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Abstract Plant ammonium transporters of the AMT1

family are involved in N-uptake from the soil and ammo-

nium transport, and recycling within the plant. Although

AMT1 genes are known to be expressed in nitrogen-fixing

nodules of legumes, their precise roles in this specialized

organ remain unknown. We have taken a reverse-genetic

approach to decipher the physiological role of LjAMT1;1 in

Lotus japonicus nodules. LjAMT1;1 is normally expressed

in both the infected zone and the vascular tissue of Lotus

nodules. Inhibition of LjAMT1;1 gene expression, using an

antisense gene construct driven by a leghemoglobin pro-

moter resulted in a substantial reduction of LjAMT1;1

transcript in the infected tissue but not the vascular bundles

of transgenic plants. As a result, the nitrogen-fixing activity

of nodules was partially impaired and nodule number

increased compared to control plants. Expression of

LjAMT1;1-GFP fusion protein in plant cells indicated a

plasma-membrane location for the LjAMT1;1 protein.

Taken together, the results are consistent with a role of

LjAMT1;1 in retaining ammonium derived from symbiotic

nitrogen fixation in plant cells prior to its assimilation.
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Introduction

Ammonium is a primary source of nitrogen for plants. It is

imported into plant cells from the surrounding environment

via transporters, in the plasma membrane (PM) of root cells

(Yuan et al. 2007b) and leaf cells (Husted and Schjoerring

1996). A large fraction of ammonium assimilated by plants

is generated within cells by reduction of nitrate and nitrite

obtained from the soil, via the photorespiratory nitrogen

cycle in leaf mitochondria and by catabolism of endogenous

amino compounds. Ammonium transport across plant

membranes is mediated by proteins of the high-affinity

ammonium transporter (AMT) (Howitt and Udvardi 2000;

von Wiren and Merrick 2004), which are cation (NH4
?)

uniporters (Ludewig et al. 2002; Wood et al. 2006). Mem-

bers of the AMT1 and AMT2 subfamilies differ in their

biochemical and sequence characteristics with the latter

being more closely related to bacterial AMT transporters

(Sohlenkamp et al. 2000). Genome sequencing has revealed

three AMT1 genes in Oriza sativa (Sonoda et al. 2003), five

in Arabidopsis thaliana and eight in Populus trichocarpa

(Couturier et al. 2007); whereas one, six and seven AMT2

genes were identified in A. thaliana (Sohlenkamp et al.

2000) P. trichocarpa (Couturier et al. 2007) and O. sativa

(Suenaga et al. 2003), respectively.

Complementary, partially overlapping gene expression

patterns and kinetic properties of Arabidopsis AMT1
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transporters indicate that they work cooperatively to ensure

a coordinate effective high-affinity ammonium uptake in

Arabidopsis roots (Yuan et al. 2007b).

Legumes are quite unique amongst plant families in that

they can generate ammonium de novo from nitrogen gas

(N2), via a symbiosis with nitrogen-fixing bacteria called

rhizobia. Symbiotic nitrogen fixation in legumes takes

place in specialized organs called root nodules, which

develop as a result of a series of signal exchanges between

plant root cells and rhizobia in the soil, but only when

mineral nitrogen in the soil is limiting for plant growth.

Rhizobia take up residence in enlarged cortical cells of

nodules, surrounded by a plant membrane known as the

symbiosome membrane. Ammonium produced by rhizobia

is transported to the host plant cell cytoplasm, via the

bacterial inner and outer membranes and the symbiosome

membrane. While transport of ammonium across the bac-

terial membranes may occur via simple diffusion of NH3

through the lipid bilayer (Howitt et al. 1986), distinct

membrane proteins are believed to be involved in both NH3

and NH4
? transport across the symbiosome membrane

(Udvardi and Day 1997; Niemietz and Tyerman 2000). The

molecular identity of the symbiosome membrane NH4
?

channel remains unknown. However, the well-known

nodulin and aquaporin, Nodulin 26 in soybean and its

homologues in other species may provide a channel for

NH3 diffusion across the SM (Howitt and Udvardi 2000;

Roberts and Tyerman 2002).

AMT family members have been identified in legumes

(Salvemini et al. 2001; Simon-Rosin et al. 2003; D’Apuzzo

et al. 2004) and characterized at the biochemical, molecular

and cellular levels (Simon-Rosin et al. 2003; D’Apuzzo

et al. 2004).

