with 0% representing no visible symptoms

of senescence (green leaves) and 100% complete senes-

cence (yellow leaves). In 2007, the leaf area was measured

14DAF on the flag leaves of five individual plants. The area

of the flag leaf was measured using the software ImageJ�

(http://rsb.info.nih.gov/ij/). Plant samples were harvested

on the basis of the flowering date to avoid variations within

the DHL population due to precocity.
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Physiological traits

The plant material used for physiological studies was

essentially the same as that used for agronomic studies. For

measurements of the physiological markers (N metabolite

contents and enzyme activities), five individual plants were

selected for each parental line and for each DHL. In 2004,

the flag leaf was harvested 14DAF and 28DAF, which

corresponds approximately to the beginning and the end of

the linear grain filling period, respectively (Robert et al.

2001). In 2006, the flag leaf samples were collected at the

same two dates with an additional sampling at flowering

(FL). In 2007, the flag leaf samples were harvested only

14DAF. For the five flag leaves, their sheaths and adjacent

stem section were also collected. All the samples were

collected twice. Fresh plant material was frozen in liquid N

and then reduced to a homogeneous powder using a grinder

(MM301, Retsch, Germany). The powder was stored at

-80�C and used for all further physiological studies.

Harvesting was performed between 1:00 and 3:00 p.m.

Metabolite extractions and analyses, enzymatic assays

Enzymes were extracted at 4�C. GS was measured

according to the method of O’Neal and Joy (1973).

Aminating NADH-dependent GDH was measured as

described by Turano et al. (1996), except that the extraction

buffer was the same as that used to measure GS activity.

Soluble protein was determined using a commercially

available kit (Coomassie Protein assay reagent; Bio-Rad,

München, Germany) using bovine serum albumin (BSA) as

a standard (Bradford 1976). Ammonium concentration was

determined by the phenol-hypochlorite assay (Berthelot

reaction) that provides reliable data for comparative studies

when the concentration is low (Husted et al. 2000). Total

free amino acids were determined by the Rosen colori-

metric method, using glutamine as a standard (Rosen

1957). Elemental analysis (N; C ratio) was determined on

4–7 mg of dried plant material using a Flash EA 1112

Elemental Analyzer manufactured by Thermo Electron

(Milano, Italy).

Candidate gene mapping

We used the genetic map of the Arche 9 Récital DHL

population described in the study of Laperche et al. (2007),

with a few additional SSR markers. In addition, the gene

encoding GSe (Habash et al. 2007) was mapped on chro-

mosome 4B using the gpw7026 microsatellite (Sourdille

et al. 2004) that amplifies the region corresponding to the

primers designed by Habash et al. (2007). The GSr gene

was mapped on chromosome 4D (Habash et al. 2007) using

the gpw6001 microsatellite marker that was designed using

a GS genomic sequence of Triticum tauschii. The map

consisted finally of 197 markers spread over 31 linkage

groups with a total size of 3,285 cM and a mean distance

between markers of 19.9 cM. The genetic map of the

Récital 9 Renan population is described by Groos et al.

(2003).

For GDH gene mapping, SNP was searched between the

wheat varieties Arche, Renan and Récital using the method

described by Ravel et al. (2006). Genome-specific primers

designed from the sequences obtained by Boisson et al.

(2005) that were used to amplify the homoeologous genes

encoding NAD(H)-GDH are presented in Table 1. Genomic

DNA was extracted from fresh leaves of 3-week-old seed-

lings from the parental lines (Arche, Renan and Récital),

grown in greenhouse, as described by Tixier et al. (1998).

Physical assignment of the DNA fragments corresponding

to NAD(H)-GDH genes on the chromosomes was

Table 1 Specific oligonucleotides and PCR conditions used for amplification and sequencing of fragments from NAD(H)-GDH genes

Fragment namea Primer sequence Annealing

temperature (�C)

maximumb

Fragment

size (bp)
Forward (50-30) Reverse (50-30)

A1 GGGGGGATTTCGTCGG GCGTTGGTGCCCATATCT 68 &1,300

A2 GCTTGTTTCATTCATGGATTC GTTCTGGTCTTGCTCCCTT 65 &600

B1 GGAACTTCAAGCAGGCGG GGAACTTTGAGTACTCATCCAGA 70 &1,400

B2 GGAACTTCAAGCAGGCGG GTAGAAAAAGGAAAACAACATACT 65 &910

D1 D2c GGAACTTCAAGCAGGCGG CCATGCCATTGTCTGAAAG 65 &1,200

D3 GCACAGGTATTTATTGTCCA GTCAAGAACAGCCTTTTTG 65 &1,150

a The first letter corresponds to the wheat genome (A, B or D). The following number indicates the fragment from the 50 to the 30 region of the

gene. These fragments were assembled with sequences obtained by Boisson et al. (2005)
b Indicates the Tm maximum used for the touch-down program for amplification
c The quality of the forward sequence of the PCR product obtained with these primers was poor. Thus, this sequence was too short to overlap the

reverse sequence. This led to two non-overlapping fragments called D1 and D2
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performed using a set of Chinese Spring aneuploid lines

(Sears 1966; Endo and Gill 1996). Cycling conditions in a

touch-down experiment consisted of an initial denaturation

at 94�C for 4 min, 10 cycles at 94�C for 1 min, Tm max for

1 min (Table 1), and in subsequent cycles decreasing the

annealing temperature by 1�C/cycle, 72�C for 2 min,

30 cycles at 94�C for 1 min, 55�C for 1 min, 72�C for

2 min, followed by a final extension at 72�C for 5 min. The

Staden software (Staden et al. 2000) was used to assemble

all the GDH sequences obtained either with specific primers

or using the DNA fragments cloned by Boisson et al. (2005)

and to search for SNP within these sequences. The SNPs for

GDH sequences were genotyped using 155 DH lines of the

Arche 9 Récital DHL population and the 144 lines of the

DHL Récital 9 Renan population.

