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In low transpiring conditions, uncoupling
the BnNrt2.1 and BnNrt1.1 NO, transporters
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nitrate-signaling cascade during growth
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In plants, the nitrate transporters, NRT1.1 and NRT2.1, are mainly responsible for nitrate uptake. Intriguingly, both
nitrate transporters are located in a complementary manner in different cells layers of the mature root suggesting that
their coordination should occur during nitrate uptake and plant growth. This hypothesis was examined on 5-d-old
rape seedlings grown on agar medium supplemented with 1 or 5 mM nitrate. Seedlings were treated with increasing
potassium glutamate concentrations in order to uncouple the two nitrate transporters by inhibiting BhnNRT2.1 expression
and activity specifically. In both nitrate treatments, increasing the glutamate concentrations from 0.5 to 10 mM
induced a reduction in ®NO," uptake and an inhibition of N assimilation. The decrease in *NO," uptake was caused by
downregulation of BANRT2.1 expression but surprisingly it was not compensated by the upregulation of BANRT1.1. This
created an unprecedented physiological situation where the effects of the nitrate signal on shoot growth were solely
modulated by nitrate absorption. In these conditions, the osmotic water flow for volumetric shoot growth was mainly
dependent on active nitrate transport and nitrate signaling. This behavior was confirmed by the allometric relationships
found between changes in the root length with N and water accumulation in the shoot. These findings demonstrate
that the BANRT2.1 transporter is essential for nitrate uptake and growth, and renew the question of the respective roles
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of the NRT2.1 and NRT1.1 transporters in nitrate uptake and sensing at the whole plant level.

Introduction

Central questions regarding the coordination between nitrate
transporters and water fluxes for growth in intact plants deserve
more attention in order to improve relations between water use
efficiency (WUE) and nitrogen use efficiency (NUE)."? One
puzzle concerns the relationship between the coordination and
the functional overlap in expression and activities of nitrate trans-
porters and the developmental changes in the root and shoot dur-
ing water flow for growth and transpiration. In the 1970s a model
based on a flux-force relationship with two flow components and
two compartments was proposed to account for water flows for
growth and transpiration in relation to solute fluxes through the
roots.> This model has been intensively tested and validated in
excised roots of herbaceous and woody species using invasive
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methods such as pressure chambers.”” Thus, it has been dem-
onstrated that water transport in plants results from two mecha-
nisms: the hydraulic water flow in rapidly transpiring plants and
the osmotic water flow in slowly transpiring plants driven by
solute accumulation in the xylem.>”® However, it is possible to
create non-invasive experimental conditions on intact plants in
order to dissociate hydraulic flow from osmotic flow so that the
role of nitrate transporters in osmotic water flow during growth
can be studied. Indeed, at the whole plant level, the water balance
requires conservation of mass and may be characterized by the
following equation:’ A - T=G + H

Where A and T are the fluxes for absorption and transpiration,
G is the storage flux for growth and H is the storage flux for re-
hydration (or dehydration) corresponding to tissue capacitance.
This relationship may be simplified depending on experimental
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Figure 1. Comparison of the fresh weight shoot:root ratio in Brassica
napus seedlings treated with nitrate and nitrate-Glu for 5 d on agar
plates. (A) Effect of increasing Glu concentration on the shoot:root ratio
in 1 mM nitrate treated seedlings and control seedlings supplied with
increasing NO3' concentration. (B) Effect of increasing Glu concentration
on the shoot:root ratio in 5 mM nitrate treated seedlings and control
seedlings supplied with increasing NO," concentration. Values are the
average (+ SE) of 3-4 replicates of four seedlings each. Significant dif-
ferences between control seedlings treated with 1 or 5 mM nitrate and
nitrate-Glu treated seedlings are given for *p < 0.05; **p < 0.01 (t test).

conditions. For example, transpiration modifies water poten-
tial of plant tissues and modulates cell enlargement by turgor.'
Accordingly, when transpiration is high, growth is reduced to
zero and in such cases: A =T

During the night, when transpiration is strongly reduced,
water status of the plant is constant and capacitance is low and
constant because of the absence of large variations in hydrostatic
pressure; accordingly: A - T = G

This experimental condition, in which osmotic water flow is
predominant, has already been tested in relation to mineral nutri-
ents by supplying plants only during the night.""* Unfortunately
these studies failed to examine the changes in activity and tran-
scription of nutrient transporters such as nitrate transporters.

Furthermore, in very low or non-transpiring conditions, the
relationship can be further simplified; in this case: A = G

In this condition, the rate-limiting resistance to water flow
was the site of cell enlargement of the growing tissue because
hydraulic resistance of the roots was smaller.” In a previous study
we have created this physiological situation by using an agar Petri
dish system and by supplying oil seed rape plantlets with a large
range of external nitrate concentrations.' As expected, both the
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NRT1.1 and NRT2.1 nitrate transporters, which are involved
predominantly in nitrate uptake by plant roots, responded differ-
ently to changes in root and shoot growth in response to nitrate
availability.”"” Expression levels of BnNrt2.1 were lineatly cor-
related with variations in root length, suggesting that NRT2.1
expression adapts the nitrate uptake to plantlet growth.” In
contrast, expression levels of BnNrtl.1 in the root and shoot
were strongly increased during growth changes of the root and
shoot that were induced by increasing external nitrate concen-
trations. Thus, at a nitrate supply of between 1 and 5 mM, the
shoot surface area was increased by two, whereas the root length
was reduced 2-fold. At the same time, osmotic water flow for
shoot growth was increased twice. These results were consistent
with recent evidence that the NRT1.1 transporter is not a nitrate
transporter alone, but is also involved in nitrate sensing” and root
growth via auxin transport.? Taken together, these findings raise
questions of whether the NRT2.1 transporter is implicated in the
regulation of osmotic water flow for growth during low transpi-
ration conditions through regulation of nitrate uptake. Indeed,
localization studies with GFP and GUS activities have revealed
in rice and Arabidopsis that NRT1.1 and NRT2.1 are comple-
mentary and localized in different cell layers of the mature root.
NRT1.1 is mainly expressed in the vascular cylinder in the endo-
dermal and pericycle cell layers,">???* whereas NRT2.1 is specifi-
cally expressed in epidermal and cortical cell layers.”>*” Because
NRT2.1 has a high nitrate affinity and is inducible by nitrate, the
lack of large changes in NRT2.1 transcription compared with
NRT1.1 in low transpiring conditions when water for volumetric
expansion and nitrate inflows reached their maximum level is
very intriguing and deserves more attention."

