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Abstract The objective of this study was to map and
characterize QTLs for traits related to nitrogen utilization
efficiency (NUE), grain N yield, N-remobilization and post-
silking N-uptake. Furthermore, to examine whether QTLs
detected with recombinant inbred lines (RILs) crossed to a
tester are common to those detected with line per se evalua-
tion, both types of evaluations were developed from the
same set of RILs. The material was studied over two years
at high N-input, and one year at low N-input. We used '>N-
labelling to evaluate with accuracy the proportion of N
remobilized from stover to kernels and the proportion of
postsilking N-uptake allocated to kernels. With 59 traits
studied in three environments, 608 QTLs were detected.
Using a method of QTL clustering, 72 clusters were identi-
fied, with few QTLs being specific to one environment or to
the type of plant material (lines or testcross families). How-
ever, considering each trait separately, few QTLs were
common to both line per se and testcross evaluation. This
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shows that genetic variability is expressed differently
according to the type of progeny. Studies of coincidences
among QTLs within the clusters showed an antagonism
between N-remobilization and N-uptake in several QTL-
clusters. QTLs for N-uptake, root system architecture and
leaf greenness coincided positively in eight clusters. QTLs
for remobilization mainly coincided in clusters with QTLs
for leaf senescence. On the whole, sign of coincidences
between QTLs underlined the role of a “stay-green” pheno-
type in favouring N-uptake capacity, and thus grain yield
and N grain yield.

Abbreviations
ASI Anthesis-silking interval

GDH  Glutamate dehydrogenase

GS Glutamine synthetase

N Nitrogen

NHI Nitrogen harvest index

NNI Nitrogen nutrition index
NUE  Nitrogen utilization efficiency
NUtE Nitrogen utilization efficiency
QTL  Quantitative trait locus

RIL Recombinant inbred lines

Introduction

In maize, grain protein yield is the result of two nitrogen
(N) fluxes: N-remobilization from the stover to the kernels
and N allocation to the kernels coming directly from post-
silking N-uptake. Since the proportion of N remobilized
may vary from 30 to 70% according to the environment and
the genotype, both N fluxes need to be considered to
improve grain protein yield (see Gallais and Coque 2005
for a review). Although N-remobilization and post-silking
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N-uptake allocated to kernels are two major processes to
consider at the whole plant N economy level, they are not
easy to evaluate without bias. Gallais et al. (2006, 2007)
and Coque and Gallais (2007) showed that '°N labelling
can be used to evaluate accurately N-remobilization and
post-silking N-uptake. In these two studies it has been
shown that, with testcross performance, N grain yield was
mainly related to post-silking N-uptake and that there was
an antagonism between  N-remobilization and post-sil-
king N-uptake. The physiological basis of such an antago-
nism was shown to be related to the counteractive effect of
senescence on photosynthetic activity of the leaf. Unfortu-
nately, traits related to N-remobilization and post-silking
N-uptake are difficult to measure. Therefore, finding simple
traits that are easy to measure will certainly be helpful for
the breeder. For example, to improve N-uptake, leaf area
duration and chlorophyll content could be used to select
new varieties exhibiting a “stay-green” phenotype (Borrell
and Hammer 2000; Borrell et al. 2001). Anthesis-silking
interval (ASI), sterility and leaf senescence, which appeared
to be correlated to N-remobilization and N-uptake, are
also phenotypic traits easy to evaluate (Bertin and Gallais
2000; Coque and Gallais 2007, 2008). On the whole, cor-
relations among traits were about the same at the level of
line per se evaluation and testcross evaluation. However,
the negative correlation between N-remobilization and
post-silking N-uptake was lower in lines per se compared
to testcross, whereas the contribution of N-remobilization
in providing N to the kernels was greater in lines (Coque
and Gallais 2008). The low correlation already observed
between line per se value and testcross performance
means that genetic variability is expressed differently in
lines and hybrids, as already observed for grain yield or
silage yield (Hallauer and Miranda 1981; Sampoux et al.
1989; Presterl et al. 2002). Therefore, selection at the
level of lines is expected to be inefficient for traits related
to N-utilization.

The identification of QTLs for N-remobilization and N-
uptake and the study of their coincidences with QTLs for
various traits related to N metabolism could allow a better
understanding of the physiological and genetic bases of N
utilization. Consequently, this approach could contribute
to the development of more efficient breeding methods for
selecting such traits. With evaluation of testcross perfor-
mance of a set of RILs, Bertin and Gallais (2001) have
shown that QTLs detected at low N-input were a subset of
those detected at high N-input and did not explain the same
type of variation. At high N-input, QTLs for traits related
to N-uptake were detected, whereas at low N-input it was
QTLs mainly related to N utilization. Such results were not
observed by Agrama etal. (1999), probably because in
their study they used lines evaluated for their per se value,
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whereas Bertin and Gallais (2001) used testcross proge-
nies. Coincidences between QTLs and genes can lead to
the identification of candidate genes involved in the con-
trol of genetic variation for NUE. Bertin and Gallais
(2001) and Gallais and Hirel (2004) have already shown
that there were coincidences between QTLs of traits
related to NUE and several genes encoding enzymes
involved in C and N primary metabolism. This approach
allowed the identification of some members of the gluta-
mine synthetase (GS) multigene family and possibly the
enzyme glutamate dehydrogenase (GDH) as putative can-
didate genes involved in the control of NUE (Hirel et al.
2001; Gallais and Hirel 2004). The function of GS during
the grain filling process was further validated using
mutants and transgenic plants (Martin et al. 2006). Taken
all together, QTL detection, QTL coincidences and identi-
fication of candidate genes have the most promise for the
development of a marker-assisted selection, notably for traits
difficult to measure.

To detect QTL for traits difficult to measure it is impor-
tant to know whether QTLs must be detected at the level of
line per se performance or at the level of testcross perfor-
mance. The advantage of working with line per se perfor-
mance, particularly for physiological traits difficult to
measure with accuracy on a large number of plants, is that
genetic variation is higher than with testcross performance.
However, since the correlation between lines and testcross
progenies is poor, QTLs detected for per se value are
expected to be different from the QTLs detected for test-
cross performance. In the presence of dominance, and in
the absence of epistasis, QTLs for testcross performance
are expected to be a subset of those detected with line per se
evaluation. However, as epistasis plays a different role in
the expression of genetic variability for line and testcross
performance for traits related to NUE (Coque and Gallais
2008), there could be a deviation from this expected result.
Although QTLs for testcross performance are partially
dependent on the tester, the problem for both maize geneti-
cists and breeders is to know which type of material, that is
lines or testcross progenies, is the most appropriate for the
identification of QTLs having a significant impact on the
variation of NUE at hybrid level, since hybrid varieties are
used by farmers.

The objectives of the present study were thus (1) to iden-
tify, with a population of RILs evaluated for their per se
and testcross performance in different environments (N fer-
tilization and years), QTLs for NUE and related traits, espe-
cially remobilization and post-silking N-uptake, and (2) to
study coincidences of QTLs for such traits by a clustering
approach in order to study common and specific QTLs to
both types of progenies and to examine the genetic and
physiological meaning of the QTL clusters.
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Materials and methods
Plant material and experimental design

The plant material used in the present study was described
previously (Coque and Gallais 2007, 2008). It corresponds
to a set of recombinant inbred lines (RILs) derived from the
same population already studied by Bertin and Gallais
(2000), that is from the cross between the flint F2 line and
the dent line Io. Due to the variable amount of available
seeds, the size of the population studied varied according to
the year of study and type of progenies. In 2003, a set of
114 RILs was studied for per se value and 98 lines for their
testcross value with inbred line tester F252. In 2004, 218
RILs were studied for per se value and 155 for testcross
value, 155 RILs being common to both sets of lines. Due to
the logistics of '°N-labelling experimentation, the material
was only evaluated at the Station Le Moulon (Gif/Yvette,
France) over two years, 2003 and 2004. Furthermore, in
2003, two N fertilization levels were applied: for testcross
progenies, a high level (N1) with 154 kg ha=! of N fertil-
izer and a low level (NO) with 70 kg ha™". For lines which,
under favourable conditions, have a grain yield 60-70%
lower than testcross progenies, N1 was 60 kg ha~' and NO
corresponded to no application of N fertilizer. Separate tri-
als were developed for each N fertilization level. In 2004,
only one level of N fertilization was used with 145 kg/ha
for testcross progeny evaluation and 60 kg ha™! for line per
se evaluation. In both years, soil analyses showed that the
soil provided 50—60 kg ha~!. Therefore there were three
test environments for lines and for testcross progenies.
Three replicates were evaluated for each trial, with two-row
plots, 5 m long and 80 cm between rows. The plant density
was between 90,000 and 100,000 plant ha~'. As low N fer-
tilization was only studied in 2003, this experiment is
mainly considered as a replication of the experiment in a
different environment.

