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The Lotus japonicus NPF3.1 Is a Nodule-Induced Gene That Plays a Positive Role in Nodule Functioning









 


	
	
ORIGINAL RESEARCH
 published: 18 June 2021
 doi: 10.3389/fpls.2021.688187






[image: image2]

The Lotus japonicus NPF3.1 Is a Nodule-Induced Gene That Plays a Positive Role in Nodule Functioning

Ylenia Vittozzi1, Marcin Nadzieja2, Alessandra Rogato1, Simona Radutoiu2, Vladimir Totev Valkov1* and Maurizio Chiurazzi1*


1Institute of Biosciences and Bioresources (IBBR), Italian National Research Council (CNR), Napoli, Italy

2Department of Molecular Biology and Genetics, Aarhus University, Aarhus, Denmark

Edited by:
 Katharina Pawlowski, Stockholm University, Sweden

Reviewed by:
 Anis M. Limami, Université d’Angers, France
 Rebecca Dickstein, University of North Texas, United States
 Antonio J. Márquez, Sevilla University, Spain

*Correspondence: Maurizio Chiurazzi, maurizio.chiurazzi@ibbr.cnr.it 
 Vladimir Totev Valkov, vladimir.valkov@ibbr.cnr.it

Specialty section: This article was submitted to Plant Symbiotic Interactions, a section of the journal Frontiers in Plant Science


Received: 30 March 2021
 Accepted: 17 May 2021
 Published: 18 June 2021

Citation: Vittozzi Y, Nadzieja M, Rogato A, Radutoiu S, Valkov VT and Chiurazzi M (2021) The Lotus japonicus NPF3.1 Is a Nodule-Induced Gene That Plays a Positive Role in Nodule Functioning. Front. Plant Sci. 12:688187. doi: 10.3389/fpls.2021.688187
 

Nitrogen-fixing nodules are new organs formed on legume roots as a result of the beneficial interaction with the soil bacteria, rhizobia. Proteins of the nitrate transporter 1/peptide transporter family (NPF) are largely represented in the subcategory of nodule-induced transporters identified in mature nodules. The role of nitrate as a signal/nutrient regulating nodule functioning has been recently highlighted in the literature, and NPFs may play a central role in both the permissive and inhibitory pathways controlling N2-fixation efficiency. In this study, we present the characterization of the Lotus japonicus LjNPF3.1 gene. LjNPF3.1 is upregulated in mature nodules. Promoter studies show transcriptional activation confined to the cortical region of both roots and nodules. Under symbiotic conditions, Ljnpf3.1-knockout mutant’s display reduced shoot development and anthocyanin accumulation as a result of nutrient deprivation. Altogether, LjNPF3.1 plays a role in maximizing the beneficial outcome of the root nodule symbiosis.
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INTRODUCTION

As sessile organisms, land plants developed mechanisms that enable them to cope with the dynamically changing availability of nutrients in the soil (Williams and Miller, 2001; Rogato et al., 2010). Nitrogen in the form of nitrates is often a limiting resource for supporting plant growth in temperate climates (Miller and Cramer, 2005). A primary role in the network governing nitrate uptake, assimilation, storage, and distribution among different plant tissues and organs is played by two protein families, the low-affinity nitrate transporter peptide family (NPF; LATS > 0.5 mM) and the high-affinity nitrate transporter system (NRT2; HATS < 0.5 mM). NPF is a large plant family consisting of 53, 93, and 86 members in Arabidopsis thaliana, Oryza sativa, and Lotus japonicus, respectively (Tsay et al., 2007; Léran et al., 2014; Sol et al., 2019). To date, nitrate transport activity has been reported for 17 A. thaliana NPF proteins (Corratgé-Faillie and Lacombe, 2017), with AtNPF6.3 being the only exception as this displays a switching dual nitrate affinity, controlled via the phosphorylation of the threonine residue at position 101, in response to fluctuating external concentrations (Liu et al., 1999; Liu and Tsay, 2003; Parker and Newstead, 2014; Sun et al., 2014). The extended functional characterization carried out in A. thaliana is allowing the unraveling of the network of the AtNPF distinct functional roles. A variegated pattern of spatiotemporal NPF gene expression through the whole plant body is crucial to provide nitrate uptake from the soil, upward and downward long-distance transport, distribution from source to sink tissues, intercellular flux, and cellular nitrate storage redistribution (Wang et al., 2018). NPF members are also able to transport substrates other than nitrate, including di-/tripeptides, amino acids, glucosinolates, malate, auxin, abscisic acid (ABA), gibberellic acid, and jasmonic acid (Frommer et al., 1994; Jeong et al., 2004; Waterworth and Bray, 2006; Krouk et al., 2010; Kanno et al., 2012; Nour-Eldin et al., 2012; Saito et al., 2015; Tal et al., 2016). The different transport capacities are distributed among the eight NPF subclades identified in plants, and the prediction of the transported substrate cannot be determined from the sequences data alone (Léran et al., 2014). In a few cases, the capability of the NPF members to transport both nitrate and hormones with different affinities has been reported, and this multispecificity could suggest intriguing roles of NPF proteins for the integration of environmental and physiological information linked to the relative availability of different nutrients (Krouk et al., 2010; Kanno et al., 2012; Saito et al., 2015; Corratgé-Faillie and Lacombe, 2017). So far, this role has been demonstrated only for the AtNPF6.3 gene, which also functions as an auxin transport facilitator to modulate lateral root elongation in response to nitrate (Krouk et al., 2010).