LjAMT1;1 and a related gene of the AMT2 sub-family,

LjAMT2;1 are expressed in nodules of Lotus japonicus

within the infected zone and vascular bundles (Simon-

Rosin et al. 2003; D’Apuzzo et al. 2004). However, the

physiological role of neither of these has been elucidated.

Here, we present results of reverse-genetic experiments

that shed light on the role and importance of LjAMT1;1 in

Lotus nodules.

Material and methods

Plant material, growth conditions and in vitro

nodulation assay

All experiments were carried out with L. japonicus ecotype

B-129 F9 GIFU. Growth conditions and Mesorhizobium

loti inoculation procedure for the in vitro nodulation assay

have been reported elsewhere (Barbulova and Chiurazzi

2005). Seeds were sterilized for 20 min in 25% commercial

bleach (1% hypochlorite) and 0.1% Triton, washed six

times in sterile H2O and kept over night in water at 4�C.

Seeds were sown on semicircles of sterilized filter paper

placed on the surface of the 0.1% solidified Jensen medium

(Jensen 1942; six seeds per 140 9 10 mm Petri dish) and

left over night at 4�C cap side down. After 24 h in the dark

in the growth chamber, Petri dishes were exposed to light

and kept in a vertical position. Care was taken to maintain

the young emerging roots in contact with the filter paper.

Unsynchronized seedlings were discarded at this stage.

M. loti strain R7A was grown to mid-log phase in liquid

TY medium (Beringer 1974) plus 6 mM CaCl2 and used to

inoculate plants at a concentration of 107 cells per root tip

(root length of about 1.5 cm). Four days after infection, the

filter paper was removed and the plants left on the Petri

dishes. Aluminum foil was used to keep the roots in

the dark. Plants were cultivated in a growth chamber with

a light intensity of 200 lmol m-2 s-1 at 23�C with a

16/8 h day/night cycle.

M. loti nifH- was kindly provided by Clive Ronson

(University of Otago, New Zealand).

Plant transformation

We followed the procedures described in Handberg and

Stougaard (1992) and in Martirani et al. (1999) for Agro-

bacterium tumefaciens and Agrobacterium rhizogenes

mediated plant transformations, respectively.

T-DNA constructs preparation

The 35S-AMT1;1-GFP fusion was prepared in the fol-

lowing way: the LjAMT1;1 cDNA sequence was amplified

with the two oligonucleotides 50-CGCGGATCCATGG

CGGCGCTGCCGGAGTG-30 (including a BamHI site)

and 50-GCGGTACCTGACTCAGCACTAGGAGTGGA-30

(including a KpnI site), double-digested with BamHI-KpnI

and cloned into the b-GFP plasmid (Duby et al. 2001) pre-

digested with BamHI-KpnI. The correct sequence for

LjAMT1;1-GFP translational fusion was verified by

sequencing. The LjAMT1;1-GFP cassette was then cloned

as a BamHI-SacI fragment into the pCAMBIA1300 vector

pre-digested with BglII-SacI.

The LBC3-AMT1;1 antisense construct was prepared in

the following way:

The LjAMT1;1 coding sequence was amplified with two

oligonucleotides including EcoRI or BamHI sites, double

digested with EcoRI-BamHI and cloned into the pGPTV-

kan-LBC3 plasmid pre-digested EcoRI-BamHI. The

pGPTVkan-LBC3, kindly provided by Mette Groenlund

(University of Aahrus, Denmark), is a derivative of the

pGPTVkan plasmid (Becker et al. 1992), containing the
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1.9 kb fragment of the Glycine max LBC3 promoter cloned

into SalI-BamHI sites.

Quantitative real-time RT-PCR

Total RNA was prepared from Lotus tissues using the

procedure of Kistner and Matamoros (2005). The samples

were treated with DNAse I (Ambion) to remove contami-

nating DNA the absence of which was subsequently

confirmed by PCR. One microgram of total RNA was

annealed to random decamers and reverse-transcribed with

reverse transcriptase (Ambion) to obtain cDNA. Real time

PCR was performed with a DNA Engine Opticon 2 Sys-

tem, MJ Research (MA, USA) using SYBR to monitor

dsDNA synthesis. The ubiquitin (UBI) gene (AW719589)

was used as an internal standard. The concentration of

primers was optimized for each PCR reaction and each

amplification was carried out in triplicate. The PCR pro-

gram used was as follows: 95�C for 13 min and 39 cycles

of 94�C for 15 s, 63�C for 15 s and 72�C for 15 s. Data

were analyzed using Opticon Monitor Analysis Software

Version 2.01 (MJ Research). The relative level of expres-

sion was calculated with the following formula: relative

expression ratio of the gene of interest is 2-DCT with

DCT = Ctgene minus CTUBI. Analysis of the melting curve

of PCR products at the end of the PCR run revealed a

single narrow peak for each amplification product, and

fragments amplified from total cDNA were gel-purified and

sequenced to assure accuracy and specificity.