Traits studied

The traits studied were described in detail by Coque and
Gallais (2007, 2008). A total of 59 traits were studied.
Table 1 gives in alphabetic order the abbreviations used in
the tables or figures. They are summarized as follows
according to the stage of observations:

Traits evaluated at maturity

e grain yield (GY) and its components, kernel number
(KN), thousand kernel weight (TKW), and grain moisture
(GMoist);

e stover dry-matter per plant (StDM /pl) and whole-plant
dry-matter per plant (WpDM/pl);

e N content for grain (GNC), stover (StNC) and whole-
plant (WpNC);

e grain dry-matter per plant (GDM/pl), N-yield (GNY),
grain N-amount per plant (GN), stover N-amount per
plant (StN/pl) and whole-plant N-yield (WpNY);

e N originating from post-silking N-uptake accumulated in
the grain (NupG) and percentage of N originating from
post-silking N-uptake accumulated in the grain
(%NupG),

e percentage of plants without ear (Sterile);

e harvest index (HI = grain yield/whole-plant yield), N
harvest index (NHI = N grain yield/whole-plant N yield),
and N utilization efficiency (NU!E = (grain dry-matter
per plant/whole-plant N-amount per plant);

Traits evaluated at silking

e anthesis date (AD) and silking date (SD), and anthesis-
silking interval (ASI = silking date — anthesis date);

e whole-plant dry matter per plant (DMsilk/pl);

e N content (NCsilk) and whole-plant N yield per plant
(SilkNup/pl);

e N nutrition index (NNI) computed as the ratio of the
observed N-content to a critical N content corresponding
to the minimum N-content allowing the maximum dry-
matter yield (Lemaire and Gastal, 1997);

e N content of the ear leaf at silking + 25 days (Pro);

Traits derived by comparison of dry-matter and amounts of
N at maturity and at silking (N balance method, Coque and
Gallais 2007, 2008)

e amount and proportion of remobilized N from stover
(NremB and tremB, respectively);

e amount of post-silking N-uptake (psNup) from which %
of post-silking N-uptake (%psNup);

e amount of dry-matter accumulated between silking and
maturity (psWpDM/pl);

Traits derived from '°N labellings (Coque and Gallais
2007, 2008)

e amount (Nrem) and proportion of remobilized N (trem and
tremC) determined by '*N-labelling during the vegetative
phase, for all types of material, except for the material
evaluated at low N-input (NO) for which postsilking '>N-
uptake was not evaluated. It was thus not possible to
derive tremC corresponding to the corrected estimates of
the proportion of remobilized N (Coque and Gallais 2007);

e proportion (tG) of post-silking N-uptake allocated to ker-
nels determined by !°N-labelling just after silking; this
type of labelling was developed only for testcross prog-
eny evaluation (Coque and Gallais 2007);
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Table 1 Abbreviations in alphabetic order of the 59 traits studied

Table 1 continued

Traits Abbreviations Traits Abbreviations
% ""N-uptake for labelling %" Nup1 Visual notation at silking + 10 days Sen
at stem elongation Visual notation at silking + 45 days Senl
% SN-uptake for labelling at silking %' Nup2 Visual notation at maturity Sen?2
% N from N-uptake within grain %NupG Silking N-uptake/plant SilkNup/pl
% postsilking N-uptake %psNup Stover dry-matter yield/plant at maturity StDM/pl
Dualex on abaxial surface ABM Stover dry-matter content at maturity StbMC
Anthesis date AD Stover N content at maturity StNC
Dualex on adaxial surface ADM % of sterile plants Sterile
Anthesis-silking interval (SD-AD) ASI Stover nitrogen per plant at maturity StN/pl
Ratio CCMlag/Dualex CCM/Dualex Proportion of postsilking N-uptake tG
Chlorophyll meter at silking + 30 days CCM30D allocated to kernels
Chlorophyll meter at silking + 45 days CCM45D Thousand Kernel Weight TKW
Chlorophyll meter at silking + 15 days CCMlag Proportion of N remobilized trem
Whole-plant dry-matter/plant at silking DMsilk/pl Proportion of remobilized N (balance method) tremB
Dualex at silking + 10 days (ADM + ABM)/2 Dualex trem corrected by residual postsilking ’N-uptake tremC
Change between CCMlag and CCM30D EVOCCM Whole-plant dry-matter/plant at maturity WpDM/pl
Ear leaf GDH activity at silking + 25 days GDHSDM Whole-plant N content at maturity WpNC
at pH8 (/Dry-matter) Whole-plant N uptake at maturity WpNup
Ear leaf GDH activity at silking + 25 days GDHS8Pro Whole-plant N yield at maturity WpNY
at pHS (/Protein)
Ear leaf GDH activity at silking + 25 days GDH9DM To this list it must be added N responsiveness traits in absolute value
at pH9 (/Dry-matter) (resp) or in relative value (resp2)
Ear leaf GDH activity at silking + 25 days GDH9Pro
at pH9 (/Protein) e proportion of N uptake for >N labelling during vegeta-
Grain dry-matter/plant GDM/pl tive phase (%’°Nup1) and just after silking (%'’ Nup2);
Grain moisture GMoist
Grain nitrogen/plant GN Traits related to leaf senescence
Grain nitrogen content GNC
Grain nitrogen yield GNY e visual notation of leaf senescence at three developmental
Ear leaf GS activity at silking + 25 days GSDM stages, just after silking (Sen), around the silage stage
(/Dry-matter) (Senl) and at maturity (Sen2), with a visual notation
Ear leaf QS activity at silking + 25 days GSPro ranging from 1 to 5 (1 green, 5 completely dried);
(/Protein) e chlorophyll content in 2003, at two stages of develop-
Grain yield/m* GY ment at low N-input (20 and 35 days after silking), and in
Harvest index HI 2004, at three stages of development: 15 days (CCMlag),
Kernel number/plant KN 30days (CCM30D), and 45days after silking
Nitrogen content at silking NCsilk (CCM45D). For this measurement the CCM 200 chloro-
Nitrogen harvest index NHI phyll meter (Opti-Sciences, Hudson, USA) was used.
Nitrogen nutrition index NNI Changes in CCM value were also studied between 15
N remobilized Nrem and 30 days (EVOCCM);
N remobilized (balance method) NremB leaf senescence evaluated with a Dualex sensor developed
N from N uptake within grain NupG by Cerovic et al. (2002) that allows the estimation of the
N utilisation efficiency NUtE polyphenol content which reflects the level of chlorophyll
Ear leaf protein content at silking + 25 days Prot degradation. Polyphenol-content was measured 30 days
Postsilking N-uptake psNup after silking in 2003 at low N input and in 2004 on the leaf
Postsilking stover dry-matter psStDM/pl below the ear on its abaxial surface (ABM) and on its adax-
accumulation/plant ial surface (ADM), on five plants per plot. The final Dualex
Whole-plant dry-matter/plant psWpDM/pl measurement corresponded to the average of ABM and
accumulated after silking ADM measurement. The ratio CCM/Dualex at 30 days
Silking date SD
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after silking was also derived from these measurements.
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Due to the use of different set of RILs grown under different
environmental conditions (year and N input), QTLs were
separately detected for each of the six experimental condi-

tions in order to maximize the exploitation of the data. In
addition, QTLs were detected from pooled data of the 2003
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were detected by composite interval mapping using the

Fig. 1 Markers used for QTL detection. On the chromosome (Chr)
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Plab-QTL software (Utz and Melchinger 1995) with a
LOD =2.15. Using a permutation test (Churchill and
Doerge 1994) with 1,000 runs according to the experiment,
a LOD value between 2.15 and 2.35 corresponded to a glo-
bal risk I of 25%, a value between 2.50 and 2.92 corre-
sponded to a global risk of 10% and a value between 3.06
and 3.54 corresponded to a global risk of 5%. However, we
will only consider clusters involving at least one QTL with
a LOD > 2.5. For each QTL, a one-LOD score support
interval was used. Epistasis between detected QTLs was
studied by stepwise regression using the Plab-QTL soft-
ware. Using the Biomercator software (Arcade et al. 2004),
other QTLs detected with the same RIL population were
projected on the genetic map (1) QTLs for physiological
traits detected by Hirel etal. (2001) and Dubois et al.
(2003) and (2) QTLs for the root system detected by
Guingo et al. (1998). Therefore, it was possible to study
their coincidence with the QTLs from our study.