The nodule organogenesis competence evolved in legume plants as a result of the symbiotic interaction with rhizobia partner where an ideal microenvironmental niche enables the conversion of atmospheric N2 into the plant assimilable NH3. The invaded cells of the N2-fixing nodules are filled with symbiosomes, the organelles originated by an endocytosis-like process enclosing invading bacteria in a plant-derived membrane whose formation involves an exocytotic process [peri-bacteroidal membrane (PBM)]. Inside the symbiosome, bacteria stop dividing and differentiate into the N2-fixing bacteroids. For the correct function of the nodules, it is crucial to maintain the balance between the microaerophilic condition, which protects nitrogenase from inactivation, and the high rates of respiration taking place in the cytosol and bacteroid compartments of the invaded cells (Bergensen, 1996; Witty and Minchin, 1998). These conflicting demands are met via the oxygen barrier constituted by parenchyma cell layers and mainly by the action of the high-affinity O2− binding protein leghemoglobin (Lb), present at millimolar concentrations in the N2-fixing cells (Appleby, 1984). The nodulation process is an excellent example of adaptation to the changing environment as all the very demanding steps of nodule formation, development, and functioning are quickly inhibited when sufficient amounts of fixed N are readily available in the soil (Carroll and Gresshoff, 1983; Fujikake et al., 2003; Barbulova et al., 2007; Omrane and Chiurazzi, 2009; Naudin et al., 2011; Cabeza et al., 2014). In the case of nodule functioning, the responsiveness to nitrate has been mainly associated with the inhibitory pathway triggering a dramatic decrease in functional leghemoglobin and nitrogenase activity by the exposure of nodulated roots to high nitrate concentrations (5–10 mM; Arrese-Igor et al., 1998; Cabeza et al., 2014). However, a positive action played by low concentrations of nitrate to maintain the energy status required for efficient N2-fixation, ensuring the correct nodule functioning, has been also reported (Horchani et al., 2011; Hicri et al., 2015). More recently, a positive role played by both NPF and NRT2 nitrate transporters for satisfying the required nitrate allocation and distribution into the N2-fixing zone of the nodules has been proposed (Valkov et al., 2017, 2020; Wang et al., 2020). In particular, LjNRT2.4 and MtNPF7.6 seem to be involved in the nitrate-mediated regulation of nodule function by controlling the quick and fine-tuning of nitric oxide (NO) concentration in the nodule-invaded cells in response to rapid changes in O2 availability (Valkov et al., 2020; Wang et al., 2020).

In this study, we report the characterization of another member of the L. japonicus NPF family that may contribute to the completion of the route of nitrate toward the nodule N2-fixing zone required for a correct nodule functioning in the presence of low-permissive external concentrations.



MATERIALS AND METHODS


Plant Material and Growth Conditions

All experiments were carried out with L. japonicus ecotype B-129 F14 GIFU (Handberg and Stougaard, 1992; Jiang and Gresshoff, 1997). Plants were cultivated in Petri dishes, in a growth chamber with a light intensity of 200 μmol m−2 s−1 at 23°C with a 16 h/8 h day/night cycle. Solid growth media had the same composition as B5 medium (Gamborg, 1970), except that (NH4)2SO4 and KNO3 were omitted and/or substituted by different concentrations of KNO3. KCl was added to the medium to replace the potassium source. The media containing vitamins (Duchefa catalogue G0415) were buffered with 2.5 mM 2-(N-morpholino) ethanesulfonic acid (MES; Duchefa, M1503.0250), and pH was adjusted to 5.7 with KOH.