LjAMT1;1 specific primers were as described by

D’Apuzzo et al. (2004).

Histochemical GUS analysis

Histochemical staining of whole plant material was per-

formed as described by Jefferson (1987). After staining,

whole roots were fixed with 4% paraformaldehyde, 0.25%

glutaraldehyde in 50 mM KPO4 buffer, 5 mM EGTA,

10 mM DTT, pH 7.2 and stored at 4�C. The tissues were

then washed with 50 mM KPO4 buffer pH 7.2, embedded

in 4% agar and cut into 60 lm sections with a vibratome

(Leica VT1000S). Sections were finally analyzed with a

light microscope using dark- and bright-field optics.

In situ hybridization

In situ hybridization experiments were performed as pre-

viously described (Flemetakis et al. 2004). L. japonicus

nodules harvested at 3 weeks post-inoculation with M. loti

R7A were fixed in 4% (w/v) paraformaldehyde supple-

mented with 0.25% (v/v) glutaraldehyde in 10 mM sodium

phosphate buffer (pH 7.4) for 4 h in a vacuum aspirator.

Fixed nodules were block-stained in 0.5% (w/v) safranin,

dehydrated through ethanol series, embedded in paraffin

and cut into 8 lm-thin sections. Antisense RNA probe

labelled with digoxigenin-11-rUTP (Boehringer Mann-

heim, Mannheim, Germany) was transcribed from the

300 bp region at the 30 end of the AMT1;1 cDNA. In order

to improve probe penetration into the tissue, the probe was

partially degraded to an average length of 150 nucleotides.

Sections were prepared for hybridization according to

Scheres et al. (1990) and hybridized overnight at 42�C in

50% (v/v) formamide, 300 mM NaCl, 10 mM Tris–HCl

pH 7.5, 1 mM EDTA, 0.02% (w/v) Ficoll, 0.02% (w/v)

polyvinylpyrrolidone, 0.025% (w/v) bovine serum albumin

(BSA), 10% (v/v) dextran sulfate and 60 mM DTT. After

hybridization the sections were treated with a solution

containing 500 mM NaCl, 1 mM EDTA, 10 mM Tris–HCl

and 50 lg/ml RNase A. Finally, sections were washed

several times in a 2xSSC solution. Hybridization signals

were visualized with anti-digoxigenin antibodies conju-

gated with alkaline phosphatase. Images were processed

using Photoshop 6 software (Adobe Systems Inc., San Jose,

CA, USA).

Visualization of GFP

The GFP expression was analyzed using a Leica TCS SP2-

AOBS confocal microscope. Green fluorescence of

AMT1;1-GFP was excited at 488 nm with an argon laser.

Emission was detected with a spectral detector set between

505 and 530 nm. To induce plasmolysis, whole roots were

submerged in 500 mM mannitol solution for 30 min and

then mounted on microscope slides in the same solution.

Acetylene reduction activity (ARA)

For the measurement of ARA of nodulated roots, plants

were harvested and the root system was immediately

detached and incubated at 25�C in 15 ml rubber-cap tubes

containing 1/10 (vol/vol) acetylene. The ethylene produced

at different time points was quantified with a sigma 3B gas

chromatograph (Perkin-Elmer, Foster, CA, USA) equipped

with a Porapak T column.

Results

Generation and molecular characterization

of transgenic LjAMT1;1-antisense lines

We generated transgenic L. japonicus GIFU plants carry-

ing an antisense sequence that covered the 1,509 bp of the

LjAMT1;1 cDNA. The antisense sequence was expressed

from the soybean (Glycine max) leghemoglobin promoter
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(LBC3), which is specifically active in the invaded cells of

the central tissue in determinate nodules (Lauridsen et al.