Statistical analyses

For each year, sampling dates and organs, means for the

traits measured in the two parental lines and each DHL

were calculated using a SAS proc GLM (SAS Institute

Inc. 1999) and the lsmeans option. To achieve this, the

following ANOVA model was used:

Xij ¼ lþ Gi þ Ej þ eij

where Xij is the value of genotype i in environment j, Gi the

random genotype effect and E the random environmental

effect. Each combination of year, sampling dates and

organs were considered as being different environmental

conditions. Broad sense heritability was calculated as

h2 ¼ ðr2
g=ðr2

g þ r2
e=EÞÞ, where r2

g and r2
e are the genetic

and environmental variances and E the number of envi-

ronments. Heritability and its confidence interval were

calculated using the SAS program developed by Holland

et al. (2003). Coefficients of correlation and partial corre-

lation were calculated with the proc CORR of SAS.

QTL detection

The mean of each line for each year was considered for

QTL detection. For data measured on the flag lamina at

14DAF, a QTL detection was also performed on the mean

over the 3 years. QTL analyses were carried out using the

Unix version of QTL cartographer 1.17d (Basten et al.

1994, 2002). Model 6 was used to carry out composite

interval mapping (CIM). The maximum cofactor number

involved in model 6 was set at 5, and the window size

was 10 cM. We used the ‘experimentwise’ threshold

defined at the 10% error level. It was estimated from the

1,000 permutation test analyses (Churchill and Doerge

1994). In our case, the LOD threshold corresponded to

2.50. Confidence intervals were defined by a LOD drop-

off of one unit.

Map projection

To simplify the analysis of QTLs, we decided to represent

QTLs in regions. QTLs are considered to co-localize in the

same region when their confidence intervals overlap. When

QTLs for the same trait are detected several years in the

same region, we represented only one QTL at a mean

position and with a confidence interval encompassing all

individual confidence intervals. To look for coincidences

between QTL position and the localization of structural

genes, we used the consensus wheat map of Somers et al.

(2004) and the genetic-physical map relationships estab-

lished by Sourdille et al. (2004).

Results

Sequence analysis and genes mapping

Ta.Gdh-A1, -B1 and -D1 correspond to chromosomes A, B

and D homoeologous copies of the genes encoding

NAD(H)-GDH genes, respectively. The PCR products for

Ta.Gdh-A1, -B1 and -D1 were assigned to chromosome

deletion bins 5AL-10-0.57-0.78, 5BL-16-0.79-1.00 and

5DL 5-0.76-1.00, respectively, in agreement with Habash

et al. (2007), who assigned a GDH gene to 5BL based on

comparative mapping with maize. The alignment for the A

genome gave a total length of 2,784 bp including a gap

between the 50 contig (2,033 bp) comprising PCR frag-

ments 1, 2 and 3 and the last one. The alignment for the B

genome gave a unique contig of 3,111 bp. We obtained

three contigs for the D genome that represent a sequence of

2,753 bp: the forward sequence of the fragment D1

(312 bp) did not overlap the second contig (955 bp), which

comprises the reverse sequence of D1 and the sequence of

fragments D2. The third contig contained the sequences of

D3 and sequences obtained by Boisson et al. (2005)

(1,504 bp).

The sequences were annotated using TA69991_4565 as

a putative transcript. The structure contained eight exons

with the coding sequence spanning from exon 1 to exon 8.

Sequence for exon 1 was incomplete and starts downstream

of the start codon. Sequences for exon 8 were also

incomplete although they contained the stop codon.

Contrary to the introns, the length of the exons did not

differ between each homoeologous gene. For the A gen-

ome, the GDH sequences from Arche and Récital were

identical, while differences were found between these two

varieties and the variety Renan (3 deletions of 4, 2 and 84

nucleotides and 2 mutations, A/G and C/T changes). The

4-nucleotide indel was present in the first intron, whereas

the modifications in the nucleotide sequence were located

in the second intron. For the B genome, a T/A mutation
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was detected in exon 5 that substituted a glutamic acid for

allele A to an aspartic acid for allele T in the amino acid

sequence, the variety Récital having the T allele. For the

D genome, sequences obtained for the three varieties were

identical. The C/T substitution was used for the geno-

typing of the A genome and for mapping Ta.Gdh-A1

using the Renan 9 Récital genetic map. The A/T substi-

tution was used to map the Ta.Ggh-B1 copy using both

the Arche 9 Récital and the Renan 9 Récital genetic

maps. In the Renan 9 Récital population, the C/T sub-

stitution was mapped on chromosome 5AL between the

markers gwm271b and mta13 (Fig. 1). The marker for

Ta.Gdh-B1 was mapped in a position homoeologous to

that of chromosome 5BL and located between markers

gwm271 and fbb35. In the population Arche 9 Récital,

this marker was the most distal marker of the chromo-

some 5BL, at 47.1 cM from the gwm217 marker.

Genotypic effect on physiological traits

Analyses of variance showed significant genotypic effects

for all physiological traits (Table 2). Broad sense herita-

bilities ranged from 0.33 for ammonium content to 0.65 for

amino acid content. Similarly, significant genotypic effects

were also observed for agronomic traits (ESM S2), with

heritabilities ranging from 0.92 for heading date to 0.71 for

the number of grains per spike.

