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Metabolic Profiling of Maize Mutants Deficient
for Two Glutamine Synthetase Isoenzymes
Using '"H-NMR-based Metabolomics’

Caroline Broyart,*” Jean-Xavier Fontaine,” Roland Molinié,
Dominique Cailleu,* Thérése Tercé-Laforgue,” Frédéric Dubois,’
Bertrand Hirel® and Francois Mesnard®*

ABSTRACT:

Introduction - Maize mutants deficient for the expression of two genes encoding cytosolic glutamine syntehtase (GS) isoen-
zymes GS1.3 and GS1.4 displayed reduced kernel number and kernel size, respectively, the effect of the mutation being
cumulative in the double mutant. However, at maturity, shoot biomass production was not modified in all the mutants, indi-
cating that the reaction catalysed by the enzyme is specifically involved in the control of grain yield.

Objective - To examine the physiological impact of the GS mutations on the leaf metabolic profile during the kernel filling
period, during which nitrogen is remobilised from the shoots to be further exported to the kernels.

Methodology - An 'H-NMR spectroscopy metabolomic was applied to the investigation of metabolic change of the gin1.3,
gin1.4 and gIn1.3/1.4 double mutant.

Results - In the three GS mutants, an increase in the amount of several N-containing metabolites such as asparagine, alanine,
threonine and phophatidylcholine was observed whatever the level of nitrogen fertilisation. In addition, we found an accu-
mulation of phenylalanine and tyrosine, two metabolites involved the primary steps of the phenylpropanoid pathway.
Conclusion - Changes in the metabolic profile of the GS mutants suggest that, when cytosolic GS activity is strongly reduced,
either alternative metabolic pathways participate in the reassimilation of ammonium released during leaf protein remobilisa-
tion or that premature leaf senescence is induced when kernel set and kernel filling are affected. The accumulation of phenyl-
alanine and tyrosine in the mutant plants indicates that lignin biosynthesis is altered, thus possibly affecting ear development.
Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Since the green revolution, nitrogen (N) fertilisation has been
increasingly used in agriculture to increase yield in cereals and
other coarse grain crops. Nevertheless, both to avoid pollution
by nitrate and to maintain a sufficient profit margin, farmers have
to reduce the use of N fertiliser. This can be achieved by develop-
ing crop varieties that have a better nitrogen use efficiency (NUE).
Thus, a better knowledge of the physiological basis and genetic
basis of NUE is necessary in order to improve N uptake and utili-
sation efficiency either through conventional breeding or genetic
engineering (Hirel et al., 2007). Over the last decade, it has been
put forward on a regular basis that the reaction catalysed by the
enzyme glutamine synthetase (GS; EC 6.3.1.2) is an important
step in the control of plant productivity (Andrews et al., 2004;
Gallais and Hirel, 2004; Hirel et al., 2007; Bernard and Habash,
2009). The GS enzyme catalyses an ATP-dependent conversion of
glutamate to glutamine using ammonium as a substrate.
Ammonium can be directly taken up from the soil or originates
from a variety of physiological processes such as nitrate reduc-
tion, photorespiration, amino acid interconversion and leaf
protein remobilisation (Ireland and Lea, 1999). In higher plants,
GS is represented by two isoenzymes, located either in the

