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Introduction

Nitrogen (N) and iron (Fe) are involved in several biochemical processes in living organisms, and their limited bioavailability is a strong constraint for plant growth and yield. This work investigated the interplay between Fe and N nutritional pathways in tomato plants kept under N and Fe deficiency and then resupplied with Fe and N (as nitrate, ammonium, or urea) through a physiological, metabolomics and gene expression study. 





Results

After 24 hours of Fe resupply, the Fe concentration in Fe-deficient roots was dependent on the applied N form (following the pattern: nitrate > urea > ammonium > Fe-deficient control), and whereas in leaves of urea treated plants the Fe concentration was lower in comparison to the other N forms. Untargeted metabolomics pointed out distinctive modulations of plant metabolism in a treatment-dependent manner. Overall, N-containing metabolites were affected by the treatments in both leaves and roots, while N form significantly shaped the phytohormone profile. Moreover, the simultaneous application of Fe with N to Fe-deficient plants elicited secondary metabolites’ accumulation, such as phenylpropanoids, depending on the applied N form (mainly by urea, followed by nitrate and ammonium). After 4 hours of treatment, ammonium- and urea-treated roots showed a reduction of enzymatic activity of Fe(III)-chelate reductase (FCR), compared to nitrate or N-depleted plants (maintained in Fe deficiency, where FCR was maintained at high levels). The response of nitrate-treated plants leads to the improvement of Fe concentration in tomato roots and the increase of Fe(II) transporter (IRT1) gene expression in tomato roots. 





Conclusions

Our results strengthen and improve the understanding about the interaction between N and Fe nutritional pathways, thinning the current knowledge gap.
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Introduction

Despite being abundant on the Earth’s crust, Fe bioavailability under well-aerated and calcareous soil is strongly limited by a scarce solubility of ferric and ferrous forms in solution. It has been estimated that this unfavorable condition affects more than 30% of cultivated soils (Marastoni et al., 2020). Fe is acquired by crops with two distinct strategies based upon type of plant family (Strategy I used by all higher plants such as tomato except graminaceous, Strategy II used by graminaceous plants, Kobayashi et al., 2019; Mori, 1999). Strategy I, consist primarily in proton extrusion by activation of protonic pumps (H+-ATPase family; AHA2 in Arabidopsis, SlHA4 in tomato; Harper et al., 1990; Liu et al., 2016), followed by Fe(III) reduction to Fe(II) by FCR at the root surface level and then adsorbed into the root by iron regulated transporter (IRT; IRT1 in Arabidopsis; SlIRT 1 in tomato; Eide et al., 1996; Eckhardt et al., 2001).

Under Fe deficiency, crops exhibit leaf chlorosis and decreased photosynthesis, resulting in adverse consequences for yield and quality (Mahender et al., 2019; Zhang et al., 2019; Zuo and Zhang, 2011). In tomato roots, Zamboni et al. (2012) provided evidence that Fe deficiency induced the modulation of 97 genes in comparison to Fe sufficiency and, at the transcriptional level, this response is similar to the response activated by Arabidopsis (the so-called “Ferrome” by Schmidt and Buckhout, 2011).

Nowadays, one solution involves providing Fe to the soil in the form of synthetic chelates, causing a significant environmental and economic impact (Piccinelli et al., 2022). To move towards a more precise 4.0 agriculture, which is more restrained in the use of synthetic inputs, it is urgent to identify new agricultural practices aimed at the preservation of the environment and optimizing the already available soil resources (Anas et al., 2020; Congreves et al., 2021).

To identify new environmentally friendly solutions aimed at improving the efficiency of applied fertilizers and natural resources in the soil, the study of the Fe acquisition process in plants should consider the interplay of Fe with other nutrients (Fan et al., 2021). Among these, nitrogen (N) is the nutrient most used as fertilizer, mainly applied as urea, nitrate, or ammonium. More than 110 million tons of N fertilizers are used globally (FAOSTAT, 2021). Still, only a small quantity is effectively taken up by crops (30–40%), whereas the remaining fraction is lost in the environment (Eickhout et al., 2006; Gao et al., 2022; Sainju et al., 2019).

