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Abstract

Primary root growth in the absence or presence of exogenous NO3
– was studied by a quantitative genetic approach

in a recombinant inbred line (RIL) population of Medicago truncatula. A quantitative trait locus (QTL) on chromosome

5 appeared to be particularly relevant because it was seen in both N-free medium (LOD score 5.7; R2¼13.7) and

medium supplied with NO3
– (LOD score, 9.5; R2¼21.1) which indicates that it would be independent of the general

nutritional status. Due to its localization exactly at the peak of this QTL, the putative NRT1-NO3
– transporter

(Medtr5g093170.1), closely related to Arabidopsis AtNRT1.3, a putative low-affinity nitrate transporter, appeared to
be a significant candidate involved in the control of primary root growth and NO3

– sensing. Functional

characterization in Xenopus oocytes using both electrophysiological and 15NO3
– uptake approaches showed that

Medtr5g093170.1, named MtNRT1.3, encodes a dual-affinity NO3
– transporter similar to the AtNRT1.1 ‘transceptor’ in

Arabidopsis. MtNRT1.3 expression is developmentally regulated in roots, with increasing expression after

completion of germination in N-free medium. In contrast to members of the NRT1 superfamily characterized so far,

MtNRT1.3 is environmentally up-regulated by the absence of NO3
– and down-regulated by the addition of the ion to

the roots. Split-root experiments showed that the increased expression stimulated by the absence of NO3
– was not

the result of a systemic signalling of plant N status. The results suggest that MtNRT1.3 is involved in the response to
N limitation, which increases the ability of the plant to acquire NO3

– under N-limiting conditions.

Key words: Medicago truncatula, nitrate transport, NO3
–, NRT1, primary root growth, QTL.

Introduction

Nitrogen (N) is an essential element for all plants. Higher

herbaceous plants obtain the majority of their N from the
assimilation of nitrate and subsequent reduction to ammo-

nium. The first step of the nitrate assimilation pathway is

the entry of nitrate into the cell, a process that is mediated

by specific transporters. Based on their kinetics, nitrate
uptake systems have been classified into two groups: the

low-affinity transport system (LATS) and the high-affinity

Abbreviations: HATS, high-affinity transport system; LATS, low-affinity transport system; QTL, quantitative trait locus; RIL, recombinant inbred line.
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transport system (HATS). The LATS operates at high

external nitrate concentrations and shows no evidence of

saturation in planta, even at NO3
� concentrations as high as

50 mM. The HATS (Km <200 lM) operates at low external

nitrate concentration, and has inducible (iHATS) and

constitutive (cHATS) components (Siddiqi et al., 1989, 1990;

Glass et al., 1992). Three plant gene families encode nitrate

carrier proteins: the large PTR family (51 members in
Arabidopsis), including the NRT1 and NAXT proteins

(Segonzac et al., 2007), the NRT2 family, encoding HATS

components (Miller et al., 2007), and the CLC family

(Zifarelli and Pusch, 2010). NRT1 proteins have been

identified in several species, for example Arabidopsis thaliana,

Brassica napus, and Oryza sativa (for reviews, see Forde,

2000; Miller et al., 2007; Tsay et al., 2007). Compared with

the large number of genes in these families, only a few
members were functionally characterized as NO3

� trans-

porters based on heterologous systems, for example in

Arabidopsis AtNRT1.1, AtNRT1.2 (Tsay et al., 1993; Huang

et al., 1999), AtNRT1.4 (Chiu et al., 2004), AtNRT1.5 (Lin

et al., 2008), and AtNRT1.6 (Almagro et al., 2008), in rice

OsNRT1 (Lin et al., 2000), and in B. napus BnNRT1.2

(Zhou et al., 1998).

The most studied NRT1 transporter is the Arabidopsis

AtNRT1.1 protein (originally named CHL1). Its expression

is inducible by nitrate (Huang et al., 1996), and functional

characterization in Xenopus oocytes revealed its involve-

ment in low- as well as high-affinity nitrate uptake,

behaving both as a LATS and HATS component. This

transporter is therefore currently considered as a dual-

affinity nitrate transporter (Wang et al., 1998; Liu et al.,

1999). AtNRT1.1 expression is also developmentally regu-
lated, being mainly expressed in nascent organs, stems,

leaves, flower buds, and roots (Guo et al., 2001). AtNRT1.1

was functionally linked to the stimulatory effect of nitrate

on root growth (Walch-Liu et al., 2006; Walch-Liu and

Forde, 2008). AtNRT1.1 has been shown to play a role in

the nitrate-sensing system that stimulates root growth in

nitrate-rich patches by promoting auxin fluxes in root apices

(Ho et al., 2009; Krouk et al., 2010).
Nitrate transporters in legumes to date have received little