Study of QTL coincidences

To study coincidences of QTLs for a large number of traits,
we have used QTL meta-analysis, according to the proce-
dure proposed by Goffinet and Gerber (2000) and extended
by Veyrieras et al. (2007). This method was developed to
synthesize QTL information obtained from different inde-
pendent populations and for a given trait. In a given geno-
mic region, several models for the presence from one to n
QTL are tested on the basis of a Gaussian mixture model
with known variance. Veyrieras et al. (2007) showed that
the optimal number of clusters can be chosen by mean of
usual information based criteria (like the well-known
Akaike criterion). The Gaussian mixture framework under-
lying the method of Goffinet and Gerber (2000) and Veyri-
eras et al. (2007) has several compelling aspects, like its
robustness to non-independence of experiments, but also its
flexibility and usefulness to investigate QTL coincidences,
like a standard univariate cluster analysis. In particular,
Goffinet and Gerber (2000) suggested that their approach
could be extended to the situation corresponding to our
present study in which only one population was evaluated
but for many traits. In this situation, there is non indepen-
dence of the QTLs coinciding in a given chromosome
region. However, if confidence interval of the meta-QTL is
not considered, the simulations of Goffinet and Gerber
showed that the method is robust to the non independence
of QTLs. Their method can thus be used to study coinci-
dence of several QTLs for many traits in a given popula-
tion. In that peculiar case, the original QTL meta-analysis
purpose moves from the question “where are the actual
QTLs located?” to the question “do the observed QTLs
tend to cluster along the genome?”, that is “Are there hot
points or are the QTLs distributed at random?”. We used
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the software MetaQTL developed by Veyrieras etal.
(2007) to address this later question. Using simulations, it
has been shown that the model selected by the Akaike crite-
rion is a model with fewer clusters than expected with a
random distribution of QTLs and that this model has a very
low probability to happen by chance (Fig 2). The software
MetaQTL gives for each QTL the probability that it
belongs to a given cluster (Table 3 shows an example for
chromosome 1). A QTL was assigned to a given cluster
when its probability of belonging to this cluster was higher
than 0.75.

The software MetaQTL was applied to three sets of
QTLs: (1) all detected QTLs, (2) QTLs detected with line
per se evaluation and (3) QTL detected for testcross evalua-
tion. The clustering with all QTLs was also used to study,
for a given trait, coincidence between QTLs detected under
different environmental conditions (level of N fertilization)
and with the two types of progenies. In the following, QTL
clusters identified with all QTLs are identified by the chro-
mosome number and their rank order on the chromosome.
For example, cluster 2.3 means third cluster on chromo-
some two. In a cluster, coincidence of QTLs for two traits is
said to be positive when the allele effect from one parent
has the same sign for both QTLs, whereas coincidence is
said to be negative if the two signs are different. As differ-
ence in flowering and grain maturity earliness can greatly
affect N-uptake, remobilization, and senescence, mainly
with line per se evaluation (Coque and Gallais 2007, 2008)

0.30
0.25
0.20 -
=
g .15
o
]
& 0.10
0.05 -
0.00 - :
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of clusters given by the best model (AIC)

Fig. 2 Distribution of the number of clusters given by the best model
when the QTLs are randomly distributed along the chromosome. Case
of chromosome 6 with 78 QTLs. Using simulations, we investigate
whether the observed QTL clustering can be due to chance. QTL posi-
tions were randomly simulated along the chromosome assuming an
uniform distribution. Furthermore, for each QTL the confidence inter-
val was the same as in the data. The histogram shows the probability
that the Akaike criterion determines a given model (i.e. a number of
clusters) as the best one from 100 simulated configurations. The last
class corresponds to 15 clusters or more. The arrow points the value (8)
corresponding to the number of clusters found by applying MetaQTL
to the data (see Fig. 4 and ESM S6). The probability that it appears by
chance is very low
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we have not considered QTL clusters which involved QTL
for silking and anthesis date and kernel moisture.

Then, our approach consisted after QTLs detection for
all traits, (1) in using clustering to study coincidences
between QTLs for different traits, or for the same traits in
different environment and (2) in examining whether QTL
coincidences were consistent with already studied correla-
tions among traits and our physiological knowledge of N
metabolism (Coque and Gallais 2007, 2008).

Results
Clustering with all QTLs

With a LOD > 2.15 a total of 608 QTLs were detected by
separate evaluation of the 59 traits under three environmen-
tal conditions (2003 NO, 2003 N1, 2004 N1) and with the
two genetic backgrounds, line and testcross progenies
(Table 2). The study of coincidences between all detected
QTLs for a LOD > 2.15 showed the occurrence of 72 dis-
tinct QTL clusters, with an average of 8.4 QTLs per cluster
(with a variation between one and 28 for cluster 6 on chro-
mosome 8) (Figs. 3, 4; Table 4). Among all detected QTLs,
68.4% were affected nearly unambiguously to the clusters,
that is with a probability higher than 0.98, 86% were
affected to the clusters with a probability higher than 0.89
and 93.8% were affected to the clusters with a probability
higher than 0.74 (see Table 3 for clusters on chromosome
1). Therefore, with this last probability, few QTLs were
common to two or more clusters (6.2%, 38/608). Only
seven QTLs were isolated. This led to 65 clusters grouping
at least two QTLs. Twenty-nine clusters were involved in
flowering or maturity earliness. The consideration of a
LOD > 2.5 led to the detection of 367 QTLs. However,
there results the disappearance of only six clusters either
because LODs of the grouped QTLs were lower than 2.5 or
because some clusters were grouped together (see ESM
S11-S20). Furthermore, it appeared that for clusters group-
ing more than three QTLs, at least one was with a LOD

higher than 2.5. In what follows we consider clusters deter-
mined with LOD > 2.15.

QTLs and clusters for line per se and testcross performance

The number of QTLs detected for lines and testcross prog-
enies was slightly higher for lines (328, i.e. 53.9%) than
for testcross progenies (280, i.e. 46.1%). In 2003, at low
N-input there were significantly more QTLs detected in
lines than in testcross progenies (62.3 vs. 37.6%), whereas
at high N-input their proportions were 56.5 and 43.4%,
respectively. In 2004, the numbers of QTLs detected with
lines and with hybrids were very similar. Many QTLs were
detected only for a given material and a given environmen-
tal condition (year and N level). With line per se evalua-
tion, 24.3% (38/156) of detected QTLs were common to
NO and N1, with more QTLs being specific for low N-
input (46.1%) compared to high N-input (29.5%). For test-
cross progenies only 13.3% of the detected QTLs were
common to low and high N-input and about the same num-
ber of QTLs appeared to be specific for low and high N-
input conditions. Out of 47 QTLs detected for N respon-
sive traits, 28 QTLs were detected for testcross evaluation
and 19 for line per se evaluation. For all traits studied, very
few QTLs were common to line and testcross evaluation
(7.6%), that is, for a given trait, QTLs for lines were gener-
ally distinct from QTLs for testcross progenies. More
QTLs were common to high and low N input than to lines
and testcross progenies. Epistasis among detected QTLs
was not significant. Indeed, considering only grain yield,
grain N-yield, N-remobilization, N-uptake, GS and GDH
activities, representing 16 traits and 202 QTLs, only six
significant cases of QTL x QTL epistasis out of 223 tests
were detected (data not shown). With a LOD > 2.5, the
conclusions about the distribution of QTLs among lines or
testcross progenies were nearly the same: 54.8% of the
detected QTLs for line per se evaluation and 45.2% for
testcross evaluation. With this LOD threshold, only 11
QTLs were common to line and testcross evaluation, that
is 3% of the detected QTLs.

Table 2 Number of QTLs with LOD > 2.15 detected according to the year and N-condition

2003 2004 2003 + 2004 Total

Low N-input High N-input Responsiveness High N-input High N-input
Lines 91 65 19 92% 61 328 (53.9%)
Testcross progenies 55 50 28 99* 48 280 (46%)
Total 146 115 47 191 109 608
Common QTLs" 8 6 4 20 8 46 (7.6%)

# Including physiological traits

b For the same traits
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Fig. 3 An example (for chromosome 1) of the result of QTL cluster-
ing by the use of MetaQTL software developed by Veyrieras et al.
(2007). Each QTL is represented by its confidence interval. The name
of the QTL is composed of two parts, (1) the name of the experiment:
L for line per se evaluation, 7 for testcross evaluation, NO low N-input
2003, N1 high N-input 2003, 04 high N-input 2004, m mean for high
N-input 2003 and 2004, and (2) the trait acromnym followed between
brackets by the sign of the allele effect, with reference to the allele from
parent lo. resp and resp2 refer to N-responsiveness for the trait whose
the abbreviation follows. See Table 1 for the meaning of trait acronyms.

When considering separately QTL clustering from line
per se and testcross evaluation, it appears that the corre-
sponding clusters were subsets of the set of clusters
detected with all QTL considered simultaneously (Table 4).
Among the 65 clusters with at least two QTLs, 48 (73.8%)
were common to both lines and testcross progenies, nine
(13.8%) were specific to lines and six (9.2%) were specific
to testcross progenies.