1993), and was terminated by the 30 nopaline synthase

terminator (nosT). T-DNA carrying the antisense-construct

was introduced into L. japonicus via A. tumefaciens-med-

iated transformation and primary transformants (T0) were

selected on the basis of G418 resistance and confirmed by

PCR detection of the transgene in isolated genomic DNA

(data not shown). Twelve LjAMT1;1-antisense primary

transformant plants were transferred to the greenhouse and

eight lines were characterized in subsequent generations.

AMT1;1 transcript abundance in root nodules of G418-

resistant T1 plants was measured by real-time RT-PCR on

total RNA extracted from mature nodules (21 days post-

inoculation, d.p.i.). Three out of eight antisense lines

exhibited significantly-lower LjAMT1;1 transcript levels

than the control (Fig. 1a). More specifically, lines Lj125,

Lj126 and Lj131 had 25%, 50% and 60% lower AMT1;1

transcript levels than wild type plants, respectively. No

changes in steady-state LjAMT1;1 transcript levels in roots

and leaves were observed in these lines relative to the

control (Fig. 1b, c), confirming the organ-specificity of the

antisense effect. We speculated that much of the remaining

LjAMT1;1 transcript in nodules of LjAMT1;1 antisense

plants may have been confined to the vascular tissues

(D’Apuzzo et al. 2004) which would not be expected to be

affected by the antisense sequence driven by the LBC3

promoter. To test this idea, we carried out in situ RNA-

hybridization analysis to visualize and compare cellular

localization of the LjAMT1;1 transcript in wild type, Lj126

and Lj131 antisense nodules. LjAMT1;1 transcript was

detected in both the central infected zone and vascular

tissues of 3 weeks old nodules on wild type plants

(Fig. 2a). In contrast, LjAMT1;1 transcript levels were

clearly reduced in the central, infected zone but not in

vascular bundles of antisense lines Lj126 and Lj131

(Fig. 2b, c). No significant hybridization signal above

background was detected in wild type nodules hybridized

to sense LjAMT1;1 probe (Fig. 2d).

Reduction of LjAMT1;1 transcript level in the infected

zone of Lotus nodules leads to increased nodulation

T1 seeds of Lj125, Lj126 and Lj131 antisense lines showed

a 3:1 Mendelian segregation of the G418-resistance phe-

notype (Table 1), suggesting a single T-DNA integration

event in each line. To determine the physiological impact

of reduced AMT1;1 expression in the nitrogen-fixing zone

of Lotus nodules, nodulation capacities of wild type and

antisense plants were compared. Seedlings were inoculated

with M. loti NZP2133 6 days after sowing (Barbulova and

Chiurazzi 2005) and the kinetics of nodulation were fol-

lowed for 6 weeks (Fig. 3). Initial experiments were

carried out with a segregating population of T1 plants

without G418-selection, to avoid any negative effects of

the antibiotic on nodulation. Approximately three-quarters

of all plants of the segregating lines Lj125, Lj126 and Lj131

produced significantly more nodules than wild type,

consistent with a 3:1 segregation ratio of a single T-DNA

insert in the T1 generation (Fig. 3a–c; Table 1). Analysis

of the kinetics of nodulation revealed a substantial increase

in nodule numbers on antisense plants compared to

the wild-type, between 2 and 3 weeks after inoculation

(Fig. 3d–f).

Fig. 1 Reduction of LjAMT1;1 transcript levels in nodules of

antisense lines. Relative LjAMT1;1 transcript levels in nodules (a),

roots (b), and leaves (c) 3 weeks after inoculation. Transcript levels

were determined by qRT-PCR, normalized to that of the internal

control ubiquitin (see Material and methods) and plotted relative to

LjAMT1;1 transcript levels in wild type plants. Bars represent the

mean and standard deviation of data obtained with RNA extracted

from two biological replicates and three technical replicates each
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The enhanced-nodulation phenotype of LjAMT1;1

antisense lines was confirmed on T2 plants first selected for

G418-resistance and then inoculated with M. loti. Lines

Lj126 and Lj131 developed approximately twice the

number of nodules as a G418-resistant, transgenic plant

used as control (Fig. 4). Antisense plants continued to form

new nodules on young roots 2–3 weeks after inoculation,

while wild-type plants did not (Fig. 5a).