The changes observed for the physiological characters

between the sampling dates were consistent over the

3 years of experimentation (Table 2) and with previously

published data obtained on the two parental lines grown in

the same location in 2003 (Kichey et al. 2005). In 2004 and

2006, we observed a decrease of leaf protein, amino acid,

ammonium contents and GSDM activity between 14DAF

and 28DAF. GDH activity (expressed either on a DM or

soluble protein basis) increased during the same period. In

2006, at flowering, leaf protein, amino acid and ammonium

contents, GSDM and GDHDM activities were higher at

flowering compared to 14DAF. In 2007, metabolite con-

tents and enzyme activities were higher in the flag leaf

lamina than in the flag leaf sheath, or the peduncle, except

for amino acid content.

Correlations studies

Correlation between sampling dates

Physiological traits measured on the flag leaf lamina can

be compared between 14DAF and 28DAF in 2004 and

between FL, 14DAF and 28DAF in 2006. In 2004, only

the correlation between 14DAF and 28DAF for ammo-

nium content was significant (0.40***). In 2006, all the

correlations were significant between 14DAF and 28

DAF (from 0.23** GDHPR to 0.58*** for GSDM).

Between FL and 14DAF and between FL and 28DAF, all

the correlations were significant (from 0.21** for GSPR

to 0.44*** for ammonium content) except for GDHDM

and GSDM.

Fig. 1 Genetic map of

chromosomes 5A and 5B of the

Récital 9 Renan (ReR)

population and of chromosome

5B of Arche 9 Récital (ARE)

population showing the position

of the NAD(H)-GDH (Ta.Gdh1)

genes
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Correlation between organs

All the correlations between organs (including flag leaf

lamina, sheath and peduncle) concerning the physiological

traits measured in the 2007 experiment were significant. On

average, the highest correlations were observed between

peduncle and sheath (from 0.42*** for GDHDM activity to

0.64*** for GSDM). On average, the lowest correlations

were obtained between flag leaf lamina and peduncle (from

0.15* for GDHDM to 0.53*** for GSPR).

Correlation between physiological traits

Correlations were computed between all physiological traits

in the eight different combinations of years, sampling dates

and organs, representing all together eight different envi-

ronmental conditions. AA, NH4
? and PROT contents were

positively correlated [on average r(AA, NH4
?) = 0.35,

r(AA, PROT) = 0.33, r(NH4
?, PROT) = 0.35]. GS and

GDH activities were also positively correlated in most

environments [r(GSDM, GDHDM) = 0.32 and r(GS, GDH

per protein) = 0.24]. GSDM was positively correlated with

amino acid content (0.32), ammonium content (0.31) and

protein content (0.69). The correlation was much lower

between GDHDM and amino acid (0.04), ammonium (0.17)

and protein contents (0.21). For GDH and GS activities, the

correlations obtained with soluble protein content were

consistent with those already obtained in a previously pub-

lished work (Kichey et al. 2007), thus validating the reli-

ability of our physiological approach over several years in

different field trials.

Correlation between physiological and agronomic traits

Correlations between the physiological traits and agro-

nomic traits were computed using the eight possible dif-

ferent combinations of years, sampling dates and organs

(Table 3; ESM S3). Heading date was generally negatively

correlated with ammonium, amino acid, protein contents

and GSDM activity in the flag leaf lamina. On the contrary,

positive correlations were found for heading dates in 2007

with ammonium, and amino acid contents, both in the

sheath and in the peduncle. GPC was in general positively

correlated with both ammonium and amino acid content,

and to a lesser extent with soluble protein content and

GSDM (2 combinations). The number of grains per spike

was generally negatively correlated with the flag leaf

amino acid content, and with GDHDM. The significant

positive correlations concerning the number of grains per

spike (protein content, GS activities) were always reported

for sheath and peduncle measurements in 2007. The TKW

and QPG were generally positively correlated with the

flag leaf lamina metabolite content and to GS activities.T
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The heading date was significantly correlated with most

traits, which may explain why we frequently obtained

significant correlations between physiological and agro-

nomical traits. To overcome the effect of the heading date,

partial correlations were computed (Table 3; ESM S3).

This analysis confirmed that most of the significant corre-

lations obtained were independent of the heading date,

notably for those found between GPC, metabolite content

and GSDM. Although lower or higher for some traits, the

positive correlation observed between physiological traits

and agronomic traits was on average consistent with those

already obtained with the varieties Arche and Récital

(Kichey et al. 2007). Negative correlations were always

determined between peduncle and sheath in 2007 with the

TKW and in most cases with the GPC (5 out of 8).

QTL detection

A total of 157 QTLs were detected using the Arche 9

Récital population tested over 3 years (ESM S4, ESM S5).

One hundred and thirteen QTLs were detected for physi-

ological traits and 44 were detected for agronomic traits.

Twenty-eight QTLs were detected for GDH activity spread

over 14 chromosomes and 27 for GS activity spread over

12 chromosomes. All the QTL LOD and confidence

intervals are indicated in Table ESM S4.