In order to analyze whether the NRT2.1 transporter is
involved in the regulation of osmotic water flow for volumetric
growth during low transpiration conditions through regulation
of nitrate uptake and signaling, we created a new experimental
situation in which the activity and transcription of NRT2.1 were
uncoupled from those of NRT1.1. This physiological condition
was obtained by co-treating plantlets over five days with increas-
ing potassium glutamate concentrations in the presence of 1 and
5 mM nitrate. Indeed, it is well demonstrated that amino acids
(AA) such as glutamate (Glu) specifically inhibited NRT2.1
at the transcription and activity levels?®3° without modifying
NRTI.1 activity and transcription.?** Because Glu is the cen-
tral compound of nitrogen (N) metabolism in plants, such a
pharmacological treatment is questionable with regard to pos-
sible side effects on N metabolism. However, we can assume that
compared with NRT2.1 mutant analysis, such treatment may
avoid compensation mechanisms in nitrate uptake by inhibit-
ing the other redundant genes of the NRT2 family.'*'%* Both 1
and 5 mM nitrate external concentrations were chosen because
significant changes in root morphology, hydraulic conductivity
and BnINRT1.1 transcription levels were previously observed at
these concentrations." We also used a differential "N labeling
of nitrate and Glu in order to measure the uptake of nitrate and
Glu, to quantify the final N status obtained by the nitrate or
nitrate-Glu combined treatments and to analyze the compen-
sation mechanisms for the "N uptake and accumulation from
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both N forms. Nitrate accumulation in both treatments was also
measured by ion chromatography analyzes (Dionex). Nitrogen
assimilation was evaluated by quantification of individual amino
acids using ultra performance liquid chromatography (UPLC)-
based amino acid profiling.

Results

Chronic glutamate treatment strongly inhibits root growth and
to a lesser extent the shoot growth of B. napus seedlings. Under
agar plate growth conditions, Brassica napus seedlings supplied
with a large range of external KNO, concentrations from 1 to
11 mM over five days exhibited a switch in the shoot growth
relative to root growth between 1 and 5 mM (Fig. 1A; Fig. S1).
Beyond 5 mM nitrate treatment, the shoot:root ratio remained
stable (Fig. 1B). These results were consistent with previous
data obtained in the same growing conditions." This led us to
choose 1 and 5 mM nitrate concentrations as threshold values
of nitrate treatment to characterize the effects of Glu on nitrate
and osmotic water fluxes for growth. Therefore the seedlings
were co-treated over 5 d with 1 or 5 mM nitrate and increas-
ing potassium Glu concentrations. The co-treated seedlings with
varying Glu concentrations in the presence of 1 mM nitrate
showed a reduction in the shoot:root ratio (Fig. 1A), whereas the
shoot:root ratio of seedlings co-treated with 5 mM nitrate was
maintained (Fig. 1B). In both nitrate treatments, Glu induced
growth inhibition of the shoots and roots (Fig. 2A and B) and
caused a chlorotic phenotype compared with control seedlings
(data not shown). However, whatever the nitrate treatment (1 or
5 mM), Glu-induced inhibition was more significant in the roots
than in the shoots (Fig. 2A—C). The reduction in root elongation
was detectable for both nitrate treatments with the 1 mM Glu
supply (Fig. 2C). However, the root growth inhibition was more
pronounced in the nitrate-Glu co-treatment with 5mM nitrate
(Fig. 2C).

Differential N labeling of nitrate and glutamate demon-
strates that glutamate-induced growth inhibition is not caused
by a major change in N status of the seedlings. In order to
analyze the effects of the Glu and nitrate nitrogen sources on
N uptake and N status of the seedlings, differential N label-
ing of nitrate and Glu was performed. Calculation of the rela-
tive "N accumulation rate via KPNO, uptake (expressed as pg
BN.h'.root length cm™) compared with control seedlings was
examined for 1 and 5 mM nitrate treated seedlings (Fig. 3). The
BN accumulation rate was low and constant under increasing
Glu concentrations in seedlings treated with 1 mM nitrate (Fig.
3A). Because of Glu inhibition of the nitrate influx***° and the
root elongation,**¢ these results did not exclude regulation of
PNO; uptake at both the functional and structural levels. In
seedlings treated with 5 mM nitrate, the nitrate uptake rate was
significantly reduced between the Glu concentrations of 2.5 to 10
mM (Fig. 3B). However, a significant reduction in the amount
of PN accumulated per plantlet under 2.5 to 10 mM Glu was
observed for both nitrate treatments in spite of the reduction in
the root length (Fig. §2). This low level of the "NO," uptake rate

was compensated by a significant increase in the "NGlu uptake

www.landesbioscience.com

Plant Signaling & Behavior

A 200

Shoots

—
(=)
(]

ga\gc:i::

Shoot FW (mg)
[
(]