QTLs and clusters for N-uptake and N-remobilization
Considering only post-silking N-remobilization traits, that

is amount (Nrem, NremB) and proportion (trem, tremB,
trem(C) of N remobilized, and N-uptake traits, that is total

@ Springer

Results for all chromosomes are given in ESM S1-S10 for LOD > 2.15
and ESM S11-S20 for LOD > 2.50. QTLs belonging to the same clus-
ter have the same colour. QTLs common to two clusters are repre-
sented with the colour of each cluster, the length of one colour segment
being proportional to the probability for the QTL of belonging to the
cluster of the same colour. Note that for chromosome 3 clusters 3, 4
and 5 are in fact overlapping, and as shown when LOD > 2.5, they can
be grouped in only one cluster. The QTL clusters for the other chromo-
somes are given in the electronic supplementary material, S1 to S10 for
LOD >2.15 and S11 to S20 for LOD > 2.49)

N-uptake (WpNup), postsilking N-uptake (psNup,
%psNup), tG, %NupG, %' Nupl, and %"’Nup2, 77 QTLs
were detected (Table5). Individual QTL explained
between 3.5 and 23.1% of phenotypic variation. A total of
43 QTLs were detected for N-uptake traits whereas 34
QTLs were detected for N-remobilization traits. However,
taking into account coincidences between the QTLs, 21
clusters were detected for traits related to N-uptake and 19
for traits related to N-remobilization. Six clusters were
common to both types of traits; three showed a negative
coincidence, whereas two showed a positive coincidence.
On average, the percentage of variance explained by each
type of QTL was the same and between 10 and 12% of the
phenotypic variance of the trait.
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with a LOD higher than 2.49. Horizontal lines separates the clusters
corresponds to a cluster involved in flowering date (silking or anthesis)

and/or in kernel moisture content. Shaded QTL names correspond to

QTLSs common to two clusters
5.3, 5.5, 5.6, 7.4 and 8.7. Cluster 2.6 corresponded to

first column for each chromosome. Cluster number with an asterisk
positive coincidences between QTLs for total N-uptake,
N-remobilization, grain yields and kernel number with line

and resp2 refer to N-responsiveness for the trait whose the abbrevia-
which are numbered per chromosome. Their number is given in the

idences for

ive coinci

the two traits. They include clusters 2.6, 3.3-4-5, 4.2, 4.6,

ing. Name of the QTL is given on the chromosome (Chr) left whereas
its position in cM is given on chromosome right. The name of the QTL
Several clusters involving QTLs for N-uptake also con-

is composed of two parts (1) the name of the experiment; L line per se
evaluation, 7 testcross evaluation, NO low N-input 2003, N/ high N-in-

Fig. 4 Location of the QTLs detected and result of the QTL cluster-
put 2003, 04 high N-input 2004, m mean for high N-input 2003 and
2004, and (2) the acronym of the trait followed between brackets by the
sign of the allele effect, with reference to the allele from parent lo. resp

tained QTLs for grain yield, with posit
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Table 3 Results of QTL assignment to the clusters for chromosome 1 by the use of MetaQTL (associated with Fig 3)

QTL name Observed Predicted Contribution of the QTLs to the cluster
position position

Cl1 Cl2 Cl3 Cl4 Cl5 Cl6 C17 Cl8 Cl9 Cl10

Lm-GNY(+)_1 18 27.09 1 0 0 0 0 0 0 0 0 0
TNO-Sen2(—)_ 30 27.09 1 0 0 0 0 0 0 0 0 0
L04-GNY +)_1 18 27.09 1 0 0 0 0 0 0 0 0 0
TNI1-Sen2(—)_ 30 27.09 1 0 0 0 0 0 0 0 0 0
L04-GY(+)_1 18 27.09 1 0 0 0 0 0 0 0 0 0
TNO-SD(+)_1 30 27.46 0.98 0.02 0 0 0 0 0 0 0 0
LNO-Sen(+)_ 36 33.79 0.64 0.36 0 0 0 0 0 0 0 0
LNI-Sen(+)_ 38 43.66 0.11 0.89 0 0 0 0 0 0 0 0
LNO-NCsilk(—)_1 52 45.71 0 1 0 0 0 0 0 0 0 0
TNI1-Senl(+)_ 50 45.71 0 1 0 0 0 0 0 0 0 0
LNO-GMoist(+)_1 46 45.71 0 1 0 0 0 0 0 0 0 0
Lm-GMoist(+)_2 46 45.71 0 1 0 0 0 0 0 0 0 0
Tm-GMoist(+)_1 70 74.17 0 0.08 0.91 0 0 0 0 0 0 0
LNO-Sen2(—)_1 64 76.54 0 0.03 0.97 0 0 0 0 0 0 0
TNI1-GMoist(+)_ 84 77.49 0 0 1 0 0 0 0 0 0 0
TNO-GMoist(+)_3 80 77.49 0 0 1 0 0 0 0 0 0 0
LNO-DUALEX(—)_1 78 77.49 0 0 1 0 0 0 0 0 0 0
LNO-GNC(—)_1 72 77.49 0 0 1 0 0 0 0 0 0 0
L04-GDH8Pro(+)_2 86 78.15 0 0 0.98 0.02 0 0 0 0 0 0
TNO-SD(+)_3 88 80.81 0 0 0.9 0.1 0 0 0 0 0 0
L04-GMoist(+)_2 88 84.79 0 0 0.78 0.22 0 0 0 0 0 0
T04-AD(+)_3 114 110.67 0 0 0 1 0 0 0 0 0 0
TNO-KN/pl(+)_1 110 110.67 0 0 0 1 0 0 0 0 0 0
T04-SD(+)_3 118 110.67 0 0 0 1 0 0 0 0 0 0
L04-AD(+)_3 106 110.67 0 0 0 1 0 0 0 0 0 0
L04-SD(+)_2 120 110.67 0 0 0 1 0 0 0 0 0 0
LN1-%15Nupl(+)_ 110 110.67 0 0 0 1 0 0 0 0 0 0
T04-TKW(—)_2 110 110.67 0 0 0 1 0 0 0 0 0 0
L04-GDHO9Pro(—)_1 104 110.67 0 0 0 1 0 0 0 0 0 0
L04-TKW(—)_2 146 155.32 0 0 0 0 1 0 0 0 0 0
TNO-KN/pl(+)_2 148 155.32 0 0 0 0 1 0 0 0 0 0
T04-KN/pl(+)_4 148 155.32 0 0 0 0 1 0 0 0 0 0
T04-TG(+)_ 156 155.32 0 0 0 0 1 0 0 0 0 0
T04-GY(+)_3 146 155.32 0 0 0 0 1 0 0 0 0 0
LNO-ADM1(—)_ 160 156.32 0 0 0 0 0.94 0.06 0 0 0 0
Tm-ASI(+)_ 160 156.32 0 0 0 0 0.94 0.06 0 0 0 0
TNI1-SD(+)_3 162 157.65 0 0 0 0 0.86 0.14 0 0 0 0
L04-Sen2(—)_ 170 166.74 0 0 0 0 0.21 0.78 0 0 0 0
Tresp2_ASI(—)_ 178 170.5 0 0 0 0 0 0.98 0.01 0 0 0
Lm-Sen2(—)_ 174 170.89 0 0 0 0 0.08 0.91 0.01 0 0 0
T04-GDH8DM(—)_3 168 171.12 0 0 0 0 0.05 0.95 0 0 0 0
LNI1-Sen2(—)_2 178 174.3 0 0 0 0 0.01 0.97 0.03 0 0 0
LNO-GMoist(+)_4 198 198.51 0 0 0 0 0 0 1 0 0 0
LN1-GMoist(+)_3 200 198.51 0 0 0 0 0 0 1 0 0 0
TNI1-AD(+)_3 198 198.51 0 0 0 0 0 0 1 0 0 0
TNO-AD(+)_3 198 198.51 0 0 0 0 0 0 1 0 0 0
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Table 3 continued
QTL name Observed Predicted Contribution of the QTLs to the cluster