For the phenotypic characterization at 6 weeks after inoculation, synchronized lotus seedlings were transferred after germination in pots containing lightweight expanded clay aggregate (LECA, Saint-Gobain Weber A/S,1 2–4 mm diameter) and vermiculite size M (Damolin A/S)2 in a 4:1 mixture. Plants were supplemented with 60 ml 0.25 × B&D medium supplemented with the required amount of KNO3. Plants were incubated at 23°C under a 16-h light/8-h dark cycle.

Mesorhizobium loti inoculation was performed as described in Barbulova et al. (2005). For phenotypic comparisons, after germination, unsynchronized seedlings were discarded. The strain R7A was used for the inoculation experiments and was grown in a liquid TYR medium supplemented with rifampicin (20 mg/L).



Lotus japonicus Hairy Root Transformation Procedures

Binary vectors were conjugated into the Agrobacterium rhizogenes 15,834 strain (Stougaard et al., 1987). A. rhizogenes-mediated L. japonicus transformations have been performed as described in Bastianelli et al. (2009). Inoculation of composite plants was described in Santi et al. (2003).



Protoplast Transformation

Leaf protoplasts were prepared and transformed according to Pedrazzini et al. (1997), using 3-week-old Nicotiana tabacum plants. DNA (40 μg of each construct) was introduced into 1 × 106 protoplasts by PEG-mediated transfection. After 16-h incubation in the dark at 25°C, yellow fluorescent protein (YFP) fluorescence in protoplast cells was detected by confocal microscopy.



LORE1 Lines Isolation

LORE1 lines 300121103 and 30082596 were obtained from the LORE1 collection (Fukai et al., 2012; Urbanski et al., 2012; Malolepszy et al., 2016). The plants in the segregating populations were genotyped, and the expression of homozygous plants tested with primers is listed in Supplementary Table S1.



Determination of Acetylene Reduction Activity

Detached roots with a comparable number of nodules were placed in glass vials. The vials were filled with an acetylene – air mixture (C2H2; air = 1:9 v/v). After 30 min of incubation at 25°C, the amount of ethylene in the gas phase was determined using a gas chromatograph (PerkinElmer Clarus 580).

The analysis of acetylene reduction activity (ARA) after a shift in high KNO3 conditions has been performed as described in the study by D’Apuzzo et al. (2015); nodulated plants were transferred at 4 wpi on slanted Petri dishes where roots are placed in sandwich position between two filter papers wet with a Gamborg B5 liquid media containing no KNO3 or 10 mM KNO3. Plants are maintained for 48 h in these conditions with filter papers wet with 20 ml liquid media. ARA was then tested as described above.



Estimation of Anthocyanin

Stem tissue from three plants per assay was weighed and then extracted with 99:1 methanol: HCl (v/v) at 4°C. The OD530 and OD657 for each sample were measured, and relative anthocyanin levels were determined with the equation OD530 – (0.25 × OD657) × extraction volume (ml) × 1/weight of tissue sample (g) = relative units of anthocyanin/g fresh weight of tissue.



Quantitative Real-Time PCR

RNA was extracted as described in Omrane et al. (2009). Real-time PCR was performed with a DNA Engine Opticon 2 System, MJ Research (MA, United States) using SYBR to monitor dsDNA synthesis. The procedure was described in the study by Moscatiello et al. (2018). The ubiquitin (UBI) gene (AW719589) was used as an internal standard. The concentration of primers was optimized for every PCR, and amplifications were carried out in triplicate. The PCR program used was as follows: 95°C for 3 min and 39 cycles of 94°C for 15 s, 60°C for 15 s, and 72°C for 15 s. Data were analyzed using Opticon Monitor Analysis Software version 2.01 (MJ Research). The quantitative real-time PCR (qRT-PCR) data were analyzed using the comparative Ct method. The relative level of expression was calculated with the following formula: The relative expression ratio of the gene of interest is 2−∆CT with ∆←←←CT = CtGENE minus CTUBI. The efficiency of the LjNPF3.1 primers was assumed to be two. Analysis of the melting curve of PCR product at the end of the PCR run revealed a single narrow peak for each amplification product, and fragments amplified from total complementary DNA (cDNA) were gel-purified and sequenced to assure accuracy and specificity. The oligonucleotides used for the qRT-PCR are listed in Supplementary Table S1.