80 sk
=; mm |Control KNO;
40
@1 mM KNO; [+ai
5 mM KNO; u
0
01 25 5 10

External glutamate concentrations (mM)

w
s

? Roots

w
>

Root FW (mg)
[ o3
=

10 :é m | Control KNO,
@1 mM KNO
B5 mM KNO, |+G'“
0 :
01 25 5 10

N external glutamate concentrations (mM)

C »o
E
®1mM
: 40 * H5mM | Control NO;
= @ 1 mM KNO
= E5mM KN0§|+G'“
T, 30
=
=2
s 20
o ]
= 10
S
=
01 25 5 10

N external glutamate concentrations (mM)

Figure 2. Changes in root and shoot fresh weights in Brassica napus
seedlings treated with nitrate-Glu for 5 d on agar plates. (A) Effect of
increasing Glu concentration in 1 and 5 mM nitrate treated seedlings
on shoot fresh weight. (B) Effect of increasing Glu concentration in 1
and 5 mM nitrate treated seedlings on the root fresh weight. (C) Effect
of increasing Glu concentration in 1 and 5 mM nitrate treated seedlings
on root elongation. Values are the average (+ SE) of four replicates of
four seedlings each. Significant differences between control seedlings
treated with 1 or 5 mM nitrate and nitrate-Glu treated seedlings are
given for *p < 0.05; **p < 0.01; ***p < 0.001 (t test).

rate (Fig. 3A and B). This compensation mechanism for the "N
accumulation rate between nitrate and Glu ensured the mainte-
nance of a high N status in glutamate-treated seedlings compared
with seedlings treated with increasing concentrations of nitrate.
Hence, the results indicated that the inhibition of the shoot and
root growth induced by Glu (Fig. 2A and B) was not caused
by a quantitative change in the N status expressed as total "N
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Figure 3. °N accumulation in Brassica napus seedlings after differen-
tial labeling with K®*NO, and ®NGlu in nitrate and nitrate-Glu treated
plants grown for 5 d on agar plates. (A) Comparison of "N accumula-
tion in seedlings treated with increasing nitrate concentrations and
with increasing Glu concentrations in the presence of 1 mM nitrate.

(B) Comparison of N accumulation in seedlings treated with increas-
ing nitrate concentration and with increasing Glu concentration in the
presence of 5 mM nitrate. Values are the average (+ SE) of four batches
of four seedlings each. Data were analyzed by the nonparametric test of
Kruskall Wallis, then Mood’s median test was used to compare means or
medians. Bars sharing different letters are significantly different at p =
0.05. Significant differences between control seedlings treated with 1 or
5 mM nitrate and nitrate-Glu treated seedlings are given for *p < 0.05;
**p < 0.07; (t test).

accumulation, but more probably by a qualitative change in the
N status. This raises the question of how nitrate and Glu might
exert a control on the root and shoot growth.

In nitrate-glutamate treated seedlings, inhibition of nitrate
uptake and assimilation corresponds to distinct but concomi-
tant mechanisms. To further understand the effects of Glu on
the root and shoot growth inhibition of the seedlings, we ana-
lyzed the nitrate accumulation and assimilation in the root and
shoot tissues. Nitrate concentrations in the shoots and roots
were strongly reduced in nitrate-Glu co-treated seedlings at
high external Glu concentrations compared with control plants
(Fig. 4A and B). In 1 and 5 mM nitrate-Glu co-treated seed-
lings, a significant decrease in nitrate concentrations took place
with a Glu supply of 2.5 mM and higher (Fig. 4A and B). In

addition, the nitrate assimilation rate in the roots and shoots was
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also estimated from the nitrate concentrations and the "N accu-
mulation derived from "NO, uptake (Fig. 4C and D). The data
clearly indicated that in control seedlings the nitrate assimila-
tion mainly occurred in the shoots (Fig. 4C and D). The rate
of assimilation strongly increased from 0.5 to 5 mM nitrate and
then remained stable beyond 5 mM (Fig. 4C and D). However,
in nitrate-Glu co-treated plants, assimilation dropped with a Glu
supply of between 0.5 and 2.5 mM (Fig. 4C and D). Comparison
of the nitrate-Glu co-treatments at 1 and 5 mM nitrate showed
that this collapse was stronger in the shoots of seedlings growing
on 5 mM nitrate than in those grown on 1 mM nitrate (Fig. 4C
and D). This was probably because endogenous nitrate concen-
trations were five times higher in 5 mM nitrate treated seedlings
than in those grown at 1 mM nitrate (Fig. 4B and D). Taken
together, all these results demonstrated that the inhibition by
Glu of nitrate uptake and assimilation corresponds to distinct
but concomitant mechanisms.

The growth inhibition induced by glutamate treatment
was associated with an increase in the amounts of amino
acids, NH,* and other forms of N and a decrease in NO,". In
order to characterize the qualitative and quantitative effects of
Glu treatment on the seedling N status, partitioning of the N
forms between the different nitrogen compounds was obtained
by UPLC and ®N IRMS analyzes between treatments (Table 1).
In 1 mM nitrate-Glu co-treated seedlings, the amounts of "N
in the different N forms revealed that compared with control,
nitrate-Glu co-treatments induced a significant accumulation
of free amino acids, NH,* and other N compounds. However,
NO;, increased up to the 2.5 mM Glu treatment then decreased
at higher external concentrations (Table 1). The nitrate-Glu co-
treated seedlings at 5 mM nitrate showed an increase in amino
acids and NH,* but a progressive decline in NO," during the
increase in external Glu concentrations (Table 1). The discrep-
ancy in endogenous nitrate concentrations between the 1 and 5
mM nitrate treatments is explained by the differential decrease
induced by Glu between nitrate assimilation and nitrate uptake
(Figs. 4A and C, 3A). Indeed, inhibition of the nitrate assimila-
tion rate in the roots and aerial parts when increasing the concen-
tration of exogenous Glu was less pronounced at 1 mM than at 5
mM nitrate (Fig. 4A and C).