position position

Cl1 Cl2 Cl3 Cl4 Cl5 Cl6 C17 Cl8 Cl19 Cl10

Lm-GMoist(+)_4 200 198.51 0 0 0 0 0 0 1 0 0 0
LN1-Senl(—)_2 190 198.51 0 0 0 0 0 0 1 0 0 0
LNO-Sen2(—)_5 192 198.51 0 0 0 0 0 0 1 0 0 0
TN1-TremC(—)_ 202 198.71 0 0 0 0 0 0 0.99 0.01 0 0
LN1-AD(+)_5 196 198.71 0 0 0 0 0 0 0.99 0.01 0 0
LNO-AD(+)_6 206 200.9 0 0 0 0 0 0 0.88 0.12 0 0
TO4-NNI(+)_ 208 204.47 0 0 0 0 0 0 0.7 0.3 0 0
Lm-HI(+)_ 216 218.39 0 0 0 0 0 0 0 1 0 0
LN1-AD(—)_ 226 218.39 0 0 0 0 0 0 0 1 0 0
LN1-ASI(—)_2 220 218.39 0 0 0 0 0 0 0 1 0 0
LO4-NNI(+)_3 220 218.39 0 0 0 0 0 0 0 1 0 0
Lm-Trem(+)_ 216 218.39 0 0 0 0 0 0 0 1 0 0
Lm-GDM/pl(+)_ 218 218.39 0 0 0 0 0 0 0 1 0 0
Lresp2_ASI(+)_ 230 231.78 0 0 0 0 0 0 0 0.44 0.56 0
TNO-SD(+)_5 242 242.06 0 0 0 0 0 0 0 0.01 0.99 0
L04-AD(+)_4 240 242.3 0 0 0 0 0 0 0 0 1 0
L04-SD(+)_4 238 242.3 0 0 0 0 0 0 0 0 1 0
Lresp2_Trem(—)_ 244 242.3 0 0 0 0 0 0 0 0 1 0
Lm-SD(+)_4 242 242.3 0 0 0 0 0 0 0 0 1 0
LN1-AD(+)_6 242 242.3 0 0 0 0 0 0 0 0 1 0
Lm-AD(+)_5 242 242.3 0 0 0 0 0 0 0 0 1 0
TNO-DMsilk/pl(+)_3 246 242.3 0 0 0 0 0 0 0 0 1 0
Lresp2_Nrem(—)_ 242 242.3 0 0 0 0 0 0 0 0 1 0
T04-GDH8DM(—)_1 240 242.3 0 0 0 0 0 0 0 0 1 0
TNO-CCMlag(—)_4 254 249.53 0 0 0 0 0 0 0 0 0.69 0.31
TN1-WpDM/pl(+)_3 256 259.33 0 0 0 0 0 0 0 0 0.27 0.73
Tm-GNC(—)_2 262 265.4 0 0 0 0 0 0 0 0 0.01 0.99
LNO-GDM/pl(—)_ 264 265.63 0 0 0 0 0 0 0 0 0 1
LNO-GN/pl(—)_ 266 265.63 0 0 0 0 0 0 0 0 0 1
L0O4-Nrem(—)_ 268 265.63 0 0 0 0 0 0 0 0 0 1

The name of the QTL is composed of two parts (1) the name of the experiment; L line per se evaluation, 7 testcross evaluation, NO low N-input
2003, N1 high N-input 2003, 04 high N-input 2004, m mean for high N-input 2003 and 2004, and (2) the acronym of the trait followed between
brackets by the sign of the allele effect, with reference to the allele from parent Io. The QTL contribution to the cluster is the probability for a QTL

of belonging to a given cluster

per se evaluation. One coinciding QTL explained 16% of
the phenotypic variation for grain yield at high N-input
while another explained 12.5% of the variation for the
amount of N remobilized. Clusters 3.3, 3.4 and 3.5 (which
were very close to each other) were involved in controlling
the amount of N taken up after silking, total N-uptake (with
a QTL showing a 1 = 23%), grain yield, grain N-yield and
kernel number with line per se evaluation, with the favour-
able allele coming from parent Io for all traits. Cluster
4.2 was involved in the control of genetic variation for
ISN-uptake (%°NupI), grain yield and kernel weight with
a favourable effect of the allele coming from parent F2.
Cluster 4.6 was involved in the control of genetic variation

for total N-uptake, grain yield and kernel weight, with the
favourable allele coming from parent F2. Cluster 5.3 was
involved in the control of % N in the kernels originating
from N-uptake, grain yield and kernel weight (with line per
se evaluation) with the favourable allele coming from par-
ent To. Cluster 5.5 corresponded to QTLs for N-uptake,
grain yield, and kernel weight. Cluster 5.6 corresponds to
QTLs for total N-uptake, grain yield, NU?E, and the amount
of N remobilized, the allele from parent Io being favour-
able. Cluster 7.4 corresponded to QTLs involved in total N-
uptake, proportion of N remobilized, senescence and grain
yield, with the F2 allele favouring N-remobilization, HI and
NHI, but being unfavourable for total N-uptake and grain
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Table 4 Clusters identified by MetaQTL by using (1) all detected QTLs, (2) QTLs detected only with lines (lines), and (3) QTLs detected only

with testcross progenies (tc)

Chromosome 1 Chromosome 2

Chromosome 3

Chromosome 4

Chromosome 5

Cluster  AllIQTLs lines tc Cluster  AllQTLs lines tc  Cluster AlIQTLs lines tc  Cluster AllQTLs lines tc  Cluster AllQTLs lines tc
Cl1.1 271 18 30 Cl21 0.5 0.6 04 CI31 0 0 X Cl4.1 21 X 18 ClI51 36.7 375 342
Cl1.2 457 43.7 50.2 Cl2.2 34.8 364 328 Cl3.2 71.3 748 642 Cl42 85.8 86.7 785 Cl5.2 62.9 62.7 719
Cl1.3 775 72.9 821 Cl23 83.6 74 81 Cl 3.3 96 95.1 97.6 Cl4.3 107.9 109.8 106.6 CI5.3 93.1 93.5 X
Cl14 110.7 109 113 Cl24 96 X 96 Cl34 102 1023 100 Cl4.4 133.6 X 135.8 Cl5.4 103.4 102.2 106.9
Cl15 155.3 147 153 Cl25 104 100.4 105.8 CI35 102 1023 100 Cl45 166 166.6 165.4 CI5.5 1256 1256 126
Cl1.6 170 169 173 Cl26 120.7 120.6 X Cl 3.6 126.7 129.8 1279 Cl4.6 180.5 180.5 1826 Cl5.6 137.5 139.2 X
Cl1.7 198 197 2016 Cl27 128.5 1276 134 CI3.7 153.9 153 1539 Cl4.7 208 208 X Cl5.7 168.6 168.3 170
Cl1.8 218 219 X Cl2.8 164.3 164 X Cl3.8 192 192 X Cl5.8 188.6 188.1 190
Cl1.9 242 241 250 Cl29 182 175 185.9 Cl5.9 206 X 206
Cl1.10 269 266 X Cl5.10 221.7 X 220
Cl5.11 229 229.6 230
Chromosome 6 Chromosome 7 Chromosome 8 Chromosome 9 Chromosome 10
Cluster  AllQTLs lines tc Cluster  AllQTLs lines tc Cluster  AllQTLs lines tc Cluster  AllQTLs lines tc Cluster AllQTLs lines tc
Cl6.1 13.1 12 148 CI7.1 1.1 0 0 Cl8.1 21.9 273 202 Cl91 2.8 0 18 Cl10.1 0.5 X 0.5
Cle.2 39.5 40.1 X Cl7.2 26 X 30 Cl8.2 59.9 595 615 Cl9.2 38 38.6 36 Cl10.2 30 30 X
Cl6.3 92.8 X 928 ClI7.3 63.3 54 64.9 Cl8.3 88.2 88.6 X Cl9.3 50.3 51.1 50 Cl10.3 53.8 56 52.5
Cle.4 126.4 119 1273 CI74 90.6 919 90.1 Cl84 95 X 932 Cl94 84 86.7 79.8 Cl104 74.3 X 73.4
Cl6.5 145.4 1446 156 Cl7.5 107.5 106 108.7 ClI85 119 120.4 X Cl95 146.3 157 134 Cl10.5 91.6 86.5 91.2
Cl6.6 177 1753 176.4 Cl7.6 147.2 X 1472 Cl8.6 136.8 150 136.4 Cl10.6 118.1 128 1156
Cle.7 194 187.7 X Cl8.7 194.2 190 194.6
Cle.8 206.1 206.6 205

For each cluster the estimated average position is given in cM for each set of QTLs. The shaded clusters correspond to largely overlapping clusters
which can be considered as only one cluster. Numbers in italics correspond to only one QTL. X means that there was no QTLs in this cluster for

the type of material considered (lines or testcross progenies)

N-yield in testcross progenies. Cluster 8.7 was involved in
controlling the variation in total N-uptake, leaf greenness
and kernel weight with the favourable allele (high N-
uptake, stay-green phenotype and high kernel weight) com-
ing from parent lo.

As far as QTLs for N-uptake and remobilization evalu-
ated by '’N-labelling are considered, only two QTLs were
detected by testcross evaluation for the proportion of SN
taken up after silking allocated to the kernels. One was
located on chromosome 1 at 156 cM with a LOD of 2.8
(2004 data), and the other on chromosome 8 at 82 ¢cM with
a LOD of 2.4 (2003 + 2004 data). For the proportion of N
remobilized, 20 QTLs were detected, leading to the detec-
tion of 12 chromosome regions or clusters (Table 3).
Among these 12 regions only one was detected both by the
N balance method and by the 'N-labelling method. Three
regions were specific for the N balance method, whereas 8
regions were specific for the '’N-labelling method. As a
consequence, among the 13 regions detected for the amount
of N remobilized, only two of them were found with both
methods.