interest, probably because these species are able to adapt to

N starvation by promoting a specific response: the bi-

ological N2 fixation in symbiotic nodules (Crespi and

Frugier, 2008). Consequently, although nitrate also plays

important nutritional and signalling roles in legumes, only

few putative nitrate transporters were cloned in these

species (Yokoyama et al., 2001) and none of them has been
functionally characterized so far. Indeed, under N-limited

conditions, legumes absorb mineral N and particularly NO3
–

to fulfil their nutritional demand before functional symbi-

otic nodules are differentiated. In addition, nitrate is known

to repress nodulation and N2 fixation activity (Streeter,

1985a, b; Barbulova et al., 2007), involving both local and

systemic regulatory pathways (Jeudy et al., 2010). N supply

was shown to modulate nodule initiation in Lotus japonicus

by predisposing plants to successful or unsuccessful inter-

actions with rhizobia prior to inoculation (Omrane et al.,

2009). The inhibitory effect of high exogenous N concen-

trations on the competence of plants to nodulate was

maintained several days after transfer to low N concentra-

tion (Omrane et al., 2009).

Whether NO3
– repressive effects are due to the ion itself,

to products of its assimilation, or both is not yet clearly

demonstrated. Receptor-like kinases acting in legume

shoots, HAR1 (Hypernodulation and Aberrant Roots) in
L. japonicus, SUNN (Supernumerous Nodules) in Medicago

truncatula, SYM29 (Symbiosis29) in pea, and NARK

(Nodule Autoregulation Receptor Kinase) in soybean

(Krusell et al., 2002; Nishimura et al., 2002; Searle et al.,

2003; Schnabel et al., 2005), are involved in nitrate

inhibition of nodulation (Okamoto et al., 2009).

Recent findings suggest that a protein belonging to the

NRT1(PTR) family, encoded by the M. truncatula LATD/

NIP gene (lateral root organ defective/numerous infections

and polyphenolics), regulates the legume root system

architecture. LATD/NIP is expressed in the root apical

meristem and elongation zones, as well as in the nodule

meristem and infection zones (Liang et al., 2007; Yendrek

et al., 2010). Accordingly, LATD/NIP is required for the

establishment and maintenance of primary root, lateral

root, and symbiotic nodule meristems (Yendrek et al.,
2010). In addition, the latd mutant is not sensitive to the

inhibition of primary root growth by nitrate.

In the present work, the first functional characterization

of an M. truncatula nitrate transporter, MtNRT1.3, is

reported. This transporter behaves as a dual-affinity nitrate

transporter when expressed in Xenopus oocytes. Interest-

ingly, unlike members of the NRT1 superfamily character-

ized so far, in roots the expression of MtNRT1.3 is locally
stimulated by N starvation and repressed in medium

supplied with NO3
–. The present data suggest that this

transporter probably does not have a major role in overall

root NO3
– acquisition but may rather be involved in the

plant response to NO3
– starvation.

Materials and methods

Seed germination and seedling growth conditions

The M. truncatula lines used in this study were Jemalong-6
(reference line for genomic data named A17) and DZA315.16.
Seeds were scarified with glass paper, and 40 seeds per Petri dish
were imbibed with 5 ml of de-ionized water on sterilized paper,
stored for 5 h at 21 �C, and for 4 d at 4 �C in the dark in order to
break dormancy.
For expression analysis of MtNRT1.3 in radicles and primary

roots in the absence of nitrate, seeds germinated in Petri dishes
were maintained in darkness in a growth chamber at 21 �C and
samples (radicles and primary roots) were collected after 24, 48,
96, and 120 h of imbibition.
For expression analysis of MtNRT1.3 in roots in the presence or

absence of nitrate, germinated seeds were transferred after 48 h of
imbibition either on N-free medium or on medium supplied with N
(KNO3 5 mM) with a 16 h/8 h light/dark regime. The composi-
tions of the nutrient solutions were as described previously
(Richard-Molard et al., 1999). Systemic regulation of MtNRT1.3
expression by nitrate was carried out in roots of plants growing in
a split-root system as described in Ruffel et al. (2008). The
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expression of MtNRT1.3 was also studied in nodules of plants
grown in vitro for 7 d on an N-deprived medium, ‘I’ medium
(Gonzalez-Rizzo et al., 2006), and spot-inoculated with a Sinorhi-
zobium meliloti Sm1021 strain (OD600 nm¼0.05, 0.4% agar). Root
segments or nodules were collected at the indicated time points: 1
day post-inoculation (dpi; dividing cortical cells stage), 3 dpi
(nodule primordium stage), and 8 dpi (young N2-fixing nodule
stage).
In all experiments, harvested samples were immediately frozen

in liquid nitrogen and stored at –80 �C.