Moreover, a closer examination of the AA profiling data
showed that treatment with 10 mM external Glu increased the
endogenous Glu concentrations 1.8 times while it increased the
level of Gln 10 times (Figs. S3 and S4). This strong Gln accu-
mulation was observed with Glu supplies of 2.5 mM and higher
(Fig. S5) and suggested that inhibition of nitrate assimilation
caused by Glu probably occurred during its conversion from Gln
by glutamine amino transferase enzymes (GOGAT) rather than
glutamine synthase (Fig. S4). Indeed, these results are consistent
with previous studies in Arabidopsis, batley and tobacco with
Fd-glutamine amino transferase enzyme (Fd-GOGAT) mutants
or antisense lines showing an accumulation of Gln and a reduc-
tion in Glu levels.4

The treatment with glutamate upregulated BnNRT1.1 and
downregulated BnNRT2.1 expression in the roots. To further
characterize the effect of Glu on nitrate uptake, the mRNA
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Figure 4. Nitrate accumulation and estimated nitrate assimilation rate in the shoots and roots of Brassica napus seedlings supplied with nitrate and
nitrate-Glu for 5 d on agar plates. Effects of increasing nitrate concentration and increasing Glu concentration in plants supplied with 1 mM (A) and 5
mM nitrate (B) on the shoot and root nitrate concentrations. Effect of increasing nitrate concentration and increasing Glu concentration in plants sup-
plied with 1 mM (C) and 5 mM nitrate (D) on the shoot and root N assimilation rate. Values are the average (+ SE) of 4 replicates of four seedlings each.
Significant differences between control treatments with 1 or 5 mM nitrate and nitrate-Glu treatments are given for *p < 0.05; **p < 0.01; (t test). ns, not

abundance of both the Bn/NRT1.1 and BnNRT2.1 nitrate trans-
porter genes were analyzed in seedlings treated for 5 d with nitrate
and nitrate-Glu (Fig. 5). In nitrate treated seedlings, BaNRT2.1
and BnINRT1.1 transcript levels showed similar expression pat-
terns to those previously reported by Le Ny et al.'¥ in the same
growing conditions. Both genes were upregulated between nitrate
concentrations of 1 and 3.5mM (Fig. 5A). Then, between the 6
and 15 mM external nitrate concentrations, BnNRT2.1 expres-
sion was downregulated while BnNRT1.1 expression remained
higher (Fig. 5A). Moreover, nitrate induction of B#NRTI.1 tran-
script levels was always 3 to 10-fold higher than BnINRT2.1 for all
nitrate concentrations used (Fig. 5A).

A comparison of seedlings treated either with nitrate or nitrate-
Glu indicated that Glu treatment downregulated BrNRT2.1
expression but strongly upregulated BnNRTI.I expression
(Fig. 5A and B). Because the Glu supply induced a large increase
in endogenous Gln concentrations (Fig. S4) we cannot deter-
mine which of the amino acid pools (e.g., exogenous increase of
the Glu supply or endogenous increase of Gln concentrations)
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was responsible for downregulation of BnNNRT2.1 expression.
However, these results demonstrated that chronic treatment with
high Glu concentrations allows uncoupling of the B2/NRT2.1 and
BnNRTI.1 transporters at the transcriptional level. Moreover,
comparison of BnINRT2.1 nitrate transporter expression and the
BN nitrate uptake rate indicated that beyond 2.5mM, Glu treat-
ment probably repressed both the activity and transcription of
BnNRT2.1 (Figs. 3 and 5; Fig. S2). Indeed, inhibition of the
nitrate uptake rate was observed when a large increase in Gln
concentrations occurred (Figs. 3 and 5; Fig. S4). These results
were consistent with the fact that NRT2.1 transporter activity is
inhibited by endogenous or exogenous Gln concentrations.”>*
Likewise, a closer examination of seedlings treated either with
nitrate or nitrate-Glu revealed that nitrate and Glu upregulated
BnNRTI.1 expression. However, if the effects have the same
intensity level, they are completely different in nature because
the effectors are not the same (Fig. 5A and B).

The impairment of the nitrate-signaling cascade by chronic
glutamate treatment reduces the osmotic water flow and “N

€22904-5



Table 1. Comparison of N shoot partitioning in the different N nitrogen forms in Brassica napus seedlings treated with nitrate and nitrate-Glu for 5 d

on agar plates
Treatments
KNO, TmM
(mM)
1
1.5
2
3.5
6
11

Treatments
KNO, TmM

(mM)
5
5.5
6
7.5
10

15

AAtot
KNO,+Glu KNO, KNO,+Glu
Glu (mM)
306+ 1.2
0.5 291+ 1 226+2.2
1 253+19 227+12
2.5 23.8+0.6 19£0.7
5 197 £09 3414
10 235 85+ 16.5
AAtot
KNO,+Glu KNO, KNO,+Glu
Glu (mM)
11+04
0.5 9.6+0.2 11.3£03
1 10.6 £0.7 1.7 £0.1
2.5 10.7 0.7 13.4+06
5 9.8+0.4 263+ 1.7
10 109 £0.2 55.6+9