Clusters involving QTLs for root architecture

Several clusters involved QTLs for the root architecture
detected by Guingo et al. (1998) with the same population.
In cluster 2.6 there was a QTL for a deep and thin root sys-
tem coinciding positively with QTLs for total N-uptake and
N-remobilization. Cluster 3.7 showed coincidence between
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a QTL for the number of secondary roots and QTLs for
NUE, kernel number (positive coincidence), and senes-
cence (SEN2 and ADM, with a negative coincidence), the
favourable allele (high NU!E, high kernel number and
“stay-green” phenotype) coming from parent Io. In cluster
4.2 there was a coincidence between a QTL for the struc-
ture of the root system and QTLs for !*N-uptake
(%]5Nup]), with a favourable effect of the allele coming
from parent F2. Cluster 4.6 involved a QTL for the density
of the root system in the topmost layer of the soil surface
with a QTL for root traits exhibiting a strong effect
(2 = 20%), the favourable allele coming from F2 (Guingo
et al. 1998); this cluster also included QTLs for total N-
uptake, grain yield and kernel weight, with the favourable
allele also coming from parent F2. In cluster 5.1 there was a
coincidence between a QTL for root diameter and superfi-
cial root system coinciding negatively with a QTL for N-
uptake, and positively with a QTL for N-remobilization.
Cluster 5.4 was one the main regions identified by Guingo
et al. (1998) as being involved in the control of variation of
traits related to the structure of the root system. It corre-
sponded to a QTL for grain yield (> = 13.8%) detected
with testcross evaluation at high N-input. Cluster 5.5
grouped QTLs for the diameter of the roots, with the
favourable allele coming from parent Io (large root diame-
ter and superficial roots) and QTLs for grain yield, kernel
weight, N-uptake and remobilization. In cluster 5.6
detected only with line per se evaluation, there was a QTL
for root diameter coinciding with QTLs for total N-uptake,
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Table 5 QTLs detected for grain N-yield (GNY), N-utilization efficiency (NU?E), N-remobilization (trem, Nrem) and N-uptake (Nup, %Nup, psN-
up, 1G, %NupG, ">Nup)

Chr pos posl pos2 LOD r? Coincidences between QTL Cluster
chl 18 6 20 23 1293 Lm-GNY(+) L04-GNY(+) 1.1
chl 110 102 116 247 958 LNI-15Nupl(+) 1.4
chl 156 152 168 277  6.52 T04-1G(+) 15
chl 202 190 212 218 991 TNIl-tremC(—) 1.7
chl 216 210 222 2.5 1134 Lm-trem(+) 1.8
ch2 120 112 124 3.3 1128 LNO-WpNup(+) LNI-WpNup(+)  LNI1-%psNup(+) 2.5
ch2 128 122 130 2.6 1543 LNI-GNY(-) Lm-Nrem(—) 2.6
ch2 176 166 192 227 897 TNI-Nrem(—) 2.8
ch3 78 70 80 3 841 L0O4-GNY(+) 32
ch3 96 92 104 3.07 2312 Lm-WpNup(+)  Lm-psNup(+) LNO-WpNup(+)  LNO-%psNup(+) LNO-psNup(+) 3.3
ch3 106 102 116 2.84 17.69 Lm-GNY(+) LNI-GNY(+) 35
ch3 148 136 158 245 578 TO04-NUE(+) 3.7
ch3 192 18 192 2.6  6.88 L04-Nrem(+) 3.8
ch4 80 72 84 235 11.06 TNI-15Nupl(—) 42
chd 110 106 118 328 12.47 LNO-psNup(—)  Lm-%psNup LNO-%psNup(—)  T04-GNY(—) 4.3
ch4 182 176 202 242  3.53 T04-WpNup(—) 4.6
chS 44 32 56 475 16.64 L04-%psNup(—)  T04-tremC(+) Lm-psNup(—) Lm-%opsNup(—) 5.1
L04-%psNup(—) LO4-NremB(+)  Lm-%NupG(—)  L04-%NupG
ch5 94 90 100 237 11.78 LNO0-%NupG(+) 5.3
ch5 118 106 126 234  9.32 LNI-Nrem(+) L04-WpNup(+) 5.5
ch5 142 134 158 322 19.49 Lm-Nrem(+) Lm-NremB(+) LNI-NUE(+) LNI-GNY(+) LNO-WpNup(+) 5.7
chs 194 186 204 2.64 7.9  LO4-Nrem(+) 5.8
ch5 228 216 230 225 9.01 LNI-psNup(+)  LNI1-%psNup(+) 5.11
ch6 38 30 50 285 84 Lm-%NupG(+) 6.2
ch6 114 102 128 216  9.66 TNIl-tremB(—) 6.4
ch6 144 134 154 249 11.94 Lm-WpNup(+) 6.5
ch6 184 174 194 3.62 13.82 LNI-tremB(—) LNO-NUE(—) LNI-NremB(—)  LNI-%NupG(+) 6.6
ch7 0 0 6 229 823 LNO-WpNup(+) 7.1
ch7 14 2 28 218  6.89 TO4-NUE(-) T04-15Nup2(—) 7.1
ch7 92 88 98 254 10.33 LO04-trem(—) TNO-GNY(+) TNO-WpNup(+) 7.2
ch7 114 100 126 243 1537 Tm-Nrem(+) 7.5
ch7 140 128 148 23 17.5  Tm-tremC(+) 7.6
ch8 60 52 62 328 124 LNO-NremB(—) LNO-Nrem(—) Tm-trem(—) LNO-tremB(—) TNI-trem(—) 8.2
ch8 82 68 114 241 1528 Tm-tG(—) 8.3
ch8 92 88 9 25 1086 LNI-GNY(-) Tm-trem(—) 8.4
ch8 134 128 136 4.37 11.5 Tm-trem(—) T04-WpNup(+)  T04-psNup(+) Tm-psNup(+) Tm-GNY(+) 8.6
Tm-Nup(+) T04-tremC(—) T04-tremB(—) Tm-tremC(—) Tm-tremB(—)

ch8 144 128 164 2.76 1729 Tm-%NupG(+)  T04-%NupG(+) Tm-%Nup(+) 8.6
ch8 188 172 196 2.67 11.11 TI-Nup(+) 8.7
ch9 18 14 24 217 11.35 TNO-15Nupl(+) 9.1
ch9 38 36 44  2.78 17.83 Lm-Nrem(+) LO4-Nrem(+) LO4-tremB(+) LO4-trem 9.2
ch9 46 44 50 24 7.33  TO4-NUE(+) 9.3
ch9 100 88 112 294 1585 LNI-GNY(+) 9.4
ch9 134 132 138 4.61 682 TNI-trem(+) 9.5
ch10 0 0 4 221 475 TO04-Nup(+) 10.1
chl0 102 86 114 248 731 T04-NremB(+) 10.5

Values given for QTL position (pos, posI and pos2 defining the confidence interval), LOD and e corresponds to the QTL given in the first column
of coincidences. The name of the QTL is composed of two parts (1) the name of the experiment; L line per se evaluation, 7 testcross evaluation,
NO low N-input 2003, N/ high N-input 2003, 04 high N-input 2004, m mean for high N-input 2003 and 2004, and (2) the acronym of the trait
followed between brackets by the sign of the allele effect, with reference to the allele from parent Io. QTL with a LOD > 2.5 are in italics
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amount of N remobilized, grain yield, and N-utilization
efficiency, the allele from parent Io being favourable for all
five traits in plants having a superficial root system.

Clusters with QTLs for ASI and NNI

Both ASI and NNI correspond to traits related to the physi-
ological state of the plant at silking. ASI is increased under
stress conditions whereas NNI is related both to the N con-
tent and the N status of the chlorophyll apparatus. Among
the nine clusters involved in the control of ASI (1.6, 1.8,
2.2,23,24, 2.6, 3.4, 3.5, 10.5), three showed a coinci-
dence with QTLs for grain N yield, a short ASI being bene-
ficial to an increase in grain N yield. The same number of
coincidences with the same sign was observed with grain
yield. However, for grain yield, two clusters showed a coin-
cidence with an opposite trend. There were no clear coinci-
dences between QTLs for ASI and QTLs for N-
remobilization and N-uptake.

Among the nine clusters involving QTLs for NN/ at sil-
king (1.7, 1.8, 2.6, 3.2, 3.5, 5.2, 5.3, 8.2, 8.5), clear coinci-
dences were observed: six positive coincidences with QTLs
for grain yield, five positive coincidences with QTLs for
grain N-yield, four positive coincidences with QTLs for
thousand kernel weight, and four positive coincidences for
QTLs for N-remobilization.

Clusters with QTLs for senescence and related traits (CCM
and Dualex measurements)

Among 20 clusters involving QTLs for senescence evalu-
ated visually, nine showed a negative coincidence between
QTLs for senescence and QTLs for N-uptake or a positive
coincidence of QTLs for N-uptake and QTLs for leaf
greenness (2.5, 3.3-3.4, 3.7, 43, 6.2, 6.5, 7.4 and 8.7).
Measurements with the chlorophyll meter (CCM) did not
show clear coincidences (positive and negative) among the
14 clusters where QTLs for CCM measurements were
found. Four clusters showed a positive coincidence
between QTLs for senescence and QTLs for grain yield, but
three clusters showed a negative coincidence. For Dualex
measurements, which provided information on the level of
chlorophyll degradation, among nine clusters involving
QTLs for Dualex measurements, three showed a negative
coincidence with QTLs for grain yield, whereas three oth-
ers showed a positive coincidence with QTLs for grain N-
content.