Phenotyping and quantitative trait locus (QTL) analysis

A population of 171 recombinant inbred lines (RILs), named LR4,
was derived from a cross between A17 and DZA315.16 (Pierre
et al., 2008). After scarification with glass paper, seeds were
imbibed on filter paper in 12 cm square transparent plates
containing either N-free medium or medium supplied with N
(KNO3 5 mM). After 5 h at 21 �C and 96 h at 4 �C in the dark,
plates were placed at a 45 � angle at 20 �C with a 16 h photoperiod
under a light intensity of 200 lmol m�2 s�1. Plates were
randomized following a complete-block design with two blocks,
each containing one plate with 10 seedlings per line for each
treatment. Primary root length, determined 168 h after imbibition,
was scored by marking the plate covers, and corresponding images
were analysed using ImageJ software (http://rsbweb.nih.gov/ij/).
All statistical analyses were performed with the SAS 8.1 software
(SAS Institute, 2000).
A genetic map was built by Vandecasteele et al. (2011) with

MTE markers anchored on the physical map (Huguet et al., 2007).
QTL mapping was carried out using MCQTL software (Jourjon
et al., 2005) with the iterative QTL mapping method (iQTL). Co-
factors were selected by forward regression using an F-test for
a global genome-wide type I risk of 10%. The F threshold for QTL
detection was automatically determined for all traits by 1000
iterations of permutation tests at a global genome-wide type I risk
of 5%. For each QTL identified, additive genetic effect, percentage
of phenotypic variance explained (R2), F-test value, as well as the
confidence interval were determined by the MCQTL software.
Equivalent LOD scores were then calculated.

RNA extraction and reverse transcription

Total RNA was extracted from tissues ground in liquid nitrogen
using TriReagent (Ambion, Austin, TX, USA), following the
manufacturer’s instructions. Samples were further purified using
NucleoSpin RNA clean-up (Macherey-Nagel, Düren, Germany).
RNAs were quantified using an ND-1000 spectrophotometer
(Nanodrop, Wilmington, DE, USA) and 2 lg were checked on
a 1% agarose gel to ensure their integrity.
cDNA syntheses were performed with 2 lg of total RNAs

with the MMLV reverse transcriptase (Promega, Madison,
Wisconsin, USA) or the Supercript II reverse transcriptase
(Invitrogen, Carlsbad, CA, USA), following the manufacturers
recommendations.

Real-time reverse transcription-PCR (RT-PCR)

Primers were designed using the Primer-Express software (Applied
Biosystems, Forster City, CA, USA) (Table 1).
Reactions were performed in triplicate using the SYBR Green

ready Master mix (Applied Biosystems) on an ABI Prism 7000
sequence detection system (Applied Biosystems), or alternatively on
a LightCycler480 with appropriate reagents (Roche, Switzerland).
To check for specificity, a dissociation curve was analysed for each
run as well as the sequencing of the amplicon. An efficiency
threshold of 90% was used (Tm¼60 �C; primers indicated in Table
1). mRNA amounts were calculated and the results were expressed
as a the ratio of the MtNRT1.3 gene to endogenous references
(indicated in the figure legends).

Amplification of the MtNRT1.3 open reading frame

The MtNRT1.3 open reading frame was amplified by RT-PCR in
the A17 or DZA315.16 genotypes using the following primer pair,
5#-ATGGTTCTTGTTGCAAGCAA-3# and 5#-ATGGGAAG-
GAAGAAGTATAG-3#, and the Pfu DNA polymerase (Promega).
Reactions were carried out in an Icycler (Bio-Rad, Marne-La-
Coquette, France) with a standard protocol (Tm¼54 �C). PCR
fragments were modified using an A-tailing procedure (GoTaq,
Promega) and subsequently cloned into a PGEM-T easy vector
(Promega).