NH,*
KNO, KNO_+Glu
g. shoot-1
0.7 +0.2
0.3 £ 0.001 0.5 +£0.02
0.5+0.1 0.5+0.03
0.3 +0.01 0.4 £ 0.01
0.4 +0.04 0.8+0.1
0.3 0.7 £ 0.1
NH,*
KNO, KNO_+Glu
g. shoot
0.12 £ 0.003
0.11 £ 0.01 0.1 £0.01
0.11 £ 0.004 0.11 £ 0.01
0.11 £ 0.01 0.12 £ 0.002
0.12 £ 0.01 0.44 £ 0.05
0.11 £ 0.002 0.61 £ 0.1

KNO,

0.03 +0.02
04+0.1
23+0.2
1.7 £0.2
1.9 +£0.04
31+0.5

KNO

3
31+04
41+£0.2
20+0.3
3.7+0.3
33+0.5
48+0.5

NO_ Other N forms
KNO_+Glu KNO, KNO_,+Glu
45.8
0.1 £0.0 80.6 50.4
0.6 0.1 112.3 59.8
1.0+ 0.1 185.4 74.3
0.7 +0.1 249.6 86.1
0.2+0.1 209.9 125.2
NO, Other N forms
KNO,+Glu KNO, KNO,+Glu
222.2
41+0.1 236.1 182.9
3.8+0.5 233.3 130.5
3.2+0.1 233.0 121.6
22+0.1 195.0 157.1
11+£0.2 2594 210.5

Seedlings were treated either by increasing the K"*NO, external nitrate concentration or increasing the Glu concentration in the presence of ImM and
5mM K"NO;. Values are the average (+ SE) of four replicates of four seedlings each, with the exception of other N forms obtained from subtraction of
the sum of AA, NO, and NH,* from the total amount of accumulated 15N.
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(+ SE) of 3-5 replicates of four seedlings each. Significant differences between control seedlings treated
with 1 or 5 mM nitrate and nitrate-Glu treated seedlings are given for *p < 0.05; **p < 0.01; (t test).
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accumulation during shoot growth.
In low transpiring conditions, plant-
lets submitted to increasing external
nitrate concentrations have revealed
that the osmotic water flow for growth
is solely driven by nitrate signaling
via nitrate transporter activity." In
order to determine if Glu treatment
can modify this behavior by impair-
ment of the nitrate-signaling cascade
through BaNRT2.1 inhibition, we
examined the effects of nitrate-Glu
co-treatments on allometric relation-
ships between shoot variables (N
and water accumulation) and the
root length (Fig. 6). Comparison of
these relationships between all the
treatments confirmed the essential
role of BnINRT2.1 nitrate transport-
ers when large changes in nitrate
accumulation occurred in the shoot
(Figs. 4A and B, Fig. 6). This
behavior was perfectly illustrated by
the geometric relationship (isosceles
triangle) obtained between water
accumulation in the shoot and the
root length (Fig. 6A). This was par-

ticularly striking in control seedlings
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treated with increasing external nitrate | A~ 2.2
concentrations from 1 to 11mM. In this M 1-11mM KNO,
physiological situation, the accumulation = 2.0 O 5mM KNO,+ GLU
of water and PN were strongly correlated & %5 s ® 5.15mM KNO,
(Fig. 6A and B; F%g. S5). Th1s behavior | E o A 1mM KNO; + GLU
was also observed in the nitrate-Glu co- 2 ERY
treatment with 5 mM nitrate where reduc- gz 0.96
. . . . . S r=.u.
tion in nitrate concentrations in thc? shoot 2 % 1.4 P<0.01 r= 0,76
(Fig. 4A and B) was associated with the = — P<0.05
. . o
decline in "N and water accumulation in § 12
the tissue (Fig. 6A and B). However, this Z %
plantlet behavior disappeared when the s 10 T
relationships between water and “N were
lost, as observed for high nitrate concen- 0.8
trations from 5 to 15 mM (Fig. 6A and B;
Fig. S5). Finally, thi ic behavi 06
1g. ) 1nally, this geometric behavior 0 5 10 15 20 25 30 35 40 45
(isosceles triangle) was caused by two Glu Total root length (cm)
effects as indicated in Figure 6B: the spe-
cific inhibition by Glu of root elongation B 7 . < — =,
and the modulation of nitrate—signa[ing 6 i Root glutamate effect Root nitrate effect i z 4
1 ' =
cascade necessary for the shoot expan- = ' ' g
. . . 1 1
sion through the Glu-induced reduction 3 % 5 ' | 2
. . . . 1 [«
of nitrate absorption (Fig. 3) and nitrate £ 3 31 r—o090 ® 5-15mMKNO; | 8
C . . S & ' =0. 1-11mM KNO,; |
assimilation (Fig. 4). = & S | u 30 >
& g 4 2 : P<0.01 : &
. . =8 ° | : 2
Discussion T3] 8| r=0.92, P<0.01 : g
+~ = ! | <
S E 7 i El
. . o : : =
The aim of Glu treatment was to examine E 22 ' )
in low transpiring conditions the interac- g2 ; ! v
tion of BuNRT2.1 and BnINRTI.1 nitrate ; = 1 v ! -
transporters in the mature root in order to CH 0 | M KNO.+ GI r=0.95P<0.01 2
. ] + 1 H 53
measure the effects of coupled nitrate and Alm sTEE Root glutamate effect P g2
. . O SmM KNO;+Glu ' < > &
osmotic water flow in plantlet growth. In 1 ‘
our experimental conditions the hydrau- 0 5 10 15 20 25 30 35 40 45
lic water flow cause.d by the transpiration Total root length (cm)
stream was experimentally dissociated
from the osmotic water flow induced
by nitrate availability by using an agar Figure 6. Relationships between water, >N and nitrate accumulation in the shoots of Brassica
Petri dish system. Indeed, the high rela- napus seedlings treated with nitrate and nitrate-Glu for 5 d on agar plates. Effect of increasing
tive humidity in the Petri dishes prevents nitrate conc‘entra.tlon and increasing Glu concentration in plants sgpplled with 1 or 5 mM nltr?te
L. h lowi R on the relationship between the root length and water accumulation (A), (B) or N accumulation
transplratlon, thus allowing transpliatlon (€). Values are the average (+ SE) of 4 replicates of four seedlings each. The regression coefficient
and nitrate uptake to be separated. Two and significance for each relationship are shown.

homogeneous external concentrations of
1 and 5 mM nitrate were used to analyze
the effect of increasing external Glu concentrations on the rela-
tionship between NRT1.1 and NRT2.1 transporters in nitrate
and osmotic water flow. Indeed, we have previously shown that
both of the external nitrate concentrations used correspond to
concentrations where significant changes in root and shoot
morphology, root hydraulic conductivity and BnNRT2.1 and
BnNRTI.1 transcription levels were observed."