cytosol (GS1) or in the plastids (GS2) (Hirel and Lea, 2001). GS2 is
encoded by a single nuclear gene per haploid genome, whereas
GS1 is encoded by a small multigene family containing up to five
genes depending on the plant species examined (Cren and Hirel,
1999). For example there are five genes encoding GS1 in
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Arabidopsis (Ishiyama et al., 2004) and maize (Hirel et al., 2005),
three genes encoding GS1 in wheat (Habash et al., 2007) and rice
(Tabuchi et al., 2005), and two genes encoding GS1 in Medicago
truncatula (Cavalho et al., 1997) and potato (Teixeira et al., 2005).
Among these different GS1 isoforms, one is localised in the
phloem whatever the plant examined (Tobin and Yamaya, 2001;
Dubois et al., 1996; Brugiere et al, 1999; Teixeira et al, 2005;
Sakurai et al., 1996; Tabuchi et al., 2005; Kichey et al., 2005; Martin
etal., 2006; Bernard et al., 2008). The phloem GS1 isoform is likely
to be involved in the synthesis of glutamine used for long-
distance transport of N-containing molecules. Another cytosolic
GS isoform, which is usually also highly expressed in root tissues,
is induced in the cytosol of the leaf parenchyma cells of C3 plants
during leaf senescence (Brugiere et al., 2000; Kichey et al., 2005;
Bernard et al., 2008). This isoform of GS1 is probably involved in
the recycling of ammonium released during leaf protein remo-
bilisation from source to sink organs (Bernard and Habash, 2009;
Masclaux et al., 2001). In a C4 plant such as maize, two of the five
genes encoding a GS1 (GIn1-3 and GIn1-4) are highly expressed
in most plant organs regardless of leaf age and environmental
conditions (Sakakibara et al., 1992; Li et al., 1993; Limami et al.,
2001; Hirel et al, 2005). Recently, it has been suggested that
GIn1-4 is involved in the reassimilation of ammonium released
during leaf protein degradation, whereas GIn1-3 plays a house-
keeping function throughout plant growth and development
(Limami et al., 2002; Hirel et al., 2005). Moreover, the importance
of GIn1-3 and GIn1-4 for maize productivity has been recently
emphasised using both forward and reverse genetic approaches
leading Martin et al. (2006) to conclude that GS1 plays a major
role in the control of kernel yield and its components but is not
involved in the control of vegetative plant biomass production
(Martin et al., 2006; Hirel et al., 2007). Preliminary physiological
analysis of maize gIn1.3, gIn1.4 and gin1.3/gIn1.4 double mutants
showed that N metabolism is altered as the result of reduced GS1
activity in leaves (Martin et al., 2006). To further investigate both
the physiological and developmental impact of the gIn1.3, gin1.4
and gln1.3/gIn1.4 knockout mutations on plant performance, we
performed a metabolomic profiling study using 'H-nuclear mag-
netic resonance (NMR) spectroscopy followed by multivariate
data analysis. This technique, which is a non-targeted analytical
method, is able to provide a wide range of information about the
metabolite content in different organs and thus on the overall
plant metabolic status in a relatively short period of time on a
large number of samples (Verpoorte et al., 2007).

Experimental
Plant material

The isolation and characterisation of maize gin1-3-, gin1-4- and gin1-
3/1-4- deficient mutants was previously described by Martin et al. (2006).
Maize mutants and wild-type (WT) plants were grown under suboptimal
N conditions (N*) or under N-limiting conditions (N°) using the growth
conditions used by Martin et al. (2006). The leaf below the ear was har-
vested at 55 days after silking. The leaf below the ear was selected since
it has been shown to provide a good indication of the source-sink transi-
tion during grain filling which corresponds to the translocation of N and
carbon assimilates from the leaf to the developing ear (Hirel et al., 2005;
Martin et al., 2005, 2006). Leaf samples were harvested between 9 and 12
a.m. and frozen in liquid N,, ground to a homogenous powder using a
grinder (MM301, Retsch, Germany), stored at —80°C and freeze-dried.
These leaf samples used for NMR analysis were the same as those used
for the molecular and physiological characterisation of the GS1 deficient
mutants of maize (Martin et al., 2006).

Metabolite extraction

Fifty milligrams of freeze-dried material were transferred to a 2 mL micro-
tube containing 1.5 mL of extraction buffer composed of 750 uL of
CH;0H-d, and 750 pL of D,0 (KH,PO, buffer, pH 6) containing trimethyl
silyl propionic acid sodium salt (TMSP-d,). The tube was shaken at room
temperature for 1T min using a vortex homogeniser, then sonicated for
25 min, and finally centrifuged at 14000 rpm at room temperature for
30 min. Six hundred microlitres of supernatant were then transferred into
a5 mm NMR tube.