Functional analysis of MtNRT1.3 in Xenopus oocytes

The MtNRT1.3 open reading frame was subcloned into the
Xenopus expression vector pGEM-HEJUEL (Shih et al., 1998).
The vector contains the 5#- and 3#-untranslated regions of the
Xenopus b-globin gene flanking a multiple cloning site. The
recombinant plasmid was linearized with StuI, and capped mRNA
was transcribed in vitro using the mMESSAGE mMACHINE kit
(Ambion). Ovarian lobes were surgically harvested from adult
Xenopus laevis females and washed in a standard oocyte saline
(SOS) buffer composed of (in mM): NaCl 100, KCl 2, CaCl2 1.8,
MgCl2 1, HEPES 5, pH 7.5. Stage V–VI oocytes were defollicu-
lated manually using fine forceps after treatment for 10–15 min
with 2 mg ml�1 collagenase (type 1A, Sigma-Aldrich, Saint
Quentin Fallavier, France) in calcium-free SOS. Defolliculated
oocytes were injected with 40 ng of complementary RNA (cRNA)
and stored in a sterile medium composed of SOS supplemented
with gentamycin (50 lg ml�1), penicillin (100 U ml�1), streptomy-
cin (100 lg ml�1), sodium pyruvate (2.5 mM), and horse serum (1–
5%). Two days after injection, oocytes were tested for MtNRT1.3
expression using 3 M KCl-filled borosilicate electrodes connected
to a two-electrode voltage-clamp amplifier (GeneClamp 500; Axon
Instruments, Foster City, CA, USA). Each cell was clamped at
a holding potential of –60 mV and equilibrated for 5 min with
a solution containing 230 mM mannitol, 0.15 mM CaCl2, and
10 mM HEPES, pH 5.5. Nitrate transport activity was then
induced using a bath solution containing 220 mM mannitol,
0.15 mM CaCl2, 10 mM HNO3, and 10 mM HEPES (pH 5.5).
Exposure to nitrate was maintained for <1 min to minimize the
accumulation of ions within the cell. Steady-state current–voltage
(I–V) relationships were obtained by eliciting voltage steps of
300 ms duration using 20 mV increments from the holding
potential (–60 mV), to reach various potentials ranging from
–20 mV to –180 mV. Steady-state currents were measured at the
end of the 300 ms test pulses. Nitrate-elicited currents were
obtained by subtracting currents measured before treatment from
those obtained after addition of nitrate. Recording and analysis
were performed with the pClamp8 software (Axon Instruments).
For uptake assays using [15N]nitrate, batches of 10 injected oocytes

were incubated in a 200 ll solution containing 230 mM mannitol,
0.3 mM CaCl2, 10 mM MES-TRIS pH 5.5, and different concen-
trations of 15NO3 (ranging from 25 lM to 400 lM for the kinetic
study and at 250 lM or 10 mM for high-affinity or low-affinity

Table 1. Primers used for real-time RT-PCR

Sequence name Oligonucleotide sequence
(5# to 3#)

MtNRT1.3 Fwd: CAGGTCCCTTGACAAAGCAGCAATC

Rev: GCATGTTGACCAAATGGGAAGGAG

18S rDNA Fwd: GAAACGGCTACCACATCCAAG

Rev: AGCCCGGTATTGTTATTTATTGTC

MtRBP1 Fwd: AGGGGCAAGTTCCTTCATTT

Rev: GGTAGAAGTGCTGGCTCAGG

Fwd, forward primer; Rev, reverse primer.
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uptake assays, respectively) supplied as K15NO3 for 3–12 h at 18 �C.
Oocytes were then rinsed five times with a cold nitrate-free SOS
solution, individually dried at 60 �C for almost 24 h, and the retained
15N was determined on a continuous flow using a C/N analyser
linked to an isotope ratio mass spectrometer (IRMS, EA3000,
EuroVector, Milan, Italy) coupled to a mass spectrometer (IsoPrime,
Elementar, Hanau, Germany). Oocytes injected with the AtNRT1.1
(CHL1) cRNA (Liu et al., 1999) were used as a positive control.

Results

Detection, cloning, mapping, and in silico analysis of
Medtr5g093170.1 (MtNRT1.3), a gene encoding
a putative nitrate transporter

Medicago truncatula lines Jemalong-6 (A17) and DZA315.16

were tested for primary root growth and sensitivity to

exogenous NO3
–. DZA315.16 primary root growth showed

a higher sensitivity to the NO3
– inhibitory effect than A17.

Based on these parental differences, the variability in primary

root growth was assessed on a population of 171 RILs
derived from the cross between A17 and DZA315.16. A

strong reduction in primary root growth was observed in

medium supplied with NO3
– among the RIL population (Fig.