Plasmid Preparation

The various constructs used for L. japonicus transformation were assembled using Golden Gate Cloning (Weber et al., 2011). The LjNPF3.1 sequences have been retrieved in the Lotus database (Gifu assembly; Mun et al., 2016)3 and synthesized by ThermoFisher Scientific. Overhangs extremities with the BsaI or BpiI restriction sites have been added to the sequences. For promoter activity studies, the putative promoter region of 2,503 bp upstream of the translation start of LjNPF3.1 was used to drive a triple YFP reporter carrying a nuclear localization signal on the C terminus (Reid et al., 2016). The construct was assembled in a pIV10-L2 vector backbone (ampicillin and spectinomycin/streptomycin resistant). For localization studies in tobacco protoplasts, the LjNPF3.1 CDS sequence was cloned downstream of the 35S promoter and upstream of the sequence encoding the eYFP directly into pICH binary vector backbone (Weber et al., 2011). Restriction ligase reactions were made using the BpiI restriction enzyme and T4 ligase of ThermoFisher Scientific.



Statistical Analysis

Statistical analyses were performed using the VassarStats analysis of variance program.



Confocal Imaging

For promoter activity using tYFPnls, transformed roots were fixed with paraformaldehyde and cleared as described previously (Warner et al., 2014). The samples were analyzed on a ZEISS confocal microscope LSM780. The whole root images were obtained using Z-stack and tile scan tools with 514/515–530 nm excitation/emission settings. Final images were generated by Maximum Intensity Projection in ZEN software (ZEISS) or ImageJ. For the 35S driven LjNPF3.1-YFP fusion in tobacco protoplast, confocal analyses were performed using a LeicaDMi8 (Leica Biosystems, Wetzlar, Germany) laser scanning confocal imaging system as described in Rogato et al. (2008). For YFP detection, excitation was set at 488 nm, and detection between 515 and 530 nm.




RESULTS


LjNPF3.1 Expression Is Strongly Induced in N2-Fixing Nodules

We have recently reported the identification of the 86 members of the L. japonicus NPF family (accession MG20; Criscuolo et al., 2012; Sol et al., 2019) whose nomenclature was assigned based on the two-letter code established in Léran et al. (2014). The name LjNPF3.1 is assigned to the MG20 gene Lj2g3v1155500.1 (Sol et al., 2019) and the identical copy LotjaGi2g1v0278100.1, identified in the L. japonicus accession Gifu (Supplementary Table S2; Kamal et al., 2020).4 LjNPF3.1 is one of the three members of the clade 3 (Supplementary Table S2) coding for a 580-amino acid protein with a molecular mass of 64.4 kDa. LjNPF3.1 has 12 TM predicted domains (Tusnàdy and Simon, 2001) and shares the highest level of amino acid identity among the Arabidopsis NPF members, with the AtNPF3.1 protein (74%; AT1G68570.1). LjNPF3.1 was previously included in the subclass of eight LjNPF nodule-induced genes identified by in silico analysis (Valkov and Chiurazzi, 2014).5 We have now confirmed this specific profile of expression in a time-course experiment where L. japonicus seedlings grown in a derived Gamborg-B5 medium without N sources were inoculated with M. loti 1 week after sowing. The LjNPF3.1 transcript was barely detectable in uninoculated as well as roots tested up to 14 days after inoculation, whereas a strong induction was observed in mature nodules (tenfold induction; Figure 1A). To further characterize the profile of expression of LjNPF3.1, we have also analyzed the distribution of the LjNPF3.1 transcript in different organs of L. japonicus. The LjNPF3.1 gene showed a regulated transcriptional profile with a peak of expression in mature nodules and a significant level of transcript in leaves and mature flowers (Figure 1B).
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FIGURE 1. LjNPF3.1 transcriptional regulation. (A) Time-course analysis in wild-type Lotus japonicus root and nodule tissues after Mesorhizobium loti inoculation. RNAs were extracted from roots of seedlings grown in N-starvation conditions at different times after inoculation (R0, 24 h, 72 h, 6 days, and 14 days) and from mature nodules (28 dpi). (B) Expression in different organs. RNAs were extracted 4 weeks after inoculation. Mature flowers were obtained from lotus plants propagated in the growth chamber. Expression levels obtained by quantitative real-time PCR (qRT-PCR) were normalized with respect to the internal control ubiquitin (UBI) gene and plotted as relative to the expression of T0 (A) and root (B). Data bars represent the mean and SDs of data obtained with RNA extracted from three different sets of plants and three real-time PCR experiments.