The influence of an N form on Fe acquisition is linked to changes occurring at the molecular and physiological levels in plants and the rhizosphere. Being nitrate and ammonium the ions with higher uptake (accounting for more than 70% of the total), their role in the control of cations and anions uptake, dry matter production, carbon assimilation rate, root apoplastic pH, and rhizosphere pH is significant (Arnozis and Findenegg, 1986; Marschner, 1995; Mengel, 1994). In particular, changes in the pH within the rhizosphere (e.g. alkalinization by nitrate or overall acidification by ammonium) and the plant apoplast largely modulate the uptake, remobilization and allocation of metals such as Fe and the acquisition of other nutrients (such as phosphorous, P; Thomson et al., 1993; Zou et al., 2001; Sarasketa et al., 2016; De la Peña et al., 2022). In addition to rhizospheric acidification and changes in plant metabolism, Zou et al. (2001) highlighted that ammonium even triggers nitric oxide production in Arabidopsis. This signaling molecule induces FCR activity and also the Fe release from the cell wall (especially from hemicellulose). Moreover, ammonium upregulates genes involved in Fe translocation from roots to shoots, such as FRD3 and NAS1 (NA SYNTHASE1), increasing the amount of soluble Fe in shoots and thus alleviating Fe deficiency symptoms in Arabidopsis (a reduction in interveinal leaf chlorosis; Zhu et al., 2019).

On the other hand, nitrate can lead to the alkalinization of the rhizosphere decreasing Fe solubility and of the root apoplast inhibiting the activity of FCR (Nikolic and Römheld, 2003), similar results were also shown at the leaf apoplast (Kosegarten et al., 1999). Moreover, Fe is a cofactor of several enzymes involved in the reductive assimilatory pathway of nitrate, such as nitrate reductase (NR), nitrite reductase (NiR) and glutamate synthase (GOGAT; Marschner, 1995). Thus, under Fe deficiency, nitrate assimilation is slowed down in plants (Alcaraz et al., 1986; Borlotti et al., 2012) and triggers a limitation in net nitrate uptake into roots at the same time (Iacuzzo et al., 2011). In apple, Sun et al. (2021) provided evidence that Fe deficiency symptoms were alleviated by a low nitrate nutrition, which in roots induced the accumulation of citrate and abscisic acid and activated their biosynthetic pathways, maintaining Fe homeostasis. This aspect is highly relevant for crop nutrition, especially in aerobic soils, where oxidation reactions convert N into nitrate, making this latter the main N-form available for plant nutrition.

Another important form of N in agriculture is urea, the most used fertilizer. In the last decade, the molecular mechanisms underlying urea uptake in cultivated plants started to be revealed (Wang et al., 2012a; Zanin et al., 2014, 2015); however, no information regarding the interaction between urea and the response to plant Fe deficiency is currently available.

Based on these considerations, there is still a gap in knowledge about the interplay between N and Fe nutritional pathways in plants (Nikolic et al., 2007; Borlotti et al., 2012; Liu et al., 2015; Chen et al., 2021), especially regarding the effects of different N forms in overcoming low Fe-bioavailability (Zou et al., 2001). Given the key role played by Fe in N assimilation and vice versa, strong cross-connections between the N and Fe nutritional pathways and the close relationships in the regulation and activation of their reciprocal acquisition mechanisms are likely (Liu et al., 2015; Chen et al., 2021). Studying the relationship between Fe and N in crop production is crucial as these two nutrients are fundamental to plant growth and productivity. A proper balance between Fe and N supply ensures that plants can efficiently gather energy and develop properly, leading to higher yields and better yield quality. Understanding this relationship helps in optimizing fertilizer use, preventing nutrient imbalances, and also improving soil fertility management, all of which are key to sustainable agricultural practices.