Chronic glutamate treatment inhibits root elongation
through a specific effect that is distinct from the nitrate signal-
ing effect. Our findings revealed that Glu inhibition of nitrate
uptake was compensated by a strong "N-Glu uptake. Although
this compensation mechanism maintained a high N status in the
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seedlings, Glu-treated seedlings were strongly impaired in their
root elongation and shoot growth. Intriguingly, the homeosta-
sis for Glu was preserved in the roots and shoots (Fig. S3) but
seedlings were unable to use this N source instead of nitrate to
restore seedling growth. These results were consistent with previ-
ous studies where the Glu pool in the root is relatively unaffected
by exogenously applied Glu.**#? In our long-term experiment,
the reduction in nitrate uptake and nitrate assimilation suggested
that Glu inhibits specifically the enzymatic activities of glutamate
synthase (GOGAT) and nitrate transporters.””“4! This did not
discount the possibility that Glu could also act as an exogenous
signal to modulate root growth through a possible interaction
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between Glu and auxin signaling.’ Indeed, the sensitivity of root
elongation in response to L-Glu treatment showed large differ-
ences between auxin mutants.” Because NRT1.1 expression is
regulated by auxin, and NRT1.1 acts also as an auxin carrier, all
these results could explain the upregulation of NRT1.1 expres-
sion induced by Glu that was observed in our experiments.?*
However, whatever the signaling effects of Glu involved in
NRT1.1 expression, our findings clearly demonstrated that the
inhibition of root elongation by Glu was a specific process dis-
tinct from the reduction in root elongation induced by nitrate
(Fig. 86). This observation is also consistent with the stimulation
by Glu of radial expansion of the root and the slender-root phe-
notype observed in rice GLR3.1 T-DNA mutant seedlings.*
Moreover, our findings contrast with a previous study reporting
that nitrate signaling mediated by the NRTI.1 nitrate trans-
porter antagonizes Glu-induced changes in the primary root
elongation of Arabidopsis seedlings.?® Indeed, in our experimen-
tal conditions, Glu reduced root elongation in low (1 mM) and
high (5 mM) external nitrate concentrations and in both cases
the Glu effect was distinct and additive to the nitrate effect,
which contrasts with previous results and conclusions (Fig. S6).
Furthermore, NRT1.1 transcription was significantly induced
instead of being reduced by nitrate-Glu treated seedlings.
Glutamate-induced reduction in nitrate uptake modulates
nitrate signaling effects on shoot growth and accordingly
reduces osmotic water flow. The co-treatments with nitrate
and Glu created an unprecedented physiological situation where
endogenous nitrate concentrations were modulated by inhibi-
tion of the nitrate uptake rate and nitrate assimilation in rela-
tion to nitrate availability. Indeed, the Glu treatments reduced
not only the nitrate uptake and accumulation but also strongly
inhibited nitrate assimilation. This physiological situation was
complementary to the pioneer works of Mark Stitt and collabo-
rators using nitrate reductase-transformants of tobacco plants
submitted to varying external nitrate concentrations.“** Indeed,
in our experimental conditions, the modulation of nitrate fluxes
and endogenous nitrate concentrations by nitrate-Glu treatments
leads to better characterization of the role of nitrate transport-
ers and nitrate signaling in both shoot and root growth. This
was demonstratively illustrated by the changes in the allome-
tric relationships between accumulation of nitrate, N, and
water with changes in the root length. The results revealed that
BnNRT?2.1 plays an essential role in the coordination of nitrate
transporters that is involved in the nitrate-signaling cascade dur-
ing shoot growth. According to previous results, in low transpir-
ing conditions shoot cell and organ enlargement is the greatest
rate-limiting resistance site to osmotic water flow.” In our exper-
imental conditions, shoot growth mainly depends on nitrate
signaling,'**® and this confirms that the cell and organ enlarge-
ment in shoots induced by nitrate is the rate-limiting step for the
osmotic water flow. Indeed, as already shown, it is the growth
processes in the cell wall that constrain turgor pressure and water
status.”? Taken together, all these results corroborated the con-
clusion that nitrate acts at first as a signal to regulate shoot and
root growth, probably via hormonal regulation rather than tur-
gor pressure.'**¢ This conclusion fits well with the acid-growth
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theory of cell elongation, where auxin causes an excretion of pro-
tons in the apoplasm causing wall loosening and cell expansion.”®
H*-ATPase energizes ion transport through a variety of second-
ary transporters and channels such as nitrate transporters, but
also potassium transporters.”*> If nitrate is involved in primary
metabolism activation, K* accumulation leads to malate synthesis
in order to increase osmoticum for cell water uptake.”® Hence,
with potassium Glu treatment, reduction in endogenous nitrate
concentrations was not compensated by the presence of high con-
centrations of K*, suggesting that the osmoticum function of K*
in cell enlargement cannot be exerted without the prior effects of
nitrate signaling on shoot growth. Furthermore, this conclusion
is also consistent with transcriptomic analyzes in Arabidopsis
showing that the synthesis and transport of hormones such as
auxin, ABA and cytokinins may be directly regulated by nitrate
or may act as an enhancer of nitrate signaling/induction in devel-
opmental changes of the shoot and root cells.” In addition, the
recent discovery that the NRT1.1 nitrate transporter also acts as
an auxin transporter in the root and facilitates auxin transport
and fine-tuning of auxin transport by nitrate is also in line with
this conclusion.?!