NMR spectra measurements

All spectra ("H-NMR, J-resolved, TOCSY and HSQC) were recorded at 300 K
on a Bruker Avance DMX500 spectrometer operating at 500.13 MHz for
'H using a multinuclear broadband TXI 5 mm probe. CH;OH-d, was used
as the internal lock. "H NMR spectra consisted of 128 scans of 32 K data
points with a spectral width of 5208 Hz and a water suppression pulse
sequence with a relaxation delay of 2 s. The resulting 'H spectra were
manually phased and baseline-corrected, and calibrated to TMSP at
0.0 ppm, all using XWIN NMR (version 3.3, Bruker). The FID was multiplied
by an exponential weighing function corresponding to a line broadening
of 0.3 Hz prior to Fourier transformation. Two-dimensional J-resolved
NMR spectra were acquired with 1.0 s relaxation delay using 64 scans per
64 increments that were collected into 16 K data points, using spectral
widths of 5208 Hz in F2 and 50 Hz in F1. J-resolved spectra were tilted by
45° and symmetrised about F1. The TOCSY spectra were acquired using
24 scans per 512 increments that were collected into 4 K data points,
using spectral widths of 5208 Hz in both dimensions. A 2.0 s relaxation
delay and a mixing time of 60 ms were employed. The HSQC NMR spectra
were acquired with 1.0 s relaxation delay using 128 scans per 256 incre-
ments that were collected into 2 K data points, using spectral widths of
5208 Hz in F2 and 22638 Hz in F1. All 2D spectrum were calibrated at
0.0 ppm to TMSP.

Data analysis

The 'H-NMR spectra were automatically reduced to ASCII files using
MestReNova (version 5.2.5, Mestrelab Research, Santiago de Compostella,
Spain).The region between & 4.85 and § 4.75 was removed from the analy-
sis because of the residual signal of water. The residual proton signals
corresponding to CH;O0H-d, (6 3.33 to § 3.25) were also removed. Spectral
intensities were scaled to the total area and reduced to integrated regions
or ‘buckets’ of equal width (0.04 ppm) corresponding to the region of §
10.0 to 8 0.3. The generated ASClI file was imported into Microsoft EXCEL
for the addition of labels. Principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) were performed with the
SIMCA-P software (version 11.0, Umetrics, Umed, Sweden). The scaling
method for PCA was Pareto and for PLS-DA the unit-variance method was
used. Each signal identified by PLS-DA as discriminant was integrated
using MestReNova. The resulting area was used to test the significance of
the differences observed between WT and mutants by a student test
using the Excel software (Microsoft). The PLS-DA model was validated
using the permutation method through 20 applications.

Results and Discussion

Metabolites identification by one- and
two-dimensional NMR spectra

The 'H-NMR spectra of the gIn1-3, gin1-4 and gin1-3/1-4
mutants leaves were compared with those of the WT. A number
of primary and secondary metabolites were identified in the
'H-NMR spectrum (Fig. 1). All metabolites were identified by com-
parison with chemical shifts of reference compounds. The com-
plete assignments of the identified compounds signals were
carried out by 'H, J-resolved, TOCSY and HSQC spectra and with

Phytochem. Anal. 2010, 21, 102-109

Copyright © 2009 John Wiley & Sons, Ltd.

www.interscience.wiley.com/journal/pca




(@)
=

Phytochemical
Analysis

C. Broyart et al.

1716

12 11
e

7.5 7.0 65 6.0 55 5.0 45 4.0 35

#

8

,
3 2

I

| U\ |

L] LS, GSML _

.3:0.2:5.2:5.1:5-110.”