The present study aimed to evaluate the interplay between Fe and N nutritional pathway in tomato depending on the N-form applied: nitrate, urea or ammonium (the three most applied forms as N fertilizers). The characterization of plant responses to the Fe and N interplay will greatly advance our understanding of the role played by known and unknown components involved in Fe and N nutritional responses.





Materials and methods




Plant growth

Solanum lycopersicum L. cv “Marmande” (DOTTO Spa. Italy) were germinated for 7 days on filter paper moistened with 0.5 mM CaSO4 and then 180 seedlings were grown under hydroponic conditions as previously described by Tomasi et al. (2009). Twenty-one-day-old plants were then transferred to a Fe-free nutrient solution containing (mM): 0.70 K2SO4, 0.1 KCl, 2.00 Ca(NO3)2, 0.50 MgSO4, 0.10 KH2PO4; (µM): 10.00 H3BO3, 0.50 MnSO4, 0.50 ZnSO4, 0.20 CuSO4, 0.07 Na2MoO4 adjusted to pH 6.0 with KOH 1 M. After 14 days some tomato plants (35-day-old plants) were transferred to a N-free and Fe-free nutrient solution (-N-Fe NS, mM: 0.7 K2SO4, 0.1 KCl, 1.0 CaSO4, 0.5 MgSO4, 0.1 KH2PO4; µM: 10.00 H3BO3, 0.50 MnSO4, 0.50 ZnSO4, 0.20 CuSO4, 0.07 Na2MoO4). Under these nutritional conditions, plants were grown for 7 days, and the pH was buffered using 1.5 mM MES-BTP (pH 6.0). The nutrient solutions were renewed every 3 days. At the end of the growing period (42-day-old), plants were treated for 24 hours with different N-forms and Fe-resupply, resulting in a total of four experimental conditions: plants were transferred to -N-Fe NS with addition of 2 mM total N (in the form of nitrate, KNO3; urea, CO(NH2)2; or ammonium, (NH4)2SO4) and 5µM Fe-EDTA (-Fe/+Fe+Nit; -Fe/+Fe+U; -Fe/+Fe+A plants, respectively), or control plants were maintained in -N-Fe NS (without adding N and without Fe, -Fe/-Fe-N plants). As an additional control, 36 plants (35-day-old plants) were transferred to -N-Fe NS where was added 0.1 mM Fe-EDTA and maintained under this condition up to the end of the experiment (43-day-old; +Fe/+Fe-N plants; see Supplementary Table S1). The characterization of the early response of tomato plants to the 24-hour application of the same three N forms under Fe sufficiency has been previously studied and reported in Lodovici et al. (2024).

At the end of the experiment, tomato plants (43-day-old) were washed in deionized water and then roots, young leaves (YL, at 43 days were considered as YL the last fully expanded leaves) or old leaves (OL, at 43 days were considered as OL the first leaves above the cotyledons) were sampled for transcriptional, elemental content and metabolomic analyses.

During the whole growing period, the controlled climatic conditions were the following: 16/8 (day/night) photoperiod; 220 µmol m-2 s-1 light intensity; 25/20°C (day/night) temperature and 70-80% relative humidity. The light transmittance of leaves was monitored using the SPAD instrument (SPAD-502, Minolta, Osaka, Japan).





Elemental analyses

The element concentrations of macro- and micro-nutrients in tomato samples were determined by Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES 5800, Agilent Technologies, Santa Clara, USA) and CHN analyzer (CHN IRMS Isoprime 100 Stable Isotope Ratio Mass Spectrometer, Elementar, Como, Italy).

For ICP-OES analyses, plant samples were oven-dried for 72 hours (at 60-80°C) and ground. For each sample, around 100 mg of ground powder was digested with concentrated ultrapure HNO3 using a microwave oven (ETHOS EASY, Milestone Srl, Sorisole (BG), Italy) accordingly to the USEPA 3052 method “Plant Xpress” (USEPA, 1995). Element quantifications were carried out using certified multi-element standards.