Nitrogen-fixing capacity of LjAMT1;1 antisense

nodules

In view of the enhanced nodulation of LjAMT1;1 antisense

plants, we were interested in testing the nitrogen-fixing

activity of these plants. Using the acetylene reduction assay

to estimate nitrogenase activity, we found that the nitrogen

fixation activity of each nodule of these plants was

Fig. 2 In situ localization of LjAMT1;1 transcript in nodules of

wild-type and LjAMT1;1 antisense plants. Longitudinal 8-lm thick

sections of 3 weeks old nodules were hybridized to a 300 bp 30-end

LjAMT1;1 antisense and sense probes. Hybridization signal was

visible as blue-purple precipitate. (a–c) hybridization with antisense

probe, (d) hybridization with sense probe. (a) Bright-field image of a

wild type nodule. (b) Bright-field image of a Lj126 antisense line

nodule. (c) Bright-field image of a Lj131 antisense line nodule. (d)

Bright-field image of a wild type nodule. Arrowheads indicate signal

detected in vascular bundles

Table 1 Segregation analysis of the G418-resistance and enhanced-nodulation phenotypes in the T1 generation of the LjAMT1;1 transgenic

lines

Line G418 resistance Ratio R:S v2 (1 df) Nodulation Ratio En:wt v2 (1 df)

Resistant Sensitive Enhanced Wild type

Lj125 24 10 2.4:1 0.35 17 8 2.1:1 0.56

Lj126 23 10 2.3:1 0.49 14 4 3.5:1 0.07

Lj131 27 10 2.7:1 0.08 13 5 2.6:1 0.13
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significantly lower (40–45%) than that of wild-type nod-

ules (Fig. 5b). The analysis of the nodule biomass (Fig. 5c)

indicated that the nitrogen-fixation reduction found in the

nodules of antisense lines was not due to a reduction of the

nodules size. Interestingly, the growth of two antisense

lines under symbiotic nitrogen-fixing conditions actually

exceeded that of wild type plants (Fig. 5d), suggesting

that the total amount of nitrogen fixed over the entire

growth period was comparable or greater in the anti-sense

plants.

LjAMT1;1 expression is under developmental

but not nitrogen-control in nodules

We utilized an AMT1;1 promoter-gusA fusion (D’Apuzzo

et al. 2004) to monitor LjAMT1;1 expression in transgenic

plants after infection with M. loti wild-type or a nifH-

(fix-) mutant strain. After infection of Lotus wild-type

plants with the nifH- strain, an increased number of white

nodules can be detected at 5 weeks post inoculation

(Fig. 4). Despite the lack of nitrogen fixation, the pattern

and intensity of GUS activity in young nodules was similar

in nodules elicited by wild-type and nifH- M. loti (Fig. 6).

Fig. 3 Nodulation kinetics of wild-type and LjAMT1;1 antisense

plants. The number of nodules per plant was counted for T1 segregants

of LjAMT1;1 antisense lines Lj125 (a, 1–25), Lj126 (b, 1–18), Lj131

(c, 1–18), the wild-type (black bars) and a transgenic line used as a

control (grey bars). Plants were checked at 6 weeks post inoculation

(7 weeks after sowing) and only mature nodules were scored. Kinetics

of nodulation for five Lj125 (d), Lj126 (e) and Lj131 (f) T1 segregants

and wild type plants. Wild-type data represent the mean and standard

deviations obtained from three independent experiments (16 plants per

experiment)

Fig. 4 Nodulation phenotype of LjAMT1;1 antisense and wild-type

plants infected with wild-type or nifH- mutant rhizobia. G418-

resistant LjAMT1;1 antisense and transgenic controls were inoculated

1 week after germination with either wild-type or a nifH- strain of

M. loti. Nodule numbers were analyzed 5 weeks post inoculation.

Control transgenic line was infected with wild-type (black bar) and

nifH- rhizobia (grey bar), while Lj126 and Lj131 antisense lines were

infected with wild-type M. loti (white bars). The data represent mean

and standard deviation obtained from three independent experiments

(16 plants per experiment)
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In other words, although we cannot exclude the existence

of a posttranscriptional mechanism of LjAMT1;1 mRNA

regulation in nodules (Yuang et al. 2007a), its nodular

expression seems not to be dependent by the presence of

ammonium, the product of nitrogen fixation and the sub-

strate of the LjAMT1;1 transporter.

Localization of LjAMT1;1-GFP fusion protein

to the PM

To investigate the subcellular localization of LjAMT1;1

protein in the root tissues of Lotus plants, we constructed a

translational fusion of the AMT1;1 gene to the green

Fig. 5 Nodulation pattern and nitrogen fixation in LjAMT1;1 lines.