LjNPF3.1 Is Expressed in Root and Nodule Cortical Regions

To gain information about the spatial distribution of the LjNPF3.1 transcript in root and nodule tissues, the putative promoter region of the LjNPF3.1 gene was obtained by amplifying a PCR fragment extending up to 2.5 kb upstream of the ATG. A proNPF3.1:tYFP-NLS reporter constructs localizing triple YFP in the nucleus of transgenic roots was used to visualize the LjNPF3.1 spatial gene expression at the cellular level. Confocal microscopy analyses indicated that the LjNPF3.1 promoter was active in the cortical cells of the inoculated hairy roots (Figure 2A), and the fluorescence level increased at the base of the nodules (Figure 2B), consistent with the increased expression shown in Figure 1. The section in Figure 2C shows a strong YFP signal also in the peripheral parenchymatic nodule region, most likely the outer cortex cell layers.

[image: Figure 2]

FIGURE 2. The activity of LjNPF3.1 2.5-kb promoter fused to the tYFP-NLS reporter (nuclear-localized, green) in inoculated hairy roots. (A) Expression in the root cortical region. (B) Increased YFP fluorescence was detected at the base of mature nodules. (C) YFP fluorescence at the periphery of the N2-fixing nodules in the outer cortex region. *, nodule base; vb, vascular bundle; co, outer cortex; e, epidermis.


To determine the LjNPF3.1 subcellular localization, we generated a construct that fused YFP to the C-terminus of LjNPF3.1 under the control of the 35S promoter and 35S terminator and introduced this construct in tobacco protoplasts. Although we did not provide evidence that the 35S-LjNPF3.1-YFF fusion maintains the correct biological function, confocal microscopy analysis indicated that this localizes at the plasma membrane of transformed protoplasts, mirroring the localization of the AtPIP2A-mCherry plasma membrane marker (Figures 3A–F).

[image: Figure 3]

FIGURE 3. Plasma membrane localization of the p35S-LjNPF3.1-eYFP fusion transiently expressed in protoplasts of tobacco mesophyll cells. (A) Plasma membrane localization of the 35S-LjNPF3.1-eYFP. (B) Chlorophyll autofluorescence of the transformed protoplast. (C) Merged image of (A,B). (D) Plasma membrane localization of the pUBI-AtPIP2A-mCherry marker (purple). (E) Chlorophyll autofluorescence of the transformed protoplast. (F) Merged image of (C,D).