QTL detection for GDH and GS activities

Twenty-eight QTLs were detected for NADH-GDH activ-

ity. They were grouped in 19 regions spread over chromo-

somes 1A, 1D, 2A, 2B, 2D, 3B, 3D, 4B, 5A, 5B, 5D, 6A, 7A

and 7B (ESM S4). For these 28 QTLs, the percentage of

phenotypic variance (R2) ranged from 5.0 to 18.2 %. The

allele from the parental line Arche was favorable for 20

QTLs that were spread over all chromosomes except for

chromosomes 2A, 2B and 5A2. The allele from the parental

line Récital was favorable for 8 QTLs detected on chro-

mosomes 2A, 2B, 4B, 5A1 and 5A2. The alleles from Arche

and Récital were favorable for GDH activity in the peduncle

and in the flag leaf lamina, respectively, in two QTL regions

located on chromosomes 4B and 5A1.

Twenty-seven QTLs were detected for GS activity. They

were grouped in 16 regions spread over chromosomes 1D,

2A, 2B, 2D, 3B, 3D, 4A, 4B, 5A, 5B, 5D and 7A (ESM

S4). The R2 ranged from 5.4 to 20.4%. The allele from

Arche was favorable for the expression of this trait in eight

QTLs detected on chromosomes 2A, 2B, 2D and 5D.

Conversely, the allele from Récital was favorable for the

expression of this trait for the remainder of the QTLs (19

out of 27) on chromosomes where QTLs for GS activity

were detected, except on chromosome 5D. In addition,

regions on chromosomes 2A, 2B and 2D included QTLs

for which the positive alleles came from both parents. On

linkage group 2A2, the two QTLs for flag leaf GS activity

with the favorable alleles derived from either Arche or

Récital were not located in a different position on the

chromosome. We also found that the two QTLs for GS

activity on the same region of chromosome 2B corre-

sponded to the enzyme activity measured in different

organs, and the allele derived from Récital increased GS

activity in the flag leaf lamina, while the allele derived

from Arche increased the enzyme activity both in the

peduncle and in the flag leaf sheath. On linkage group 2D1,

six QTLs for GS activity were detected. The allele from

Récital increased the value of this trait in the flag leaf

lamina in 2006 and the allele from Arche increased the

value in the peduncle, flag leaf sheath and lamina in 2007.

Co-localization between GDH and GS activities

and the corresponding structural genes

GDH genes were identified on homoeologous groups 1, 2

and 5. The wheat Expressed Sequence Tag (EST)

BG314430 corresponded to a gene encoding GDH was

mapped on homoeologous chromosomes 1B and 1D

in deletion bins 1BL1-0.47-0.69 and 1DL2-0.41-1.00

(graingenes, http://wheat.pw.usda.gov/westsql/). The EST

BE404371 was mapped on homoeologous group 2 in

deletion bins C-2AL-0.85-1, 2BL2-0.36-0.50 and 2DL3-

0.49-076 (graingenes, http://wheat.pw.usda.gov/westsql/).

In this work, we mapped wheat GDH genes on chromo-

some 5A using the population Renan 9 Récital and on

chromosome 5B using the populations Arche 9 Récital

and Renan 9 Récital. Another gene encoding GDH was

mapped on chromosome 5DL, 5-0.76-1.00 deletion bin.

Seventeen QTLs for GDH activity were detected on

homoeologous groups 1, 2 and 5. We used the consensus

map of Somers et al. (2004) and the genetic-physical map

relationships of Sourdille et al. (2004) to look for co-

localization between QTL and GDH loci. Two QTLs were

detected on group 1 (on linkage group 1A2 and 1D) but

neither of them coincided with a GDH locus. Co-local-

izations were also not observed between the six QTLs

detected on chromosomes 2A and 2D and a GDH locus. In

contrast, the QTL region for GDH activity located on

chromosome 2B coincided with a GDH locus. Finally, we

did not find any co-localization between the GDH struc-

tural genes and the eight QTLs for GDH activity detected

on homoeologous group 5.

Several members of the GS multigene family were loca-

ted on homoeologous chromosome groups 2, 4 and 6. A

wheat gene encoding plastidic GS (GS2) was previously

mapped on chromosome 2AL, and two other monomorphic

bands were assumed to be 2B and 2D homoeologs, located in

the corresponding regions (Habash et al. 2007). GSr

Theor Appl Genet (2009) 119:645–662 653
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encoding a cytosolic form of GS was mapped on chromo-

somes 4A and 4D (Habash et al. 2007). GSe encoding

another cytosolic GS isoform was located on chromosome

4B (Habash et al. 2007). In each case, monomorphic bands

were assumed to correspond to the other homoeologous

copies of the same gene. In our study, GSe and GSr were

mapped on chromosome 4B (cosegregating with the gene

Rht-B1) and 4D (marker gpw6001), respectively. The other

homoeologous copies were assumed to be located in the

corresponding chromosomal regions. The third gene

encoding cytosolic GS (GS1) was mapped on chromosome

6BL and a monomorphic homoeologous band was assigned

to chromosome 6A and 6D (Habash et al. 2007). We detected

13 QTLs for GS activity located on 2 and 4 homoeologous

groups. On chromosomes 4B, the confidence interval of the

QTL for GS activity encompassed the gene GSe (Fig. 2). For

the other regions on 2A, 2B, 2D and 4A, the QTL regions

controlling the enzyme activity did not co-localize with

those containing a GS locus. We did not detect any QTL for

GS activity on homoeologous group 6 corresponding to the

position of the GS1 locus (Habash et al. 2007).

Analysis of chromosomal regions where QTLs for GDH

or GS activities coincided with QTLs for agronomic

and physiological traits

Only the QTLs for GS and GDH activities found in at

least 2 years of experimentation will be considered. This

concerns six regions on chromosomes 2A2, 2B1, 2D1,

5A1, 5B and 5D (Fig. 3).