In low transpiring conditions, the inhibition of BANRT2.1
by glutamate treatment reveals that BANRT2.1 plays a major
role in nitrate uptake and seedling growth. A better understand-
ing of coupling between BnNRT2.1 and BnNRT1.1 transporters
in terms of structure-function related to plant growth is becom-
ing more crucial because of recent localization and functional
data on NRT1.1 and NRT2.1 nitrate transporters. Indeed, it has
been shown by using pNRT::GUS and pNRT::GFP transgenic
Arabidopsis and rice seedlings that NRT2.1 activity is mainly

242600 \whereas

expressed in the epidermis and cortical layers,
NRTL.1 activity is mainly expressed in the cellular layers of the
vascular cylinder in the mature root.>*»**¥ It has also been
clearly demonstrated that nitrate absorption takes place at the
mature root level and not at the root tip where the vascular sys-
tem is still immature.®% In this context, because NRT1.1 is not
under the control of feedback regulation exerted by downstream
metabolites such as amino acids,*# the aim of the Glu treatment
was to inhibit specifically the BnINRT2.1 transporters in order
to examine the interactions between BnNRT2.1 and BnNRTI.1
in nitrate uptake during seedling growth. Compared with the
mutant approach, we can assume that the use of this pharma-
cological strategy prevents compensatory mechanisms for nitrate
uptake caused by other transporters of the NRT2 family such
as NRT2.2.1%133 Furthermore, in amphidiploid species such as
Brassica napus where the number of NRT2 genes is probably
twice that of Arabidopsis (e.g., 14 genes), in the first instance a
pharmacological strategy was the most convenient. Our findings
revealed the essential role of the BANRT2.1 nitrate transporter in
nitrate uptake and accordingly, osmotic water flow during shoot
growth. Several lines of evidence support this assumption. First,
although NRT1.1 expression was upregulated by Glu treatment,
no compensatory effect for nitrate uptake was observed. This
result is consistent with the localization of NRT1.1 in the cel-
lular layers of the vascular cylinder®**# and suggests that the
NRT2.1 transporter will be the first involved in nitrate sensing
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and transport at the epidermal cell level in the mature root.>*%4

The high-affinity character of the NRT2.1 transporter and
the linear correlations found between induced changes in total
root length and BnINRT2.1 expression reinforced this assump-

tion.”’“"

5 Second, changes in the allometric relationships found
between the root length and PN or water accumulation in the
shoot clearly demonstrated that inhibition of NRT2.1 expression
and activity by chronic Glu treatment modifies the water status
through nitrate uptake and nitrate signaling effects on shoot
growth. Third, studies with NRT1.1 transporter mutants showed
a deregulation of NRT2.1 suggesting that coordination between
both of these transporters is essential for seedling growth in

667 Bourth, our results confirmed

response to nitrate availability.
the previous work of Orsel et al.** who reported that disruption
of the nitrate transporters, A#NRT2.1 and AzNRT2.2, restricts
growth at low external nitrate concentrations.

It remains to be elucidated why the strong expression of the
NRTI.1 gene induced by Glu treatment could not compensate
for nitrate uptake when the NRT2.1 transporter failed to func-
tion. Indeed, this suggested either that the NRT1.1 transporter
is inhibited at the posttranscriptional level or that Glu treatment
also inhibits other members of the NRT2 family involved in
compensatory mechanisms for nitrate uptake.’>* Hence, a phar-
macological study with nitrite, a specific inhibitor of NRT1.1
transcription and activity, should provide complementary
information on the coordination or compensation mechanisms
between NRT1.1 and NRT2.1 transporters for nitrate and water
fluxes during growth and a better understanding of the relation-
ships between nitrogen and water use efficiencies for the improve-
ment of crop species under low N fertilization input.

Materials and Methods

Plant material and growth conditions. The Brassica napus L.
seeds used in this study were the winter oil seed rape cultivar,
Capitol. The seeds were treated for germination according to
Leblanc et al.** and transferred to Petri dishes (12x12 cm) filled
with 50 mL of solidified agar (0.8% W/V, Sigma A-7002) cul-
ture medium. Basic medium used for seedling culture contained
0.4 mM KH,PO,, 0.15 mM K,HPO,, 1 mM K,SO,, 0.5 mM
MgSO,, 3 mM CaClz, 0.2 mM Fe-Na EDTA, 14 pM H.BO,,
5 M MnSO,, 3uM ZnSO,, 0.7 uM CuSO,, 0.7uM (NH,)
Mo, O,, and 0.1 pM CoCl,, pH 6.75. For control treatments,
this basic medium was supplemented with KNO, as the sole
nitrogen source at the concentrations indicated for each individ-
ual experiment (from 1 to 15 mM). For Glu treatments, this basic
medium was used with 1 or 5 mM KNO, and supplemented with
increasing potassium Glu concentrations (Sigma G-1501) from
0.5 to 10 mM in order to maintain a constant molarity in N
supply compared with control treatments. The Petri dishes were
half sealed with adhesive tape and placed vertically in a growth
chamber at 22°C under a 16/8 light/dark regimen with a light
intensity of 200 pmol m?s™.