Isolation of LORE1-Insertion Null Mutants and Phenotypic Characterization

To determine the in vivo function of LjNPF3.1, two independent LORE1 insertion mutants have been isolated from the LORE1 lines collection established in the L. japonicus Gifu accession (Fukai et al., 2012; Urbanski et al., 2012; Malolepszy et al., 2016). Lines 300121103 and 30082596, bearing retrotransposon insertions in the third and fourth exon (Figure 4A), have been genotyped by PCR, and plants homozygous for those insertion events were selected and transferred to the plant chamber for the production of seeds. Endpoint RT-PCR analyses of homozygous plants from lines 300121103 and 30082596 revealed no detectable LjNPF3.1 mRNA in mature nodules and hence, considered null mutants and hereafter named Ljnpf3.1-1 and Ljnpf3.1-2, respectively (Figure 4B). Two individual homozygous mutant plants from each insertion line have been selected for analyses, and because their growth phenotypes did not significantly differ, the data obtained with the selected individual mutants have been pooled. As transcript abundance and promoter activity were related to mature nodules, we analyzed the symbiotic performances of the Ljnpf3.1 plants in terms of nodule formation capacity and shoot growth parameters exhibited at 4 weeks after inoculation with M. loti. Wild-type and Ljnpf3.1 synchronized seedlings with a 0.5 cm long root were transferred 5 days after sowing, in Petri dishes containing B5-derived medium without N sources or with different concentrations of KNO3 and inoculated with M. loti. Wild-type and mutant plants display the same nodule formation capacity, whereas a clear-cut reduction of the shoot length (21–32%) and fresh weight (16–26%) values were exhibited by Ljnpf3.1-1 and -2 when compared to the ones of the wild-type plants (Figures 5A–C; Supplementary Figure S1). Importantly, when the growth medium was supplemented with 5 mM KNO3, a concentration that is known to inhibit nodule initiation (Barbulova et al., 2007) and sufficient to support optimal plant growth, the mutants did not display any shoot growth-defective phenotype (Figures 5A–C; Supplementary Figure S1). The specificity of the symbiotic deficient phenotype was further confirmed by another set of experiments where wild-type and mutant genotypes were grown in pots to allow the evaluation of symbiotic phenotypes up to 6 weeks after inoculation. The scoring of nodulation, as well as shoot growth parameters, confirmed the deficient phenotype of both Ljnpf3.1 inoculated plants, whereas no differences were observed in uninoculated plants grown in the presence of 1 mM KNO3 (Figures 5D–F; Supplementary Figure S2). Furthermore, as a correlation between nitrate uptake/reallocation/assimilation and water stress responses has been well-characterized in plants (Chen et al., 2012; Gloser et al., 2020), we have also analyzed the dry weight of detached wild-type and mutant leaves to rule out the hypothesis that the reduced weight was due to different water contents. Data shown in Supplementary Figure S3 indicate that the dry weight of leaves was also significantly reduced in mutants as compared to wild-type and that the wt/Ljnpf3.1 fresh and dry weight ratios remain constant. The specific symbiotic deficient phenotype displayed by the Ljnpf3.1 plants was also confirmed by the substantially increased accumulation of anthocyanin exhibited in the stems of the inoculated mutants as compared to wild-type plants, with the exception of plants grown in the presence of sufficient N conditions (5 mM KNO3; Supplementary Figure S1). The anthocyanin accumulation was quantified, and the data shown in Figure 6 indicate a 3–5-fold increase in the mutants as compared to wild-type, whereas such a difference was not scored in the uninoculated plants (Figure 6A).
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FIGURE 4. (A) Exon/intron organization of the LjNPF3.1 gene. Insertion sites, relative orientations of the LORE1 retrotransposon element in the 300121103 and 30082596 lines, and positions of a couple of primers (gray and black arrowheads) used for genotyping are indicated. (B) LjNPF3.1 is not expressed in LORE1 homozygous mutant lines.


[image: Figure 5]

FIGURE 5. Phenotypic characterization of Ljnpf3.1-1 and Ljnpf3.1-2 mutants. Wild-type and Ljnpf3-1 plants, inoculated with M. loti and grown in the presence of different concentrations of KNO3. (A–C) Plants grown in Petri dishes, axenic conditions, scored 4 weeks after inoculation. (D–F) Plants were grown in pots scored at 6 weeks after inoculation. (A,D) Nodules number per plant. (B,D) Shoots length per plant. (C,F) Shoots fresh weight per plant. Different KNO3 regimes and plant genotypes are indicated [noninoculated plants in panels (E,F) are indicated by oblique-filled bars]. Bars represent the means and SE of measures from three experiments (at least 20 plants per experiment per condition). Asterisks indicate significant differences with wild-type levels. ∗p < 0.05; ∗∗p < 0.002; and ∗∗∗p < 0.0001.


[image: Figure 6]

FIGURE 6. Phenotypic characterization of Ljnpf3.1-1 and Ljnpf3.1-2 mutants. (A) Analysis of anthocyanin content in the stems of wild-type and Ljnpf3.1 plants grown in Petri dishes with/without M. loti inoculation. Relative anthocyanin levels scored in the Y-axis were determined with the equation OD530 – (0.25 × OD657) × extraction volume (ml) × 1/weight of tissue sample (g) = relative units of anthocyanin/g fresh weight of tissue. Anthocyanin was extracted 4 weeks after sowing. (B) Acetylene reduction activity (ARA) per nodule weight at 4 weeks postinoculation. (C) Nodules fresh weight. Plants were grown in Petri dishes as in Figures 5A–C. N regimes and plant genotypes are indicated. Data bars represent the means and SE of measures from six experiments in (B; eight samples of five nodules per experiment per condition). Asterisks indicate significant differences with wild-type levels. ∗p < 0.05 and ∗∗∗p < 0.001.