On chromosome 2A2, the allele from Récital was

favorable for GDH activity, whereas it was the allele from

Arche that increased GS activity. In 2007, a QTL for GPC

co-localized with the two QTLs for the two enzyme

activities.

On linkage group 2B1, two QTLs for GS activity, at

marker gwm429, were detected. The first one was detected

in 2007 at 14DAF in the flag leaf sheath, the allele from

Arche being favorable for the expression of this trait. The

second one was detected in 2004 at 28DAF in flag leaf

lamina, with a positive allele coming from Récital. Two

QTLs for heading date positively controlled by the allele

derived from Arche were detected in 2006 and 2007, in the

vicinity of the same marker.

On linkage group 2D1, three QTLs for GDH activity and

six QTLs for GS activity were detected near marker

gwm484. In 2006, the alleles from Récital were favorable for

GS activity, whereas in 2007 it was the allele from Arche. In

both years, only the allele from Arche favored GDH activity.

In the chromosomal region where QTLs for GS and GDH

activity were detected, co-localization with other physio-

logical traits in the flag leaf lamina such as soluble protein

(two QTLs), amino acid content (four QTLs), flag leaf area

and dry weight was also detected with the favorable allele for

both traits coming from Récital. In contrast, total C content in

the flag leaf lamina, soluble protein (one QTL) and amino

Fig. 2 Genetic map of

chromosome 4B and 4D of

Arche 9 Récital population

showing the position of two GS

genes (GSe and GSr,

respectively) and of the clusters

of QTLs for various

physiological and agronomic

traits. A QTL is represented by

a vertical bar corresponding to

its confidence interval (LOD

drop-off of ±1 unit) and a

horizontal bar positioned at the

peak LOD value and

proportional to the % of the

phenotypic variance explained.

The name of the QTL is

composed of two parts: (1) the

favorable allele (A for Arche

and R for Récital) and (2) the

abbreviated name of trait
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acid content (one QTL) in the flag leaf sheaths were detected,

with the allele from Arche controlling positively these three

traits. QTLs for agronomic traits were also detected in this

region. They include GPC, TKW and QPG with the positive

allele coming from Récital. For DTH and GPS, the positive

allele was derived from Arche.

Fig. 3 Genetic map of chromosome 2A, 2B, 2D and 5A, 5B, 5D of

the Arche 9 Récital population showing the position of the clusters

of QTLs for various physiological and agronomic traits. A QTL is

represented by a vertical bar corresponding to its confidence interval

(LOD drop-off of ±1 unit) and a horizontal bar positioned at the peak

LOD value and proportional to the % of the phenotypic variance

explained. Genome regions with QTL clusters are represented by

rectangles. The name of the QTL is composed of two parts: (1) the

favorable allele (A for Arche and R for Récital) and (2) the

abbreviated name of trait
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On chromosome 5A1, two QTL regions were detected.

In the first region, a QTL for peduncle GDH activity was

detected in 2007, with the positive allele coming from

Récital. This QTL overlapped with a QTL for ammonium

content of the flag leaf lamina and a QTL for QPG with the

positive allele coming from Arche. In the second region, a

QTL for flag leaf lamina GDH activity was detected in

2004 and 2006 with the positive allele coming from Arche.

Two QTL regions were detected on chromosome 5B. In

the first region, where Récital provided the favorable allele,

we detected two QTL for GS enzymatic activity (one for

peduncle in 2007 and one for lamina in the detection

carried out on the mean over the 3 years) and one QTL for

ammonium content in the flag leaf sheath. In the second

region, three QTLs for flag leaf lamina GDH activity were

detected in 2004 and 2006 with the positive allele coming

from Arche. These QTLs co-localized with physiological

traits including total C leaf content (positive allele from

Arche), and amino acid content (positive allele from

Récital). QTLs for agronomic traits in this region included

a QTL for GPC detected in 2004 and one QTL for GPS

detected in 2007. Récital carried the favorable allele in this

region.

On chromosome 5D, four main QTL regions were

identified. In the last region (at the end of the chromo-

some), two QTLs for GS activity were detected in the flag

leaf lamina in 2004 and in the peduncle in 2007, which

overlapped with one QTL for flag leaf protein content

detected in 2004 (positive allele coming from Arche).

Discussion

Impact of environmental year effects

In this study, QTL detection for physiological traits

including GS and GDH activities and N metabolites has

been performed over 3 years on a range of wheat DHLs

grown in the field. Such an experimental design has

established that there is a year effect interacting with a

genotypic effect, as shown by the large variation in the

QTL detection across environments. Part of these varia-

tions may arise from the difference in total number of DH

lines tested each year (from 137 in 2004 to 221 in 2007).

However, more than a hundred randomly selected lines

were common to the 3 years of experimentation. It is,

therefore, unlikely that variations in the total number of

lines tested each year had a significant impact on the cor-

relations between traits. The finding that several QTLs for

the different physiological traits were detected only in

1 year also highlighted this interaction. It is also known

that the size of the population has an influence on the

power of QTL detection and false discovery rate

(e.g. Soller et al. 1976; Bernardo 2004). However, in our

study, the number of QTLs detected each year was very

similar (Table S4).