Figure 1. Representative '"H-NMR spectrum in the range of §0.5 to §8.5. (1) lleu and Leu, (2) Val, (3) Thr, (4) Ala, (5) GABA, (6) Pro, (7) Asn, (8) choline,
(9) phosphatidylcholine, (10) Gly, (11) B-glucose, (12) o~glucose, (13) sucrose, (14) fumaric acid, (15) chlorogenic acid, (16) Tyr, (17) Phe.

the comparison of reference compounds and previously reported
data (Manetti et al., 2006; Castro et al., 2008; Piccioni et al., 2009).
It was possible to identify the amino acids such as alanine (Ala),
asparagine (Asp), glycine (Gly), isoleucine (lleu), leucine (Leu),
phenyalanine (Phe), proline (Pro), threonine (Thr), tyrosine (Tyr)
and valine (Val) as well as y-aminobutyric acid (GABA). Organic
acids such as fumaric acid and carbohydrates such as sucrose and
glucose were also identified due to their anomeric signals and by
comparison with pure compounds. By analysis of J-resolved
spectra, the signals from the two trans olefinic protons of chloro-
genic acid (H-7 at 6 7.60, H-8 at § 6.35) were characterised as
described previously (Leiss et al., 2009). In the 'H-NMR spectrum

the chemical shift at § 1.34 was attributed to Thr with the help of
the TOCSY spectrum. In addition, the chemical shift of the two
protons at ¢ 3.50 and at 0 4.22 was the o-CH and B-CH, respec-
tively attributed to Thr. Moreover, phospholipids such as phos-
phatidylcholine and nitrogenous compounds like choline were
assigned with the help of HSQC. J-resolved and TOCSY spectra
allowed the differentiation of lleu and Leu. With the help of the
chemical shift at § 3.56 and the doublet at 6 1.02 (J-resolved
spectra), lleu was identified with confidence. Leu was identified
by the chemical shift at §0.96, § 9.9 thanks to J-resolved spectra
and with the chemical shift at 6 3.65 thanks to TOCSY spectra
(Table 1).

stants (Hz) (CH;0H-d,-KH,PO, in D,O; pH 6.0)

Compound
Ala 1.48 (f-CH;, d, J=7.2 Hz)

Chlorogenic acid

Table 1. Resonance assignments of metabolites identified in NMR spectra of maize with chemicals shifts (6) and coupling con-

Chemical shifts (ppm) and coupling constants (Hz)

(
o-Aminobutyric acid (GABA) 1.90 (B-CH,, m), 2.36 (0~CH,, t, J = 7.2 Hz), 3.00 (»CH,, t, J = 7.5 Hz)
Asn 2.82 (f-CH,, dd, J=17.0, 8.1 Hz), 2.95 (§-CH,, dd, J=17.0, 4.0 Hz), 3.94 (-CH, dd, J = 8.2, 4.0 Hz)
6.35 (H-8, d, J=16.0 Hz), 6.87 (H-5, d, J=8.2 Hz), 7.05 (H-6, dd, /= 8.3, 1.9 Hz), 7.13 (H-2, d,
J=19Hz),7.60 (H-7,d,J=15.9 Hz)

Choline 3.21 (CH5, s)

Fumaric acid 6.73 (H-2 and H-3, s)

B-Glucose 4.57 (H-1,d,J=7.9 H2)

o-Glucose 5.17 (H-1,d, J=3.8 H2)

Gly 3.57 (0-CH,, s)

lleu 0.95 (6-CH3, t, J=7.4 Hz), 1.02 (»*CH3 d, J= 7.0 Hz), 3.56 (-CH, d, J = 4.0 Hz)
Leu 0.96 (6-CH;, d, J = 6.6 Hz), 0.98 (§-CH;, d, J = 6.6 Hz), 3.65 (-CH, m)

Phe 7.3 to 7.4 (H-2, H-3, H-4, H-5, and H-6, m)

Phosphatidylcholine 3.27 (CHs, 5)

Pro 2.00 (y~CH,, m), 4.06 (o~CH, dd, J=8.7, 6.3 Hz)

Sucrose 4.16 (H-3 of fructose moeity, d, J = 8.6 Hz), 5.40 (H-1 of glucose moiety, d, /= 3.8 Hz)
Thr 1.34 (»CH;, d, J = 6.6 Hz), 3.50 (0~CH, d, J = 5.2 Hz), 4.22 (3-CH, m)