1). The average length of the primary root after 168 h among

the RIL population was 59.9 mm in the N-free medium

while it decreased significantly (P <0.0001) to 50.5 mm in the

medium supplied with NO3
– (Fig. 1). Several QTLs involved

in the control of primary root growth were detected (Table
2). Specific attention was drawn to an NRT1-like putative

NO3
� transporter, Medtr5g093170.1, located within the

confidence interval of a major QTL on chromosome 5

(http://www.medicago.org/genome/), revealed in both N-free

medium and medium supplied with NO3
�. The

Medtr5g093170.1 open reading frame was amplified by PCR

in both parental lines (Genbank accession no. GU966590;

Fig. 2). The detected polymorphism between the two alleles
was used to map the gene and confirmed its localization on

chromosome 5 (87.5 cM). Furthermore it coincided exactly

with the peak of the QTL (Fig. 3 and Table 2).

Sequence analysis revealed a 1767 bp open reading frame

encoding a 588 amino acid protein (64.8 kDa), and

phylogenetic analysis established that this protein is closely

related to Arabidopsis and rice members of the NRT1

family (Fig. 4). The M. truncatula protein belongs to the
NRT1(PTR) group I (Tsay et al., 2007) and shares 49%

identity with AtNRT1.1 and 70% identity with AtNRT1.3;

therefore, it was named MtNRT1.3. Like all other members

of the NRT1 family, the MtNRT1.3 protein is predicted to

contain 12 putative transmembrane (TM) domains with

a long hydrophilic loop between TMs 6 and 7 (Fig. 2). Two

Table 2. M. truncatula QTLs for primary root growth.

Trait Chromosome Location (cM) Confidence interval (cM) LOD R2 (%) A17 effect

Primary root growth (N-free medium) 5 41.9 31.5–72.7 3.4 8.8 –2.26

5 87.5 69.6–90.9 5.7 13.7 –2.57

Primary root growth (5 mM NO3
–) 1 23.5 10.3–60.6 2.9 7.6 +2.08

5 87.5 77.4 90.2 9.5 21.1 –3.22

7 56.7 45.9–67.4 3.4 8.7 –2.08

QTLs were identified on N-free or on nitrate (KNO3 5 mM) media, and revealed by composite interval mapping in recombinant inbred lines of the
LR4 population (Pierre et al., 2008).

Fig. 1. Phenotyping of the LR4 recombinant inbred line (RIL)

population, derived from the cross between A17 and DZA315.16.

Primary root length was determined after 168 h of imbibition on N-

free medium or on medium containing 5 mM KNO3. The nitrate

inhibitory effect on primary root growth is expressed as a ratio:

primary root growth on nitrate-supplied medium/primary root

growth on N-free medium. Arrows indicate the positions of both

parents.
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putative phosphorylation sites (RXXT/S) are predicted at

positions T104 and T405. Sequence alignment indicated that

RXXT104 is identical to the phosphorylable site present at

position RXXT101 in the AtNRT1.1 protein (Liu and Tsay,

2003). The comparison of parental sequences showed

a polymorphism affecting 16 bases and four amino acids:

S31-T, P245-S, P279-H, and K309-N.

Fig. 3. QTL likelihood plots indicating LOD scores for primary root

growth on N-free medium or medium supplied with 5 mM KNO3

along chromosome 5.

Fig. 2. Sequence of Medtr5g093170.1 (MtNRT1.3) of A17.

The nucleotide sequence of MtNRT1.3 (accession no. GU966590)

and the deduced amino acid sequence of the MtNRT1.3 protein are

presented. The putative transmembrane regions are enclosed in

boxes and numbered (http://www.ch.embnet.org/). The putative

phosphorylation sites are boxed and shaded. The 16 bases and four

amino acids differing in DZA315.16 are indicated in black.

Fig. 4. Phylogenetic tree of MtNRT1.3 and its homologues in

different plant species. The phylogram was created using Tree-

Top-Phylogenetic Tree Prediction (http://www.genebee.msu.su/

index.html). AtNRT1.1, AtNRT1.2, AtNRT1.4, AtNRT1.5, and

AtNRT1.6 are nitrate transporters from A. thaliana (Tsay et al.,

1993; Huang et al., 1999; Chiu et al., 2004; Almagro et al. 2008;

Lin et al. 2008), BnNRT1.2 is a nitrate/His transporter of Brassica

napus (Zhou et al., 1998), and OsNRT1 is a nitrate transporter of

Oryza sativa (Lin et al., 2000). All the above-mentioned proteins are

boxed. Other proteins of A. thaliana (AtNRT1.3), of O. sativa

(Os10g4060, Os08g0591, Os02g3704, Os04g3903), and of

M. truncatula (LATD/NIP) belong to the NRT1(PTR) family but have

not been proven to encode nitrate transporters (Tsay et al., 2007;