Therefore, it can be considered that the 3 years of

experimentation correspond to three different environ-

ments. Despite this environmental variability, it was

possible to identify four QTL regions for GDH activity

and three regions for GS activity at least over 2 years of

experimentation, thus indicating that they represent solid

constitutive QTLs for physiological traits. The other

regions may be classified as environmentally dependent

QTLs that were detected depending on various external

conditions such as climatic conditions, N mineralization

and soil N availability. However, the nature of such a type

of interaction is poorly documented (Quarrie et al. 2005;

Coque et al. 2008) and will require further experimentation

and analysis to establish, possibly through modeling

approaches, the influence of these interactions on plant

productivity (Reymond et al. 2004).

In contrast, traits related to yield appeared to be less

sensitive to variation in the environmental conditions as

shown by the heritabilities measured in this study. Our

interpretation of such differences between agronomic and

physiological traits may be explained by the fact that

agronomic traits are somehow the result of several factors

controlled by a large number of loci whose global effect

over a long period of time allows yield to be stabilized

within a certain threshold. In contrast, physiological traits

taken individually may be subject to a large variability as a

function of plant development and environmental condi-

tions. This would allow over a short period of time the

maximum flexibility of compensation and bypass mecha-

nisms of given metabolic pathways due to the occurrence

of multigene families and isoenzymes, in order to ensure

optimal productivity. The variability of both the GS and

GDH isoenzyme complement according to the develop-

mental stage of the plant, the organ and the nutrition

conditions perfectly illustrates the flexibility of the meta-

bolic adaptation of a plant for optimal growth and devel-

opment as a function of N fertilization, both qualitatively

and quantitatively (Cren and Hirel 1999; Turano et al.

1997). In addition, the polyploid nature of a crop such as

wheat gives an additional level of complexity, since

interactions may occur between homoeologous genes as a

function of external conditions to improve their fitness to a

particular environment (Chantret et al. 2005; Chen 2007).

To illustrate the flexibility of the interaction geno-

type 9 environment in some QTLs, we observed, e.g., on

chromosome 2D that the allele favorable for GDH activity

originated from the parental line Récital in 2006, whereas

in 2007 it was the allele derived from Arche. This result

suggests that the regulation of the expression of the GS

isoenzymes may be allelic as a function of external
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conditions, especially when plants are grown in the field.

Up to now, most of the studies aiming to identify QTLs for

physiological traits have been conducted for 1 year only

under controlled conditions, rather than under agronomic

conditions. This is mostly because physiological traits are

largely influenced by the environment and are difficult to

measure accurately, which in turn limit both the size of the

experimental design and the timing of harvesting of the

various vegetative and reproductive organs for detailed

metabolic profiling analysis (Hirel et al. 2001; Obara et al.

2001; Habash et al. 2007). The difficulty of clearly ana-

lyzing genotype 9 environment interactions was also

encountered when QTLs for yield and components in

wheat were examined using a combination of site and year

treatments (Quarrie et al. 2005; Coque et al. 2008). In our

work, although the experimentation was conducted over

3 years, most of the QTLs for physiological traits such as

GS and GDH activities and most of the other metabolic

traits were detected for only 1 year. Nevertheless, most of

these QTL regions co-localized with QTLs for agronomic

traits that had already been identified in the same popula-

tion using an experimental design composed of 14 different

environments (Laperche et al. 2007). For 19 QTL regions

spread over 15 chromosomes, several coincidences were

found between agronomical and physiological traits. These

results indicate that, in the framework of future marker-

assisted selection, these QTL regions must be taken into

consideration as they reflect the flexibility of the plant to

adapt to a particular environment. Although QTLs for GS

and GDH activities co-localizing with agronomic traits

appear to be important in the control of wheat plant pro-

ductivity, we will consider in the following discussion only

the physiological QTLs that have been detected for at least

2 years.

Compensatory metabolic and inter-organ regulatory

mechanisms

Although the physiological function of the GS isoenzymes

in several plant species (including those of wheat, Bernard

et al. 2008) is well established, there are still some large

uncertainties concerning GDH with respect to its metabolic

and/or signaling function (Tercé-Laforgue et al. 2004b;

Skopelitis et al. 2006). Despite this, it is noteworthy that

the parental line Arche provided most of the favorable

alleles for GDH activity (12 out of 18), while the favorable

allele for GS activity originated from Récital (13 out of

15). This puzzling observation is in line with previous

findings that when GS activity is impaired, it is accompa-

nied by an increase in GDH activity (Harrison et al. 2003).

Conversely, when GS is predominantly active in the

cytosol during certain phases of plant development such as

leaf N remobilization, GDH activity is often much lower

(Tercé-Laforgue et al. 2004a). The finding that five QTLs

for GS and GDH activities co-localized also supports the

hypothesis that the two enzymes play a non-redundant role

in the control of NUE (Melo-Oliveira et al. 1996) and that

their regulation is tightly linked (Tercé-Laforgue et al.

2004a). Interestingly, for three out of these five QTLs, the

same parent did not carry the same favorable allele for GS

and GDH activities. In another cereal such as maize, GS

and GDH activities are also likely to play a non-redundant

function, since the corresponding QTLs were found to co-

localize with distinct QTLs for yield-related traits (Gallais

and Hirel 2004).

We also found that several QTLs for the two enzyme

activities co-localized with the leaf ammonium content,

which further support the hypothesis of a non-redundant

function of GS and GDH with respect to the cellular con-

centration of the ion, which can be either a substrate or a

product of the two enzymatic reactions. Moreover, in one

of these QTL regions, co-localization with other physio-

logical traits (AA, senescence) and agronomic traits (GPS,

QPG, TKW) was also found. This confirms the tight rela-

tionship existing between tissue ammonium concentration

and the relative activity of the GDH enzyme during the

process of N assimilation and recycling, during which time

cytosolic GS is also actively involved (Tercé-Laforgue

et al. 2004a, b).