Tyr 6.85 (H-2 and H-6, m), 7.18 (H-3 and H-5, ring, m)

Val 1.00 (}:CHs, d, J = 7.0 Hz), 1.05 (Y-CHs, d, J = 7.0 Hz)
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Data analysis

In order to select the resonances corresponding to metabolite
content that was altered in the gin1.3, gIn1.4 and gin1.3/1.4
mutants, multivariate data analysis were performed. Indeed,
metabolomics experiments produce a large set of data. For a first
overview of metabolomic changes, multivariate analysis can deal
with a large data set by reducing the dimensionality of the
'H-NMR data. Principal component analysis is an unsupervised
method which reduces the dimensionality of a given data set by
producing new linear combinations of the original variables. PCA
allows the visualisation of trends, clustering, similarity/dissimilar-
ity among the samples, thus giving a macroscopic metabolic dif-
ferentiation within evaluated samples (Leiss et al., 2009). For this,
raw NMR data have to be bucketed in order to align the signals
and avoiding possible fluctuations. The signals in the region
between §0.3 and §10.0 were bucketed every 0.04 ppm, generat-
ing 242 discrete chemical shift regions to produce a series of
sequentially integrated regions. After residual signals from water
and methanol-d, were suppressed, 235 variables were submitted
to PCA analysis and thus reduced to a few principal components.
This explains the variation among the samples in terms of meta-
bolic changes. However, it was not possible to discriminate cor-
rectly the three GS1 mutants from the WT (data not shown),
indicating that the biological variations within the samples of the
same groups could be higher than between groups. In this case,
a supervised multivariate data analysis using covariance is
required to try to associate a group of metabolites to the muta-
tion. Partial least square discriminant analysis corresponds to
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Figure 2.

such a supervised method. In contrast to PCA, which only uses the
information of the metabolomic matrix, PLS-DA also takes into
account the matrix of the plant type. PLS-DA uses a discrete class
matrix (in this case 0 for the GS1 mutants and 1 for WT). The sepa-
ration of PLS-DA is achieved by the covariance of the two datas-
ets. With PLS-DA, the separation between WT and the three maize
GS1 mutants was considerably improved (Fig. 2A). The permuta-
tion test through 20 applications for the wild-type group (Fig. 2C)
and mutant group (Fig. 2D) validated the PLS-DA model. Indeed,
all Q2 values of permuted Y vectors were lower than the original
ones and the regression of Q2 lines intersected the y-axis at below
zero (Fig. 2C and D), indicating that the model was valid (Leiss
etal., 2009 citing Eriksson et al., 2001).

In accordance with the loading plot (Fig. 2B), Asp, sucrose,
glucose and Phe were assigned to the maize GS1 mutants by
comparison with the WT. The WT was characterised by a high
content of lleu, GABA and Pro. The t-test applied to the data
defined the statistically significant variables found between the
mutants and the WT. From the 235 'H-NMR variables 49 were
significantly different (p < 0.05). Among these variables, signals
for Asp, sucrose, glucose, Tyr, chlorogenic acid, lleu GABA and Pro,
which were identified by PLS-DA, were confirmed as differentiat-
ing significantly the two groups of samples.

Metabolite ratio analysis

Since overlapping can occurin 1D-"H-NMR spectra, data obtained
by buckets for PLS-DA analysis can be biased. Therefore,

B i

wel2|
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(A) Score plot of PLS-DA of crude extracts from maize leaves of WT(v) and cytosolic GS mutants (A). (B) Loading plot of PLS-DA in leaves