To test whether the symbiotic phenotypes could be associated with altered nodule functionality, we have analyzed the N2-fixing performances of wild-type and Ljnpf3.1 mutant nodules. The ARA was measured in detached nodule samples from five independent experiments in plants grown in axenic conditions at 4 weeks postinoculation. A significant 22% reduction of activity in plants grown without N supply was scored, and this deficiency was reduced to still a significant 14% (Ljnpf3.1-1) and 24% (Ljnpf3.1-2) in nodules of mutants grown in the presence of 100 μM KNO3 (Figure 6B). Furthermore, the comparison of nodulation phenotypes in nitrate-free and 100 μM KNO3 revealed a significant increase in nodule biomass (fresh weight) in the wild-type as compared to Ljnpf3.1-1 (Figure 6C; 25 and 15%, respectively). To test whether LjNPF3.1 is involved in the pathway responsible for the rapid drop of the N2-fixation activity observed in nodules after the transfer in the presence of high external nitrate concentrations (Arrese-Igor et al., 1998; Cabeza et al., 2014), we compared the values of acetylene reduction in wild-type and mutant nodules after transfer in the presence of 10 mM KNO3 for 48 h. As shown in Figure 6B, the N2-fixation capacity is reduced to more than 30% in both wild-type and mutant nodules after the transfer in high nitrate conditions (Figure 6B).

The identical phenotypes displayed by the Ljnpf3.1-1 and -2 null mutants confirmed that the LORE1 insertions in the LjNPF3.1 gene are the causal mutations of the deficient phenotypes observed exclusively in symbiotic conditions. In addition, heterozygous plants for the LORE1 insertion, the LjNPF3.1 gene isolated in the two analyzed lines, displayed neither the shoot biomass deficient phenotypes nor the anthocyanin accumulation (data not shown).




DISCUSSION

The important contribution of transporters of the NPF family to the functioning of N2-fixing nodules is suggested by the large numbers of NPF genes found to be upregulated in mature nodules (Takanashi et al., 2012; Valkov and Chiurazzi, 2014; Clarke et al., 2015; Wang et al., 2016). In this study, we report the characterization of one of the eight upregulated LjNPF genes identified in mature N2-fixing Lotus nodules, LjNPF3.1 (Valkov and Chiurazzi, 2014). Analyses of the expression profile revealed an increase in the LjNPF3.1 transcript in nodules compared to roots (more than 10-fold; Figure 1). The clade 3 of the L. japonicus NPF family consists of three members as in other legume plants (Medicago truncatula and Phaseolus vulgaris; Léran et al., 2014), and LjNPF3.1 is the only one upregulated in mature nodules.6 Interestingly, MtNPF3.1 that shares 84% of amino acid identity with LjNPF3.1 also exhibits the induced profile of expression in mature nodules (He et al., 2009).7

The phenotypic characterization of the two independent null mutants provides evidence for a positive role played by LjNPF3.1 for an efficient nodule functioning (Figures 5, 6). The reduction of shoot height and weight scored in the mutants in the whole range of permissive low N conditions tested (Figures 5B,C,E,F) might be explained, in the presence of an equal number of nodules (Figures 5A,D), by the partial, but significant, impairment of the nitrogenase activity reported in Figure 6B. Consistently, the shoot phenotypes displayed by the Ljnpf3.1 mutants (Figure 5; Supplementary Figure S1) are not as severe as those reported for the fix− mutants, rather resembling the ones of the mutants described as Fix+/Fix−, which show an impaired N2-fixation activity (Garcìa-Calderon et al., 2012; Pislariu et al., 2012). The relatively slight reduction of nitrogenase activity could also be due to the functional redundancy of LjNPF3.1 with other NPF genes upregulated in the mature nodule (Valkov and Chiurazzi, 2014). The relationship between the reduced shoot biomass and the N-starvation condition due to the partial efficiency of the N2-fixation activity is confirmed by the rescue of the stressed phenotype observed in the presence of 5 mM KNO3 (Figures 5B,C). Furthermore, the anthocyanin accumulation scored only in the stems of the inoculated Ljnpf3.1 plants represents another indication of an impaired N2-fixation activity in the mutant genetic background as anthocyanin accumulation in the stems has been reported as a phenotype associated with N-starvation condition associated with a deficiency of the nodule functioning or lack of nodulation (Krussell et al., 2005; Ott et al., 2005; Bourcy et al., 2013; Pal’ove-Balang et al., 2015). Although we cannot exclude the possibility that the spatial expression of LjNPF3.1 is also controlled by sequences located outside the 2.5 kb of the 5'-UTR region used in the promoter-fusion construct, the spatial expression profile (Figure 2) provides some clues about the action played by LjNPF3.1 for the control of nodule efficiency. The preferential expression in the root cortex shown in Figure 2A has been only reported for two Arabidopsis nitrate excretion transporters (NAXT) of the subgroup 2, AtNPF2.5 and AtNPF2.7, which mediate chloride and nitrate efflux from the root, respectively (Segonzac et al., 2007; Li et al., 2017). Recently, in M. truncatula, the flux of nitrate from the root tissue and from the external environment to the nodules has been traced (Wang et al., 2020). The MtNPF7.6 high-affinity nitrate transporter, specifically expressed in nodule vascular tissues, functions in nitrate uptake and transport through the nodule transfer cells (NTC) to fine-tune the nodule development and functioning in response to fluctuating environmental nitrate status (Wang et al., 2020). The spatial expression profile of LjNPF3.1 in the root cortical region at the base of the nodule (Figure 2B) and in the layers of cortex adjacent to the infected cells inside the nodule (Figure 2C) is consistent with possible involvement in the flux of nitrate from the root and from outside to inside the nodule toward the N2-fixation zone (Figure 7) where nitrate might contribute to regulate NO homeostasis and oxidative stress (Horchani et al., 2011; Hicri et al., 2015; Valkov et al., 2017, 2020; Signorelli et al., 2020; Villar et al., 2020; Wang et al., 2020). However, the involvement of LjNPF3.1 should be limited to conditions of low external concentration that are permissive for nodule functioning, as the inhibitory pathway occurring at high concentrations of nitrate is not altered in the Ljnpf3.1 mutants (Figure 6B). So far, it is noteworthy that the transporters reported being involved in the nodular transport of nitrate (Figure 7) exhibit capacity to transport this ion at low concentrations (0.5 mM; Valkov et al., 2017), with saturable kinetics in the micromolar range (Wang et al., 2020) or as members of the high-affinity NRT2 family (Valkov et al., 2020).