Interestingly, in some QTL regions, we found that the

allelic control of GS and GDH enzyme activities was

organ-dependent and influenced by the year of experi-

mentation highlighting the flexibility of both enzymatic

systems in different parts of the plant and as a function of

environmental conditions.

Coincidences between QTL and structural candidate

genes

In maize, out of six QTLs detected for leaf GS activity,

three co-localized with genes encoding a cytosolic form of

the enzyme (Hirel et al. 2001). In rice, Obara et al. (2001)

found a co-localization between NAD(H)-GOGAT protein

content and the corresponding structural gene. More

recently, Habash et al. (2007) reported that out of the 22

QTLs detected for leaf GS activity in wheat, only two co-

localized with GS structural genes. One was located on

chromosome 2AL (plastidic GS2) and one on chromosome

4AL (cytosolic GSr).

In our study, although numerous QTLs were detected for

both GS and GDH activities, we found for each enzyme

only one co-localization with the corresponding structural

gene. There is always the possibility that there are further

copies of genes encoding either GS or GDH, which have

not yet been identified. However, it is very unlikely that

this is the case at least for GS, for which orthologs of the
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four rice GS genes have been identified (Bernard et al.

2008). In the present study, using the DHL population

also used for QTL detection, we mapped two genes

encoding cytosolic GS (GSe on chromosome 4B and GSr

on chromosome 4D) and one gene encoding GDH (Gdh-

B1) on chromosome 5B. The putative locations of the

other members of the GS and GDH families were deter-

mined using the consensus map of Somers et al. (2004)

and the relationships existing between the physical and

the genetic maps established by Sourdille et al. (2004).

Based on the assumption that enough markers are com-

mon to the three genetic maps, it is likely that the posi-

tion of the different genes may be estimated with

sufficient accuracy. However, the uncertainty linked to

both the projection method and the QTL confidence

interval may lead to difficulties in determining either the

presence or absence of coincidence. A direct mapping of

the gene of interest on the genetic map established with

the population used for QTL detection may however be

difficult in wheat due to the lack of polymorphism of

several structural genes encoding enzymes involved in N

metabolism (Boisson et al. 2005).

On chromosome 4B, we found a coincidence between

a QTL for GS activity and GSe, a gene encoding one of

the GS isoenzymes. Using primers that did not discrim-

inate between homoeoalleles, GSe has been found to be

expressed in most wheat organs at rather a low level

compared to other genes encoding cytosolic GS (Bernard

et al. 2008). Interestingly, 17 QTLs for both agronomic

and physiological traits had a confidence interval that

encompassed the position of GSe. We observed that the

dwarfing gene Rht-B1 is also located in the same QTL

region with no detectable segregation between Rht-B1

and Gse; however, despite this, there was segregation

between plant height and the whole plant N budget

(Laperche et al. 2006a, b). This finding suggests that the

function of GSe is not directly linked to a true N meta-

bolic process independent of plant growth and develop-

ment. The cultivar Récital that carries the dwarf allele

also exhibited the highest GS and GDH activities. Four

QTLs for GDH activity were also detected close to the

dwarfing gene Rht-B1 on linkage group 4B explaining

from 5.9 to 16.6 % of the total variation of the physio-

logical trait. This may be linked to a pleiotropic effect

of the Rht-B1 gene that is known to affect many char-

acters besides plant height. However, in the Chinese

Spring 9 SQ1 population that also segregated for Rht-B1

with large impacts on agronomic characters associated

with variation in grain number per spike (Quarrie et al.

2005), Habash et al. (2007) did not detect any QTLs for

GS activity on chromosome 4B. In the present investi-

gation, no QTLs for GS activity were identified on any

chromosomes of linkage group 6, where the GS1 locus is

located. But the current ARE map does not cover the

6BL and 6DL regions where the GS1 locus lies. The

absence of QTL for GS activity on group 6 is however in

agreement with that previously published by Habash

et al. (2007), which led these authors to suggest that the

activity of both enzymes is mostly regulated at the post-

transcriptional level.

Thirty QTLs for both agronomic and physiological

traits were detected very close to each other on chromo-

some 2D1. The Fdgo-D1 gene encoding ferredoxin-

dependent glutamate synthase, another enzyme involved

in conjunction with GS, in the synthesis of key N con-

taining molecules, was mapped in this region (Boisson

et al. 2005). Notably, the QTL region includes three

QTLs for GDH activity that explains between 9.9 and

14.7 % of the total variation of the trait. A strong QTL

for heading date was also detected over 3 years positioned

at marker gpw4085, explaining from 25.7 to 29.3% of the

total variation of the phenotypic trait. This region contains

the Ppd-D1 gene controlling photoperiod sensitivity

(Hanocq et al. 2003). It is, therefore, possible that pho-

toperiod sensitivity leading to later heading dates indi-

rectly controls the expression of both physiological and

grain quality traits. The occurrence of such a control has

already been suggested by Habash et al. (2007) for the

response to vernalization, which was controlled by the

Vrn-A1 and Vrn-D1 genes in their population. We

observed other co-localizations between QTL for heading

date and physiological traits on linkage groups 2B1, 4A1

and 4B, always with opposite allelic effects. The negative

correlation between heading date and a number of flag

leaf lamina physiological traits (ammonium, amino acid,

protein contents and GS activity) did not seem to be

associated to a dilution effect at the leaf level, since both

in our study and in the study of Habash et al. (2007)

plants that had a delayed developmental cycle also had

smaller flag leaves. However, these developmental char-

acteristics could be related to a N dilution effect observed

at the whole plant level (Justes et al. 1994). Plants

exhibiting delayed development produce generally more

biomass at flowering as it was observed in near-isogenic

lines differing for photoperiod genes (González et al.