using two classes (class 0, WT; class 1, cytosolic GS mutant). Each triangle (o) represents the chemical shifts from bucketed 'H NMR data. The grey frames
show the discriminant chemical shifts of Asn, o-glucose, -glucose, sucrose, tyrosine and phenylalanine contained in cytosolic GS mutant (on the
bottom left) and lleu GABA and Pro contained in WT (on the top right). (C) and (D) represent permutation validation (20 permutations with three
components) plot for the mutant group (C) and the susceptible group (D) of PLS-DA based on "H-NMR spectra. In this validation plot R2 stands for
variance and Q2 stands for predictive ability of the model. Leaf samples were harvested at maturity on plants grown under N suboptimal conditions.
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J-resolved spectra were used to detect individualised signals of
identified discriminant metabolites. A t-test was then applied to
the area corresponding to these signals in order to determine
statistically significant signals between the three GS1 mutants
and the WT. The area was integrated and the spectra scaled
to the total area or to TMSP area using MestReNova. These
two integration methods gave the same results except for Thr,
Ala, choline and phosphatidylcholine which were found to be
discriminant with TMSP area correction. Most of the metabolites
were confirmed as significantly different (p < 0.05) in the
two groups separately (i.e. N* or N7) or together (i. e. N+ and N")
(Table 2). Those metabolites were visible on the loading plot,
where plots corresponding to the area of Thr, Ala and phospha-
tidylcholine were found in the GS1 mutants (bottom left) and a
plot corresponding to choline was found in the WT (top right),
(Fig. 2B). In addition, the same scale of variation in metabolite
content was observed between the mutants and the WT inde-
pendently of the N fertilisation regime (N* or N°), except for
fumaric acid, choline, Gly and Val, as reported in Table 2. Indeed
fumaric acid, choline and Gly contents were higher in the WT
in N*, whereas the Val content was lower in N7, which was the
opposite in the mutants.

In this study, it was possible to observe a number of differences
between the metabolic profiles of three different maize mutants
deficient for cytosolic GS (namely gin1.3, gin1.4 and gin1.3/1.4
double mutant) and the WT. This indicates that, although the two
isoforms GS1.3 and GS1.4 play a non-redundant function in the
synthesis of Glu (Martin et al., 2006), a number of metabolic func-
tions associated with ammonium assimilation are commonly
altered in the three GS mutants. These differences were assigned
to particular metabolic pathways that were likely to play a com-
pensatory role in the mutants, to circumvent the lack of GS activ-

ity in the cytosol. It has been generally observed that the enzyme
activity remains relatively high in mature leaves of maize com-
pared with younger leaves or other organs (Hirel et al., 2005;
Limami et al., 2002; Cafas et al., 2009). During grain filing, large
amounts of ammonium are released in senescing leaves presum-
ably as a result of chloroplastic protein hydrolysis (Hortensteiner
and Feller, 2002). The released ammonium is reassimilated into
GIn through the reaction catalysed by GS. In the three GS mutants
we observed a marked increase in Asp in agreement with previ-
ously published results (Martin et al., 2006; Table 2). Under stan-
dard physiological conditions, Asn rarely accumulates, unless the
plant is subjected to biotic or abiotic stresses. Large quantities of
Asn can also be produced during seed germination or when
reduced N is remobilised and transported from source to sink
organs (Lea et al., 2007). Interestingly, an accumulation of Asn
was observed previously when GS activity was impaired in the
nodules of temperate legumes (Carvalho et al., 2003; Harrison
et al., 2003; Wong et al., 2004). This result suggested that other
enzymes such as asparagine synthetase (AS; EC 6.3.5.4) play an
important role in by-passing the flux of reduced N to avoid the
accumulation of ammonium that is a prerequisite for plant sur-
vival (Fig. 3). Because the number of kernels is reduced in the GS
mutants, one cannot also rule out the possibility that premature
leaf senescence accompanied by an increase in Asn, is occurring,
thus mimicking the well-known effect of ear removal on plant
development (Christensen et al., 1981). In line with the former
hypothesis, we observed an increase in a variety of nitrogenous
compounds such as Ala, Phe, Thre, Tyr and phophatidylcholine
independently of the level of N fertilisation. The biosynthesis
of all of these compounds is also a means for storing reduced N
(Fig. 3). This observation fits with the current hypothesis that
when other sources of reduced N than GIn (usually used for long

ppm Compound
0.94-0.95 lleu

0.97-0.99 Leu

0.99-1.01 Val

1.32-1.35 Thr

1.45-1.50 Ala

1.86-1.92 GABA

1.99-2.09 Pro

2.92-2.98 Asn

3.20-3.22 Choline
3.25-3.28 Phospatidylcholine
3.54-3.59 Gly

4.56-4.60 B-Glucose
5.17-5.20 a-glucose
5.38-5.42 Sucrose
6.66-6.75 Fumaric acid
6.86-6.90 Chlorogenic acid
7.17-7.20 Tyr