Clusters with QTL for GS and GDH activity
At cluster 2.4 a QTL for total leaf GS activity at the begin-

ning of the grain filling period showed a coincidence
between a QTL for ASI with a favourable effect of the allele
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coming from F2 (short ASI and high GS activity). Cluster
4.2 grouped QTLs for GS activity in the leaves of young
vegetative plants, 'N-uptake (%’°Nupl), root thinness,
grain yield and kernel weight with a favourable effect of the
allele coming from parent F2. Cluster 4.3 grouped QTLs
for leaf GS activity after silking, root GS activity in young
vegetative plants (Hirel et al. 2001), kernel weight (with a
QTL showing a ?=18% for testcross evaluation) and
senescence with the favourable allele (high-kernel weight
and stay-green) coming from parent F2. At cluster 5.4 coin-
cided a QTL for leaf GS activity in young vegetative plants,
a QTL for root system and a QTL for grain yield
(72 = 13.8%) detected with testcross evaluation at high N-
input. The allele from parent Io was simultaneously favour-
able to grain yield, leaf GS activity, and for the develop-
ment of a deep and thin root system. Cluster 8.2
corresponded to a QTL for leaf GS activity grouped with
QTLs mainly involved in controlling the variability in the
amount and proportion of N remobilized, senescence
(CCM) and kernel weight. This cluster also corresponded to
QTLs for N responsiveness of NNI (* = 12.5%). The allele
from parent F2 was favourable for N-remobilization but
unfavourable for kernel weight, CCM and GS activity.

For GDH aminating and deaminating activities, 15
QTLs corresponding to 15 clusters were detected. How-
ever, there were no clear coincidences with other QTLs.
Among six clusters, QTLs for GDH activity coincided neg-
atively with QTLs for grain yield, although the correlations
between the two traits were not significant (data not
shown). Similarly, there were negative coincidences of
QTLs for GDH activity in four clusters with QTLs for N-
uptake and in three clusters with QTLs for kernel number.
Therefore, high GDH activity appears to be rather unfa-
vourable for these two traits.

Discussion
Meaning of the clustering

The low frequency of “mix” QTLs, that are belonging to
two or three clusters, tends to show a low background noise
in the clustering analysis due to the presence of false QTLs.
Indeed, these “mix” QTLs could correspond to false QTLs.
False QTLs can also be distributed within clusters or corre-
spond to isolated QTLs which were also not very frequent.
Indeed results from simulation (Fig. 2) show that even with
random distribution of the QTLs there is still clustering.
However, the model selected by the Akaike criterion, used
in the software MetaQTL, is a model with fewer clusters
than expected with a random distribution of QTLs and this
model has a very low probability to happen by chance. An
increase in the threshold LOD values to 2.5 led to the detec-
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tion of nearly the same clusters or types of coincidences
(Fig. 4, and ESM S11 to S20). With the two LOD levels,
the non ambiguity of the clustering, that is the assignment
of QTLs to clusters with a high probability, gives some
confidence in the clustering. As a consequence, as dis-
cussed further, coincidences between two QTLs in a cluster
can thus be due to chance but it can also have a genetic and
physiological meaning. When consistent with known phys-
iological relationship between the two involved traits it can
mean pleiotropy. However, it could also be the result of
linkage between loci.

Expression of genetic variation for line per se and testcross
performance

The high proportion (73.8%) of common clusters for the
two types of progenies (lines and testcross progenies) con-
trasts with the low proportion of QTLs found to be common
to both line per se evaluation and testcross evaluation for a
given trait (7.6%). It is also worth noting that, in 2003,
more QTLs were common to both levels of N fertilization
than to lines and testcross progenies. The lack of power of
the experiments appears to be insufficient to explain such
results, because it will rather introduce noise in the cluster-
ing. In the absence of epistasis, due to the masking effect of
the dominant genes from the tester, QTLs detected with
testcross evaluation are expected to be a subset of those
detected with line per se evaluation. However, in this study,
we did not observe such a phenomenon. In several studies,
QTLs for grain yield (Beavis et al. 1994; Austin et al. 2000)
and for flowering time (Szalma et al. 2007) detected in
inbred lines were also different from those detected in
hybrids. In addition, different QTLs for heterosis and per se
value were identified for plant height (Tang et al. 2007). If
we consider the results from these previous studies and
those presented here, we can conclude that genetic variation
is expressed differently in lines and in hybrids.

To explain our results, with a large proportion of com-
mon clusters between lines and testcross progenies in spite
of different QTLs for a given trait, we formulate the
hypothesis that there are pleiotropic and epistatic QTLs
underlying the clusters identified in the present study. For a
given trait, the genetic variation could be expressed differ-
ently according to the heterozygosity of the genome due to
an interaction between QTLs and the genetic background,
that is epistasis. However, epistasis between detected QTLs
was not significant both for lines and testcross progenies.
This could be due to a lack of power of the experiment. A
greater epistasis would be expected at the level of line per
se evaluation due to the presence of a genetic load at some
loci that limits the expression of favourable genes at other
loci. However, while epistasis tested by a comparison of the
RIL population mean to the parental mean affected different

traits at the level of lines and of testcross progenies, epi-
static interactions were not more frequent for lines (Coque
and Gallais 2008). The study of Hua et al. (2003) on rice
which showed that, probably due to epistasis, QTLs for het-
erosis were different from QTLs detected for the line per se
value, further supports our hypothesis that genetic variation
is expressed differently in lines than in testcross progenies.
Similarly, genetic variation could also be expressed differ-
ently at low and high N-input mainly for testcross evalua-
tion as already shown by Bertin and Gallais (2001).
Tuberosa et al. (2002, 2007) also put forward the same
hypothesis to explain the finding that QTLs detected under
drought stress conditions were not the same as QTLs
detected under water sufficient conditions. Bouchez et al.
(2002) have also speculated that in the presence of geno-
type x environment interaction, pleiotropy could lead to the
detection of QTLs for different related traits according to
the environment. From a functional genomic point of view,
this means that genes could be regulated differently accord-
ing to their environment (physical or genetic). This is sup-
ported by several studies showing a differential gene
expression between lines and hybrids (Sun et al. 2004; Stu-
par and Springer 2006; Swanson-Wagner et al. 2006).

QTL clusters with QTLs for N utilization efficiency,
N-remobilization and N-uptake

QTLs for N-uptake coincided positively either with QTLs
for kernel number or with QTL for kernel weight. This
could be explained by the role of the putative genes control-
ling these two QTLs that may be expressed differentially at
different stages of plant development (Dubois et al. 2003;
Limami etal. 2002). Clusters (e.g. 3.2, 3.5, 4.1, 8.2)
involved in kernel number and N-uptake could correspond
to genes controlling allocation of N to the developing
embryos, just after fertilization. Indeed, these clusters also
grouped QTLs for N content or amount at silking. QTLs
involved in controlling kernel weight (e.g. 4.2, 4.6, 5.5) are
likely playing a role during the grain filling period. Some
clusters showed a positive coincidence between QTLs for
grain yield and QTLs for N-remobilization (7.5, 8.2, 9.2).
Again the coincidence can be positive with kernel number
and kernel weight, showing the role of N remobilization
just after fertilization in first determining kernel number
and then kernel size during the grain filling period. Several
clusters (5.1, 7.4, 8.6) exhibited a negative coincidence of
QTLs for N-remobilization and postsilking N-uptake. This
is consistent with the negative correlations between these
two traits already observed by Coque and Gallais (2007,
2008) which has a physiological basis through the opposite
effect of senescence on N-uptake and N-remobilization (see
below). This could be the result of pleiotropy or linkage
between loci affecting N-uptake and N-remobilization in an
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opposite way. However, some clusters grouped QTLs only
involved in the control of N-remobilization or N-uptake
and some others (2.5, 2.6, 5.5, 5.6 and 6.6) showed some
kind of break-down for the negative coincidence as they
exhibited a positive coincidence between QTLs for N-
uptake and QTLs for N-remobilization. This could corre-
spond to two linked QTLs affecting N-uptake and N-remo-
bilization in the same direction.

One of the objectives of this work was to detect QTLs
for N-remobilization and postsilking N-uptake, utilizing the
I5N-labelling technique developed by Coque and Gallais
(2007, 2008). The low number of QTLs detected for post-
silking N-uptake is consistent with the low genetic varia-
tion previously observed for this trait (Coque and Gallais,
2007). More QTLs were detected for N-remobilization with
the labelling method because ’N-translocation was esti-
mated more accurately, as already demonstrated by Coque
and Gallais (2007, 2008), thus allowing a better detection
of the genetic variability existing for this trait. Fewer QTLs
for N-remobilization were detected using the '"N-method
compared to the balance method. As predicted by the corre-
lation studies, they in fact do not evaluate the same physio-
logical processes. The balance method leads to more biased
results than the "’N-method (Gallais et al. 2006, 2007).