Yendrek et al., 2010).
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Functional characterization of the putative nitrate
transporter MtNRT1.3 in Xenopus oocytes

The Xenopus oocyte expression system was used to in-

vestigate whether the protein encoded by MtNRT1.3 is an

NO3
– transporter. In vitro synthesized MtNRT1.3 cRNAs

were microinjected into Xenopus oocytes. Two days after

injection oocytes were assessed for nitrate transport activity
at pH 5.5. Millimolar concentrations of nitrate induced

inward currents that increased with hyperpolarization in

oocytes injected with MtNRT1.3 cRNAs, whereas no

current could be recorded from water-injected control

oocytes (Fig. 5A). Kinetic analysis of currents elicited by

different NO3
� concentrations in the low-affinity range (5–

30 mM) in three independent experiments (using at least 10

injected oocytes) showed saturable LATS kinetics (data not

shown), indicating that MtNRT1.3 encodes a low-affinity

nitrate transporter. In order to determine accurately the Km

of MtNRT1.3 for its substrate, MtNRT1.3-injected oocytes

were incubated with 15NO3
� in millimolar concentrations.

Kinetic analysis of 15N enrichment in oocytes incubated in

different NO3
– concentrations ranging from 1 mM to

30 mM showed saturable low-affinity kinetics with a Km of

7.2 mM (Fig. 5B). To date, among the nitrate transporters
functionally characterized in heterologous systems,

AtNRT1.1 was the only dual-affinity nitrate transporter

(Liu et al., 1999). MtNRT1.3 activity was also tested at low

NO3
– concentrations. Kinetic analysis of 15N enrichment in

oocytes incubated in different NO3
– concentrations ranging

from 25 lM to 400 lM showed saturable high affinity

kinetics with a Km of 41.6 lM (Fig. 5B). This result

indicates that MtNRT1.3 also corresponds to a high-affinity

Fig. 5. (A) Electrophysiological analyses: voltage dependence of nitrate-elicited currents in Xenopus oocytes injected with MtNRT1.3.

Currents were obtained by the difference between measurements conducted in the presence and absence of 30 mM nitrate at pH 5.5.

Current amplitudes were measured at the end of 300 ms rectangular test pulses (Vhold¼ –60 mV, Vtest¼ –20 mV to –180 mV). Control

(water-injected) oocytes were treated under the same conditions. Similar results were obtained with three other batches of oocytes

isolated from different frogs. (B) Kinetic analysis of nitrate uptake in MtNRT1.3-injected oocytes in the high- and low-affinity concentration

range. MtNRT1.3-injected oocytes were incubated with 15NO3
– concentrations from 25 lM to 400 lM and from 1 m to 30 mM at pH 5.5.

Oocytes were individually dried and the retained 15N was measured by mass spectrometry. Each data point is the mean 6SE for 8–10

oocytes. (C) Nitrate uptake comparison between MtNRT1.3- and AtNRT1.1-injected oocytes. In both cases, oocytes were incubated

with 10 mM or 0.25 mM 15NO3
– at pH 5.5. Each data point is the mean 6SE for 8–10 oocytes. *Significantly different when compared

with the water-injected control (Breusch-Pagan test, a¼0.01).
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nitrate transporter. As a positive control, oocytes of the

same batch were injected with AtNRT1.1 and MtNRT1.3.

As expected, a dual-affinity nitrate uptake activity was

detected for AtNRT1.1 (Fig. 5C) (Liu et al., 1999).

Collectively, the results indicate that the MtNRT1.3 protein

is a dual-affinity nitrate transporter.

Developmental and environmental regulation of the
dual-affinity nitrate transporter gene MtNRT1.3

Expression of MtNRT1.3 was studied using real-time RT-

PCR in primary roots of the two M. truncatula lines A17

and DZA315.16 that have never been submitted to nitrate.

MtNRT1.3 could not be detected in radicles at early stages

of germination (24 h of imbibition); afterwards its expres-
sion increased in primary roots of both lines (Fig. 6). Under

symbiotic conditions, expression of MtNRT1.3 in N2-fixing

nodules was slightly lower than in roots grown without

nitrate (Fig. 7).

The response of MtNRT1.3 to nitrate was then studied in

roots of germinated seedlings grown for 48 h on an N-free

medium and transferred to a medium supplied with 5 mM

KNO3 for 5 h or 24 h. Expression of MtNRT1.3 decreased
by 37% and 54%, respectively, 5 h and 24 h after transfer of

the seedlings to the medium supplied with NO3
– (Fig. 8).