Exploratory root system analyzes. Effects of nitrate and Glu
treatments on the elongation of the exploratory root system (pri-
mary and lateral roots) were measured after 5 d of each treatment.
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During harvest, the root and shoot parts of four seedlings corre-
sponding to one replicate (one agar plate) were excised. Then,
seedlings roots were washed in 1 mM CaSO, solution for 1 min
at room temperature before being placed in demineralized water
and analyzed by a WinRHIZO scan system (Regent Instruments
Inc., Canada). The mean of the total root length for each treat-
ment was estimated from 4 replicates of 4 seedlings. The root and
shoot parts of each replicate were then dried in an oven over 72h
and ground to a fine powder in an Eppendorf tube with 4 mm
diameter inox beads in an oscillating grinder (MM301 Mixer
Mill, Retsch, Haan, Germany) before stable isotope analysis by
mass spectrometry.

PNO, and “NGlutamate analyzes. N accumulation in
KPNO," and "NGlu treated seedlings was measured by "N
labeling and analyzed by stable isotope mass spectrometry
(IRMS). The culture medium was supplemented with K"NO,
or "NGlu (atom % “N: 1%). The same ratio of "NO,/“NO," or
PNGlu/"NGlu was used for the different KNO, or Glu concen-
tration treatments (from 0 to 10 mM). The total N amount
was determined for the roots and shoots. The analyzes were per-
formed using an analyzer (EA 3000, Eurovector, Milan, Italy)
coupled with an isotopic mass spectrometer (Isoprime X, GV
Instruments, Manchester, UK).

Nitrate analyzes. Anions such as nitrate and sulfate were
extracted from freeze-dried shoot and root tissues of 5 d-old
seedlings treated with the different nitrate and Glu concentra-
tions. Fifteen mg dry weight of the freeze-dried tissues were
resuspended at room temperature in 1 mL of extraction buf-
fer (H,O/alcohol (1V/1V) then extracted at 40°C over 30 min.
After centrifugation (1000 g for 20 min), the supernatant was
removed and the pellet was re-extracted under the same condi-
tions. Then the pellet was re-extracted 2 more times in 1 mL
of milliQ water over 30 min at 95°C. After the centrifuga-
tion, all the supernatants were pooled and dried under vacuum
before being suspended in 600 pL milliQQ water. The sample
concentration was optimized in 300 L before analysis by ion
chromatography using an ICS3000 analyzer (Dionex, Jouy en
Josas, France) with an IonPac AS17 hydroxide-selective anion
exchange column (Dionex). The EG40 Eluent Generator elec-
trolytically produces high purity potassium hydroxide eluent
from water, using a gradient from 12 to 40 mM. Electrolytic
and chemical suppression (ASRS300 4 mm) greatly enhanced
sensitivity (signal-to-noise ratio) by decreasing the background
conductivity of the eluent while simultaneously increas-
ing the analyte response, compared with non-suppressed ion
chromatography.

Amino acid profiling. Amino acid profiling was performed
on shoot and root material according to Beauclair et al.*® and
Renault et al.®® After extraction of amino acids with methanol-
chloroform-water and derivatization according to the AccQ¢Tag
Ultra Derivatization Kit protocol (Waters corp., Milford, USA),
amino acids were analyzed with an ACQUITY UltraPerformance
LC (UPLC) separation system (Waters corp., Milford, USA).
The amount of individual amino acid was expressed in pwmoles
per g of dry weight by reference to internal standard BABA and
to an external calibration curve for amino acids.
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Calculation of the nitrate assimilation rate and the redis-
tribution of different forms of N. The assimilation rate of
nitrate was determined from the free nitrate concentrations and
BN accumulation for each treatment. "N accumulated in the
shoot corresponded to both free and structural N. The amount
of nitrate assimilated with or without Glu treatment was calcu-
lated by subtracting the amounts of "N accumulated in the root
and shoot tissues from "NO, treatments and the free nitrate
accumulated in these organs as follows: Assimilated "NO, (g
NO,". h'.seedling”) = [amount of "NO, accumulated (pg.
seedling') —amount of free NO," (ug. seedling’x 0.23)]/120 h,
with the 0.23 factor corresponding to the proportion of N in
the molecular mass of NO,.

BNGlu utilization in the shoot was calculated from PNGlu
uptake and "N accumulation in the shoot as well as the Glu con-
centrations estimated from UPLC analysis. The quantities of the
different N forms such as AA, NO, and NH," in the roots and
shoots were calculated as follows: Amount of N form (g N.h.
seedling?) = [pmoles. g DW of N form x root or shoot DW (g) x
molecular mass of each AA or NH, or NO," (g.mole™) x propor-
tion of N in the molecular mass]/ [120h x Number of seedlings].

RNA isolation and quantitative real-time PCR analysis.
For gene expression analysis, after 5 d of treatment with the
different nitrate or Glu concentrations the total RNA of each
experiment was extracted purified and analyzed according to

Leblanc et al.** For RT, 1 pg of total RNA was converted to
c¢DNA with an “iScript ¢cDNA synthesis kit” using the man-
ufacturer’s protocol (Bio-Rad, Marne-la-Coquette, France).
Expression levels of genes were normalized to the expression
level of the 18S house-keeping gene (F, 5'-cgg ata acc gta gta att
ctagand R, 5'-gta ctc att cca att acc aga ¢). The primers used to
amplify the gene specific sequences for BnNRT2.1 were F, 5'-T
ggt gga ata gge ggc teg agt tg and R, 5'-gta tac gtt teg ggt cat
tgc cat (AJ293028): and for BaNRT1.1 were F, 5'-atg gta acc gaa
gtg cct tg and R, 5'-tga ttc cag ctg ttg aag ¢ (AJ27896).
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