The pattern of nodulation in transgenic G418-resistant control (a, left

panel) and Lj126 plants (a, right panel) was scored at 5 weeks post

inoculation. Younger nodules observed on the secondary roots are

shown in the square. (b) Acetylene reduction activities per nodule of

G418-resistant transgenic control (black bar), and Lj125, Lj126, Lj131

plants (white bars). (c) Nodule fresh weight of G418-resistant

transgenic control (black bar), and Lj125, Lj126, Lj131 plants (white

bars). (d) Shoots fresh weight (mg/plant) of G418-resistant transgenic

control infected with wild-type (black bar) or nifH- rhizobia (grey

bar) and Lj125, Lj126, Lj131 antisense lines infected with M. loti
wild-type (white bars). Data are mean and SD of 32 plants from two

independent experiments

Fig. 6 Analysis of the LjAMT1;1 promoter activity in nodular tissues. Longitudinal sections of transgenic nodules of pLjAMT1;1-gusA lines,

inoculated with the M. loti wild-type (a) or nifH- (b) strains
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fluorescent protein (GFP) gene. GFP was fused in frame at

the N-terminal end of AMT1;1. The coding sequence for

the fusion protein was placed downstream of the CAMV-

35S promoter and introduced into Lotus by A. rhizogenes-

mediated transformation. GFP fluorescence was observed

in the transgenic hairy root cells using a confocal laser-

scanning microscope. GFP fluorescence was confined to

the periphery of cortical root cells (Fig. 7a) and after

plasmolysis, fluorescence was retained on the detached PM

(Fig. 7b, c). The same PM localization has been reported

for AMT proteins in other plant species (Ludewig et al.

2003; Simon-Rosin et al. 2003; Yuan et al. 2007b).

Discussion

We used a reverse-genetic approach to investigate the role

played by LjAMT1;1, in Lotus nodules. Expression of an

antisense version of LjAMT1;1 in stably-transformed plants

was driven by the GmLBC3 promoter, which is specifically

active in infected cells of the nitrogen fixation zone of

determinate nodules (Lauridsen et al. 1993). Three inde-

pendent transgenic lines with reduced expression of

LjAMT1;1 in nodules were obtained (Fig. 1). Down-regu-

lation of AMT1;1 appeared to be localized in the central

region of the nodules and no spreading of RNA silencing

was observed in the surrounding vascular tissues (Fig. 2).

Recently, Complainville et al. (2003) described changes in

the pattern of symplastic communication observed during

nodule development, by analyzing the un-loading and dis-

tribution of GFP fluorescence in transgenic M. truncatula

plants where GFP expression was driven by the A. thaliana

companion cell-specific AtSUC2 promoter (Imlau et al.

1999). In particular, GFP fluorescence was present in the

meristematic and invasion zones of mature nodules,

whereas no GFP fluorescence was detected in cells of the

central, infected zone, suggesting a reduction in the per-

meability of plasmodesmata in that region (Complainville

et al. 2003). A reduction in symplastic connectivity

between cells of the infected zone and vascular tissues of

nodules could explain the absence of spreading of RNA

silencing from the former to the latter in the LjAMT1;1

antisense lines (Fig. 2).

Intriguingly, antisense inhibition of LjAMT1;1 led to an

increase in nodule number in the three silenced transgenic

lines (Figs. 3, 4). The number of nodules on the silenced

lines was 2–3 times higher than on wild type and transgenic

control roots (Fig. 3, 4).

Nodulation and nitrogen fixation levy a substantial

metabolic cost on plants. Legumes employ a number

of regulatory mechanisms to avoid nodulation under

N-replete condition, when sufficient mineral or organic

nitrogen is available in the soil, and to restrict nodulation to

sustainable levels when soil nitrogen is limiting. The

number of nodules is regulated in at least two ways: by

aborting infection and by confining the nodulation zone.