7.31-7.45 Phe

Table 2. Results (ratios from the WT to the three GS mutants) of selected compound signals from 'H-NMR spectra obtained with
extracts of maize leaves situated below the ear. Plants were grown either under high N (N*) or low N (N°) fertilisation conditions
and the leaf material harvested 55 days after silking (Martin et al., 2006)

*xxx%¥ Statistically significant difference at the 0.05, 0.01, 0.001 probability levels, respectively.

Maturity
N*and N~ N* N~
1,41% 1,46%* 1,25%*
1,29 1,17 1,36**
0,76 0,48* 1,68**
0,84 0,77 0,87**
0,76 0,71% 0,69
1,68* 1,39 1,86%**
1,32%** 1,37% 1,27*
0,48* 0,30% 1,00
1,21 1,32 0,78**
0,60 0,59* 0,37**
1,09 1,54% 0,82*
0,66** 0,69 061*
0,57** 0,63 0,49*
0,67* 0,76 0,56**
1,18 1,77* 0,88
1,01 1,32% 1,05
0,48%** 0,52** 0,87
0,43** 0,36* 0,94
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Figure 3.

Metabolic pathways modified in the maize mutants deficient for cytosolic GS. Enzyme abbreviations: AAT, aspartate aminotransferase;

AS, asparagine synthetase; GDH, glutamate dehydrogenase; GOGAT, glutamate synthase; GS1, cytosolic glutamine synthethase.

distance transport in cereals (Miflin and Habash, 2002), cannot
be exported to the developing ear, both kernel set and kernel
filling are altered (Martin et al., 2006; Hirel et al., 2007).

It is worth noting that although there is an accumulation of
reduced N, as form of amino acids in the mutants, the level of Glu
as not markedly modified. It is well established that plants main-
tain their relative Glu concentration within fairly narrow limits
(Forde and Lea, 2007; Labboun et al., 2009). One can hypothesise
that the homoeostasis of Glu in maintained in the GS mutants
through the activity of metabolic pathways that are able to syn-

thesise or catabolise the amino acid. In the GST mutants, modi-
fications in the ammonium assimilatory pathway could also
involve the shikimate/arogenate pathway, as shown by the
increase in their Phe and Tyr contents (Table 2). Deamination of
Phe and Tyr, leading to the release of ammonium, is the first step
of the phenylpropanoid pathway at the origin of lignin formation
(Fig. 3). Lignification is a process during which N recycling and
thus cytosolic GS play a major role (Whetten and Sederoff, 1995;
Cénovas et al., 2007). If the GS1-3 and GS1-4 isoenzymes are
specifically expressed during ear development which requires
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the synthesis of large amounts of lignin (Reeves, 1950), the
ammonium released during this developmental process could
not be reassimilated, thus perturbing its formation. The observa-
tion that the length of the ear in the GS1 mutants is shorter is in
favour of this hypothesis (Martin et al., 2006). In conclusion, this
detailed metabolic profiling study revealed that the role of GS1
in maize for the control of kernel yield may be more complex
than originally described since ammonium can be released by a
variety of metabolic pathways both in vegetative and reproduc-
tive organs (Hirel and Lea, 2001; Cafas et al, 2009). Further
metabolomic and molecular genetic studies are therefore
required to investigate the impact of a GS1 mutation in reproduc-
tive tissues and to determine if there is a regulatory control
mechanism, mediated by the synthesis of Glu, and occurring
between the leaves and the developing ear.
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