2005). This dilution effect is likely to occur in the model

plant Arabidospis, if we consider the negative genetic

correlations existing between biomass and several

metabolites, including glutamine and phenylalanine

(Meyer et al. 2007). After flowering, changes in both GS

and GDH activities always occur during leaf aging

(Habash et al. 2001; Kichey et al. 2005, 2006). Therefore,

the negative correlation observed between the heading

date and a number of physiological traits could be related

to an interaction between the rate of plant development,

leaf aging and N metabolism.

658 Theor Appl Genet (2009) 119:645–662

123



Co-localizations with agronomic traits

One of the most interesting results was the significant

numbers of QTL coincidences on linkage groups 2D1,

which were detected in the same genomic region at least

over the 2 years of experiments. They included most of the

agronomic and physiological traits evaluated in the present

study except leaf ammonium content. In this region, we can

divide these QTLs into two main groups with respect to the

favorable allele provided by either of the two parental

lines. The first group contained QTLs for GS and GDH

activities, PROT and GPS with the favorable allele coming

from Arche, which suggests that the reaction catalyzed by

the two enzymes and the associated metabolic traits are

important in the control of grain setting. Récital provided

the favorable allele in the other group of QTLs including

GS activity, TKW, GPC and QPG indicating that this

chromosomal region is important in controlling both grain

size and grain quality. Traits related to the availability of C

and N resources such as the flag leaf area (A), flag leaf

lamina C (C) and amino acid content (AA) further support

the hypothesis that this region is tightly linked to the supply

of assimilates to fill the grain. Two different QTLs for GS

activity controlling either grain number or grain filling

have already been identified and validated in maize (Martin

et al. 2006), thus suggesting that the same regulatory

control mechanism may occur in wheat through the activity

of two different GS isoenzymes. However, as discussed

earlier, the finding that the genes controlling photoperiod

sensitivity and heading dates are located in the same region

could be related to the complex interaction existing

between metabolism and the rate of plant development as

pointed out by Habash et al. (2007). Nevertheless, these

authors also found in the 2D region QTLs related to grain

weight per plant, grain N, leaf soluble protein content and

GS activity, thus confirming the strength of our QTL

detection in this chromosomal region.

Although less obvious than for the QTL regions detected

on linkage group 2D, physiological and agronomic QTL

regions were also identified in linkage groups 5A, 5B and

5D including those controlling GS activity, leaf amino acid

content and traits related to grain yield and quality. QTLs

with several physiological and agronomic traits were pre-

viously identified by Habash et al. (2007) on the same

linkage groups, thus confirming that these genomic regions

are important in regulating several steps of N metabolism

likely to be also involved in controlling grain yield and

grain quality.

Conclusion and perspectives

Our study shows that, in wheat, genetic variability for NUE

in relation to yield and its components can be studied in a

more targeted and integrated manner by means of a

quantitative genetic approach using molecular markers and

combining agronomic, metabolic and biochemical profiling

studies. Our approach together with those recently devel-

oped in parallel on the same species (An et al. 2006;

Habash et al. 2007) will be extensively developed in the

future. This will allow the identification of new genes or

loci involved in the regulation of N uptake, assimilation

and recycling and their intricate relationships, which will

assist the selection of genotypes which assimilate or re-

mobilize N more efficiently in a given environment, or

adapted to a particular environment. Moreover, our study

has highlighted the fact that, in addition to environmental

variation, organ specificities should be taken into account,

as inter-organ compensatory mechanisms are likely to be

involved in the control of N assimilation and partitioning

during plant growth and development. The occurrence of

such compensatory mechanisms has already been proposed

since the physiological status of a particular plant section

may reflect what is occurring at the whole plant level

(Kichey et al. 2006). The results of the correlation studies

obtained between organs in the present study further sup-

port this hypothesis.

In the future, it would also be interesting to complete our

understanding of the roles of GS and GDH and additional N-

related traits to the agronomic performance of common

wheat by integrating the knowledge obtained on different

genetic populations grown under diverse environmental

conditions. Then, through map projection using common

markers or reference maps, followed by meta-QTL analysis

(Chardon et al. 2004; Hanocq et al. 2007; Coque et al. 2008),

it will be possible to group the QTLs common to different

mapping populations, for which physiological and agro-

nomic QTLs have been associated. For the most promising

regions, the construction of near-isogenic lines will enable

the validation of the QTLs. It is, however, a rather long

process for winter wheat starting from DH lines as it requires

several backcrosses. Thus, there are only a few examples of

such validation concerning agronomic characters in wheat

(Quarrie et al. 2006). The recent development of genome

sequencing and mapping projects in species with large and

complex polyploid genomes as wheat (Paux et al. 2008) will

be a valuable tool allowing the precise location of QTLs

associated with NUE traits. In addition, genetic character-

ization of the identified QTLs through sequence analysis

will certainly allow the identification of possible structural

or regulatory genes controlling NUE at particular phases of

plant growth and development according to different envi-

ronmental conditions such as low and high N fertilization.

Subsequently, the functional validation of these genes can

be undertaken using the forward and reverse genetic

approaches that have been successfully used to validate the

role of GS for grain production both in rice and maize.
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