Fig. 7 Plasma membrane localization of AMT1;1-GFP in transgenic

roots. The sub-cellular localization of AMT1;1-GFP was examined in

transgenic hairy roots. (a) GFP fluorescence in transgenic cortical root

cells. (b) Nomarsky DIC visualization of transgenic root cells after

plasmolysis in 0.5 M mannitol. (c) DIC/GFP overlay
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Defects in these mechanisms, caused by genetic mutation

lead to hyper- or super-nodulation (Carroll et al. 1985;

Caetano-Anollès and Gresshoff 1991; Penmetsa and Cook

1997; Nishimura et al. 2002; Krusell et al. 2002; Oka-Kira

et al. 2005). On the other hand, a strict interdependence

exists between the level of nitrogenase activity and the

efficiency of carbon sources flux providing energy for the

bacteroid-mediated N2 reduction (Pathirana et al. 1992;

Schulze et al. 1998). Thus, negative feedback mechanisms

governing nodulation, respond to both the number of

nodules already initiated and the nitrogen-fixation output of

mature nodules, although how plants monitor these

parameters remains poorly understood. It appears that

plants are able to compensate for inefficient nodules,

caused either by plant and/or bacteria genetic lesions, at

least to some extent, by increasing nodule number,

although this does little good when mutations completely

abolish nitrogen fixation (Hirsch and Smith 1987; Gordon

et al. 1999; Suganuma et al. 2003). The pattern of nodu-

lation of the LjAMT1;1 antisense lines, with a low density

of nodules distributed in a wider zone of the root system

(Fig. 5a) as well as their nodulation kinetics (Fig. 3d–f) are

reminiscent of the phenotype exhibited by many of the

nitrogen fixation-impaired plant mutants, which exhibit

normal nodulation kinetics up to the time when nitrogen

fixation usually begins but enhanced nodulation compared

to the wild-type afterwards (Cordoba et al. 2003; Gordon

et al. 1999; Suganuma et al. 2003; Krusell et al. 2005).

Interestingly, it appears that the reduced ARA activity

detected in the antisense nodules (Fig. 5b), that was not

associated to a reduced biomass (Fig. 5c), was compen-

sated for by increased nodulation, since shoots of

LjAMT1;1 antisense were at least as large as those of

control plants (Fig. 5d).

The analysis of the LjAMT1;1 antisense lines described

in this paper, provides new insight into the symbiotic role

played by high affinity ammonium transporters. An

involvement of AMT1;1 in the transport of ammonium

across the SM is unlikely since the biochemical properties

of AMT1;1 (Km = 1.7 lM; D’Apuzzo et al. 2004), is not

compatible with such a role, on the basis of the ammonium

concentrations estimated within the symbiosome space

(12 mM; Streeter 1989). Besides, no AMT proteins have

been identified on purified PBM (Wienkoop and Saalbach

2003; Catalano et al. 2004). We have shown a PM location

of the LjAMT1;1 protein (Fig. 7), a result identical to that

obtained for different AMT1 proteins in Lotus and other

plant species (Ludewig et al. 2003; Simon-Rosin et al.

2003; Yuan et al. 2007b). It has been proposed that PM-

located AMT1 proteins may play a role in recovery of

ammonium lost from cells via diffusion, prior to its incor-

poration into amino acids (Simon-Rosin et al. 2003). The

spatial expression pattern of LjAMT1;1 in nodules (Fig. 6)

and the putative PM location of the protein are consistent

with such a role in Lotus. However, we cannot exclude a

possible posttranscriptional regulation of the LjAMT1;1

mRNA in nodules (Yuang et al. 2007a). This action would

not be dependent by nitrogen fixation, but rather associated

to the nodule developmental program (Fig. 6). Inefficient

retrieval of ammonium lost from nitrogen-fixing cells in the

infected zone of LjAMT1;1 anti-sense nodules would be

expected to reduce the efficiency of such nodules, and could

account for the apparent attenuation of feedback inhibition

and consequent increase in nodule number on the antisense

plants. Possibly, the reduced ammonium availability, could

affect the nitrogen-fixation activity observed in the nodules

of antisense plants (Fig. 5b), by altering the rate of amino-

acids synthesis and cycling that was proposed to drive N2

fixation (Lodwig et al. 2003).

An intriguing, alternative hypothesis, is that LjAMT1;1

could play a role as a direct sensor of ammonium, or by

transducing the signal by the actual sensor; identifying a

putative late check-point of the nodules functionality. A

sensing function has been proposed for fungal Amt high

affinity transporters (Javelle et al. 2003) and for the Sac-

charomyces cerevisiae Mep2 protein that links low

ammonium availability with a developmental program rep-

resented by pseudohyphal differentiation (Lorenz and

Heitman 1998).
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