Systemic and local effects of NO3
– on MtNRT1.3 expres-

sion were also studied using plants growning in a split-root

system as described in Ruffel et al. (2008). Hydroponically

grown plants fed with 1 mM NO3
– were subjected for 4 d to

two N regimes. In control plants, 1 mM NO3
– was

maintained on both sides of the root system (CNO3
– root).

In treated plants, the N source was removed to the treated

side of the root system (–NO3
– root). N starvation of the

treated side of the root system lowered the N status of the

plants (Ruffel et al., 2008) as if the plants were growing

under N-limiting conditions compared with the control.

Therefore, the untreated roots of these plants were named

LNO3
– root (Fig. 9). MtNRT1.3 expression was four times

higher in –NO3
– root compared with LNO3

– root. Compari-

son between the untreated roots of N-limited plants and the

roots of control plants (LNO3
– root versus CNO3

– root)

showed similar levels of MtNRT1.3 expression.

Discussion

Primary root growth is an important trait for efficient

rhizosphere colonization and successful seedling installation

(Limami et al., 2002; Glevarec et al., 2004). In N-deprived

soils, inorganic N fertilization is an important issue for

legumes during early post-germination stages of develop-
ment (i.e. before symbiotic nodulation and N2 fixation

occurs). However while NO3
– is generally used as a starter-

fertilizer to boost legume growth before nodulation, para-

doxically exogenous NO3
– has been shown to inhibit primary

root growth in M. truncatula (Yendrek et al., 2010). In the

present work, a quantitative genetic approach was used to

study primary root growth and the sensitivity of this trait to

exogenous NO3
– in a RIL population of M. truncatula

derived from two contrasted parental lines, DZA315.16

and A17. DZA315.16 is characterized by a faster primary

root growth in N-free medium and a higher sensitivity to

NO3
– than A17. Among the QTLs involved in the control of

primary root growth, one located on chromosome 5 was

very relevant due to its high LOD and R2 scores, and

because it was detected in both N-free and N-containing

media, suggesting its independence from the nutritional
status of the plant. Interestingly, a putative NRT1-NO3

–

transporter, localized exactly at the peak of this QTL,

appeared to be a significant candidate to be involved in the

control of primary root growth and NO3
– sensing, and was

therefore selected for functional characterization.

Fig. 6. MtNRT1.3 expression determined by quantitative RT-PCR

in primary roots of M. truncatula after 24, 48, 96, and 120 h

imbibition on de-ionized water. Error bars represent the standard

deviation (P <0.001) of three technical replicates and three

independent biological replicates.

Fig. 7. Expression of MtNRT1.3 in the kinetics of symbiotic

nodulation under N starvation. One day post-inoculation (dpi)

corresponds to dividing cortical cells and early rhizobial epidermal

infection; 3 dpi corresponds to nodule primordial; and 8 dpi

corresponds to N2-fixing mature nodules. Error bars represent the

standard deviation (P <0.001) of two biological experiments with

two technical replicates (cDNA derived from the same RNA).
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Functional characterization of MtNRT1.3 in Xenopus
oocytes

MtNRT1.3 was functionally characterized in Xenopus

oocytes as a dual-affinity nitrate transporter. This transporter

belongs to the family of NRT1 transporters. Only few plant

NRT1/PTR genes have been proven to encode NO3
� trans-

porters, and all those tested to date were low-affinity nitrate

transporters (LATS activity) except AtNRT1.1 (CHL1) that

behaves as a dual-affinity nitrate transporter. Electrophysio-

logical and 15NO3 uptake experiments with nitrate concen-
trations in the range of 25–400 lM and 1–30 mM at pH 5.5

in oocytes injected with cRNA of MtNRT1.3 revealed

saturable kinetics with Km values of 41.6 lM and 7.2 mM.

Taken together, these data indicated that MtNRT1.3 con-

tributes to LATS and HATS activities, similarly to

AtNRT1.1 in Arabidopsis.

Sequence comparison of MtNRT1.3 revealed that the

closest Arabidopsis homologue is AtNRT1.3 that is a puta-
tive low-affinity nitrate transporter. Nevertheless, the phos-

phorylation site RXXT101 responsible for the shift between

low and high affinity in AtNRT1.1 is conserved in

MtNRT1.3. This sequence is, however, also found in low-

affinity nitrate transporters, indicating that additional

sequences are needed for the dual affinity switch (Tsay

et al., 2007).