[image: Figure 7]

FIGURE 7. Model of nitrate flux in the N2-fixing nodule. Right side: 70 μm vibratome longitudinal section of a 4-week old L. japonicus nodule with an illustration of the flux of nitrate (thick black arrows) toward the infected cells of the N2-fixation zone either from the root or from outside to inside the nodule. The rectangle indicates the vascular bundle structure bracketed by the outer and inner cortex. Left side: scheme of the flux of nitrate through different cell layers with an illustration of the NPFs and NRT2 involved. The NPFs and NRT2 transporters involved in the transport of nitrate, subcellular structures, and organelles are indicated. oc, outer cortex; ic, inner cortex; vb, vascular bundle; iz, infection zone; end, endodermis; per, pericycle; inf cell, infected cell.


In A. thaliana, the clade 3 of the NPF family consists of a unique member, AtNPF3.1. AtNPF3.1 has also been reported to act as a low-affinity nitrate/nitrite transporter in Xenopus laevis oocytes (Pike et al., 2014) although the nitrate transport capacity could not be confirmed by the characterization of Atnpf3.1 mutants (David et al., 2016). However, as already mentioned, it has been well-documented that NPFs transport various substrates, including phytohormones, and hence, the involvement of LjNPF3.1 in other pathways such as the one governing the distribution of gibberellin (GA), recently reported as a positive regulator of nodule functioning (Serova et al., 2019), cannot be excluded.

In conclusion, although a further characterization of the LjNPF3.1 gene will certainly pass through the identification of the preferentially transported substrate(s), the data reported here clearly indicate its crucial role in the correct N2-fixation process, further highlighting the roles played by NPF transporters for an efficient nodule functioning.
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Supplementary Figure S1 | Representative images of the wild-type and Ljnpf3.1 plants at 4 weeks after inoculation. Nitrate conditions and plant genotypes are indicated. The white arrows indicate the zones displaying the evident accumulation of anthocyanin in the stems of the mutant plants as compared to the wild-type.



Supplementary Figure S2 | Representative images of the wild-type and Ljnpf3.1 plants at 6 weeks after inoculation. Nitrate condition and plant genotypes are indicated. The white arrows are pointed on stems of mutants displaying evident accumulation of anthocyanin.



Supplementary Figure S3 | Phenotypic characterization of Ljnpf3.1-1 and Ljnpf3.1-2 mutants. (A) Fresh weight of detached leaves. (B) The dry weight of detached leaves. Plants were grown in Petri dishes, in the presence of 1 mM KNO3. Leaves from single plants were detached and immediately weighted at 4 weeks after inoculation. Bars represent the means and SE of measures from three experiments (12 plants per experiment). Asterisks indicate significant differences with wild-type levels. *p < 0.05.



Supplementary Table S1 | Oligonucleotides are used in the present work.



Supplementary Table S2 | Description of the Lotus japonicus NPF clade 3.
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