Clusters with QTLs for root architecture

Eight clusters showed a coincidence between root architec-
ture and traits related to N-uptake, N-remobilization and
grain yield (2.6, 3.7, 4.2, 4.6, 5.1, 5.4, 5.5, 5.6). Consider-
ing the role of root system in N-uptake, the coincidence
between QTLs for root architecture and N-uptake was
expected. The favourable allele of three clusters (2.6, 4.2,
5.4) corresponded to a deep and thin root system, able to
catch N in deep soil horizons. Three clusters correspond to
a positive association between root diameter and superficial
root development, which can be efficient for N uptake
before silking. In the case of cluster 4.6, a superficial root
system, allowing the uptake of N mostly before flowering,
could explain the association found between this trait and
the onset of leaf senescence (evaluated by the relative
change in the CCM values). Senescence is generally
induced as the result of a shortage in soil N availability.
Moreover, the overall efficiency of the root system in taking
up N depends not only on root architecture, but also on
because the availability of carbohydrates provided by pho-
tosynthesis that are necessary to maintain root activity (Tol-
ley-Henry and Raper 1991).

Clusters with QTLs for ASI and NNI

In maize, ASI is an indicator of stress (water, mineral
deficiency...) suffered by the plant (Gallais and Coque
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2005). The positive coincidence between QTLs for ASI
and QTLs for grain yield or grain N yield is consistent
with the positive correlation observed between ASI and
both grain yield and grain N yield (Gallais and Coque
2005; Coque and Gallais 2007, 2008). The coincidence
between a QTL for ASI and a QTL for GS activity (cluster
2.4) is consistent with the assumption that a short ASI
could be associated with the ability of the plant to transfer
carbon (C) and N compounds to young developing
embryos (Pan et al. 1984; Andrade et al. 2002; Echarte
et al. 2004; Gallais and Coque 2005). NNI evaluated at
silking is an indicator of both the amount of N that can be
remobilized and of the integrity of the photosynthetic
apparatus (Lemaire and Gastal 1997). The positive coinci-
dences between QTL for NNI and QTLs for grain yield,
kernel weight and N remobilization illustrates the perti-
nence of this trait. However, NNI is difficult to determine,
and cannot be replaced with enough accuracy by chloro-
phyll meter measurements at silking when studying
genetic variation of the trait. Therefore, for a fast and reli-
able determination of the plant N status, the development
of simple and affordable monitoring tools is required to
help the breeder (Hirel et al. 2007).

Clusters with QTLs for senescence

Several clusters showed positive coincidence between leaf
greenness and N-uptake (2.6, 4.3, 6.5, 8.7, 9.1) and recipro-
cally between N-remobilization and senescence (6.4, 7.4).
This type of coincidences was expected on the basis of (1)
the physiological relationship existing between the
efficiency of photosynthesis (involving a prolonged green-
ness of the leaves) and N-uptake (Coque and Gallais 2007,
2008), and (2) the relationship between senescence and
remobilization. In some clusters (3.4, 3.7, 4.1) the coinci-
dence was negative with QTLs for kernel number, which
suggests that leaf greenness plays an important role just
after ovule fertilization in limiting embryo abortion. During
this period the plant must be able to transfer N and C com-
pounds to young embryos, through efficient N-remobiliza-
tion and active photosynthesis, both processes being less
favoured in early senescing genotypes. The efficiency of
these two processes also affects grain N yield, since four
clusters showed a negative coincidence between QTLs for
senescence and QTLs for grain N yield. However, QTLs
for kernel weight and grain yield coincided negatively and
positively with QTLs for senescence in almost the same
number of clusters. This could mean that under some envi-
ronmental conditions, senescence associated with N-remo-
bilization is favourable to kernel weight and thus to grain
yield. In other situations when there is not enough N accu-
mulated in vegetative tissues, premature senescence will
lead to a decrease in N-uptake and thus in grain yield.
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Finally, it appears that under our experimental conditions
the visual notation of senescence gives more reliable results
as compared to the measurements performed with a chloro-
phyll meter or a Dualex apparatus.

Clusters with QTLs for GS and GDH activity

If we consider the coincidences between QTLs for NUE-
related traits, and QTLs for GS activity, it seems that the
enzyme could play two distinct roles. First, the coincidence
of a QTL for leaf GS activity with a QTL for N-uptake and
root architecture (cluster 4.2, 5.4) is consistent with the
anabolic role of the enzyme for N assimilation (Hirel et al.
2001). GS may also be involved during N remobilization
(cluster 4.3, 8.2). For example, on chromosome 4, coinci-
dence of QTLs for GS activity, kernel weight, and senes-
cence, at the GS locus encoding the GS isoform GS1.4
suggests that this isoform is specifically involved in con-
trolling both kernel weight and senescence through the pro-
cess of leaf protein remobilization (Vincent etal. 1997,
Martin et al. 2006). Signs of coincidences also showed that
high root GS activity in young vegetative plants and high
leaf GS activity at the beginning of the grain filling period
would be unfavourable to kernel weight as most of the N
channelled through this pathway will be used for kernel set.
However, the combination of the two GS activities could be
favourable for setting kernel number just after fertilization,
kernel weight and kernel number being traits negatively
correlated.

Although GDH is induced during leaf senescence in sev-
eral plant species (Masclaux etal. 2000; Dubois et al.
2003), we did not find any clear coincidence between QTLs
for the enzyme activities and QTLs for senescence. This
finding is not surprising if we consider that at least in
maize, the enzyme is apparently not directly involved either
in leaf senescence or in leaf N remobilization (Tercé-Lafor-
gue et al. 2004; Hirel et al. 2005a, b) but rather in response
to a stress condition (Dubois et al. 2003; Skopelitis et al.
2006).

Conclusions

Our results show that genetic variability, for the set of
traits evaluated, is expressed differently at the level of
lines and at the level of hybrids. This has two conse-
quences, one methodological for QTL detection and the
other more applied for plant breeding. From the point of
view of QTL detection, if the aim of the study is to detect
QTLs that influence agronomic performance, then the
detection must be performed at the hybrid level using testcross
progenies. From a breeding point of view, the low number

of QTLs common to line per se and testcross evaluation is
consistent with the poor correlation already observed for
most agronomic traits or traits related to N utilization
when both types of plant material were evaluated. This
means that the selection, if possible at the level of lines
must be applied only at a low intensity (Coque and Gallais
2008).

At the level of identified clusters, it is impossible to
separate pleiotropy or linkage between close loci. The res-
olution of any experimental design for the QTL detection
is generally too low to distinguish between the two situa-
tions. If the coincidences have no physiological meaning,
they can be due either to hazard or to the linkage between
QTLs controlling variation for independent traits. If the
coincidences of the QTLs for different traits are physio-
logically relevant, as found in several cases in our study,
this, added to the non ambiguity of the clustering, gives
more meaning and confidence to the clusters. It is worth
mentioning that in the same population ten of the detected
QTL clusters (2.3, 2.5, 3.2, 3.4-3.5, 4.3, 5.3, 5.5, 6.8, 8.2
and 9.2) have already been identified following a selec-
tion experiment for grain yield at low and high N-input
based on the change in the frequency of markers (Coque
and Gallais 2006).

One major result which emerges from our study, and that
confirms previous correlation studies (Coque and Gallais
2007, 2008) is the role of both leaf greenness and the struc-
ture of the root system in controlling N-uptake. The study
of coincidences between QTLs confirms the unfavourable
effect of leaf senescence on N-uptake and kernel number. It
appears possible to produce genetic material in which N-
remobilization associated with a limited degradation of pro-
teins from the photosynthetic apparatus will not occur at the
expense of N-uptake. N-remobilization can be maximized
if large amount of N is accumulated before silking. If the
accumulation of N before silking is not sufficient, it is likely
that N-remobilization will occur at the expense of a func-
tional photosynthetic apparatus. Consequently, breeding for
“stay-green” genotypes may favour N-uptake before and
after silking and thus may limit the negative effect of remo-
bilization on photosynthesis and N-uptake (Borrell and
Hammer 2000, 2001). As shown by several positive coinci-
dences between QTLs for N-uptake and QTLs for root sys-
tem traits, the other way to increase N-uptake is to breed for
a root system more efficient in terms of N-uptake (Lea and
Azevedo 2006). However, evaluating the contribution of
the root system to the plant N utilization in the field is not
easy due to the difficulty of studying the functionality of the
roots directly in the soil (Hirel etal. 2007). Therefore,
breeding for “stay-green” genotypes could be an indirect
way to improve the efficiency of the root system in captur-
ing soil N under agronomic conditions.
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