Regulation of MtNRT1.3 expression

MtNRT1.3 was not expressed in radicles of M. truncatula

at the onset of germination (24 h of imbibition) but its

expression was detected in primary roots of seedlings, in

the absence of NO3
– in the external medium as early as 2 d

after completion of germination. Furthermore,

MtNRT1.3 transcripts decreased upon exposure to NO3
–,

suggesting an inhibitory effect of NO3
– (or a compound

derived from its assimilation). Interestingly, this profile of

expression is in contrast to the mode of regulation of all
the NRT1 proteins functionally characterized so far as

NO3
– transporters. Indeed, only NO3

–-inducible (e.g.

LeNRT1.2 and AtNRT1.1) or constitutively expressed

(e.g. AtNRT1.2, LeNRT1.1, and OsNRT1) transporters

were described previously (see the Introduction). Further

characterization of the expression of MtNRT1.3 was

carried out in plants growing in a split-root system. In

N-limited plants the expression of MtNRT1.3 increased in

the root side transferred to the N-free nutrient solution

(–NO3
– root) while it remained unchanged in the root side

that remains in 1 mM NO3
� nutrient solution (LNO3

– root)

and at a similar level to that in CNO3
– root of control

plants. These results indicate that the stimulation of gene

expression was driven by the absence of the ion and that

it was not the result of a systemic signal triggered by

whole plant N limitation, such as the release of feedback

limitation by downstream N metabolites. These results

suggest the involvement of MtNRT1.3 in the response of

M. truncatula to N limitation in order to increase the

ability of the plant to acquire this nutrient. This expres-
sion pattern is consistent with that of the ammonium

transporter, AtAMT1.1, that is also up-regulated by N

deficiency and down-regulated by addition of ammonium

or nitrate (Yuan et al., 2007; Lanquar et al., 2009;

Lanquar and Frommer, 2010). Similarly, several high-

affinity phosphate transporters (AtPT1 and AtPT2) were

induced by Pi starvation and suggested to be involved in

the alleviation of the stress (Karthikeyan et al., 2002,
2007).

MtNRT1.3 may play a role in NO3
� sensing and

regulation of primary root growth

Several studies in Arabidopsis have demonstrated that the

dual-affinity nitrate transporter AtNRT1.1 is not only

Fig. 9. MtNRT1.3 expression determined by quantitative RT-PCR

in roots of plants grown in a split-root system. Hydroponically

grown plants fed with 1 mM KNO3 were subjected for 4 d to two

N regimes. In control plants, this same regime was maintained on

both sides of the root system (CNO3
–). In L plants (N-limited plants),

the N source was removed to the treated side of the root system

(–NO3
–) and maintained in the other side (LNO3

– roots). C and L

roots were continuously exposed to the same local environment

before and during the treatment. Error bars represent the standard

deviation (P <0.001) of three technical replicates and three

independent biological replicates.

Fig. 8. MtNRT1.3 expression determined by quantitative RT-PCR

in primary root of M. truncatula after 5 h or 24 h of KNO3

treatment. Error bars represent the standard deviation (P <0.001)

of three technical replicates and three independent biological

replicates.
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involved in root NO3
– uptake but also has an important role

in the regulation of the root architecture as part of the

NO3
�-sensing pathway that mediates the stimulatory effect

of NO3
� on lateral root growth (Zhang and Forde, 1998;

Zhang et al., 1999; Remans et al., 2006). This effect has

been linked to the ability of AtNRT1.1 to mediate auxin

transport in lateral roots depending on NO3
– concentrations

(Krouk et al., 2010; Gojon et al., 2011). It has been
speculated that such a function may not be restricted to

AtNRT1.1 and may concern other members of the PTR

superfamily (Gojon et al., 2011). An interesting candidate

was found in M. truncatula. The latd/nip mutations affecting

a NRT1(PTR) protein disrupt the organization of root

meristems and result in the arrest of primary root de-

velopment a few days after completion of germination

(Liang et al., 2007). In addition, latd/nip mutants were
insensitive to the inhibitory effect of NO3

– on primary root

length (Yendrek et al., 2010). Therefore, it was proposed

that LATD/NIP might perceive the NO3
– signal; however,

transport activity has not yet been tested (Yendrek et al.,

2010). In the present work the coincidence of MtNRT1.3

with the peak of a major QTL involved in the control of the

variation of primary root growth, under both N-free and

N-containing conditions suggests that MtNRT1.3 may be
implicated in the control of this trait.
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