Regarding CHN analyses, plant shoots and roots were dried, and their total N and C contents were determined by CHN-IRMS (CHN IRMS Isoprime 100 Stable Isotope Ratio Mass Spectrometer, Elementar, Como, Italy).





Metabolomic analysis

Roots, YL, and OL (four samples of each plant material per treatment) were ground in liquid nitrogen using a pestle and mortar. Briefly, 1.0 g of each plant sample was extracted in 10 mL of a hydroalcoholic solution (80:20 v/v methanol: water) acidified with 0.1% (v/v) formic acid, using an Ultra Turrax (Polytron PT, Switzerland). The extracts were then centrifuged (6000 × g for 10 min at 4°C) and the supernatants filtered through 0.22 μm cellulose syringe filters in UHPLC vials for analysis. The untargeted metabolomic analysis was performed using a quadrupole-time-of-flight mass spectrometer (6550 iFunnel, Agilent Technologies, Santa Clara, USA), coupled to an ultra-high-performance liquid chromatograph (UHPLC, 1290 series, Agilent Technologies, Santa Clara, USA) via a JetStream Electrospray ionization system, under previously optimized analytical conditions. Briefly, 6 μL of each sample were injected and a reverse-phase chromatographic separation was achieved by using a C18 column (Agilent Zorbax eclipse plus; 50 mm × 2.1 mm, 1.8 μm) and a water-acetonitrile binary gradient (from 6 to 94% organic in 32 min). The mass spectrometer worked in positive FULL SCAN mode (range 100 – 1200 m/z, 0.8 spectra/s, 30.000 FWHM). Compound identification was achieved through the ‘find-by-formula’ algorithm using the software Profinder B.07 (from Agilent Technologies) and the PlantCyc 9.6 database (Plant Metabolic Network, Filiz and Akbudak, 2020). The whole isotope pattern (i.e., monoisotopic mass, isotopic spacing, and isotopic ratio) was considered, considering 5 ppm for mass accuracy, resulting in a level 2 of confidence in annotation (Salek et al., 2013). The raw metabolomic dataset was extrapolated from the software Mass Profiler Professional B.12.06 (from Agilent Technologies) after post-acquisition data filtering (compounds do not present in 100% of the replications within at least one treatment were discarded), baselining and normalization.





Ferric-chelate reductase activity

The FCR activity by tomato roots was determined according to Pinton et al., 1999. Briefly, the roots of single intact plants were incubated in the dark at 25°C for 30 min in 25 mL of an assay solution containing 0.5 mM CaSO4, 10 mM MES-KOH, 0.25 mM Fe(III)-EDTA, 0.5 mM Na2-bathophenanthrolinedisulfunic acid (BPDS). Every 15 min, the absorbance of the assay solution was measured at 535 nm. The amount of the Fe(III) reduced, as Fe(II)-BPDS3 complex, was calculated using an extinction coefficient of 22 mM-1 cm-1 and expressed as: µmol Fe(II) g-1 root FW h-1 (FW, Fresh Weight).





Gene expression analysis

Tomato roots were ground in liquid nitrogen. Total RNA was extracted from approximately 60-70 mg of powder using the Spectrum Plant Total RNA Kit (Sigma Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions (protocol A). RNA quantity and quality were inspected through a NanoDrop device (NanoDrop Technologies, Wilmington, Delaware, USA) and by migration in agarose gel, respectively. Afterwards, 1 µg of extracted RNA was retrotranscribed into cDNA, adding: 1 µL of Oligo-d (T) 70 µM, 1 µl dNTP (10 mM), 20 U Rnase inhibitors, 200 U M-MLV Reverse Transcriptase (M-MLV Reverse Transcriptase Sigma Aldrich, St. Louis, MO, USA) according to the manufacturer’s instruction.

Using primer3 software (version 4.0.1) primers were designed and then synthesized by Merck (MERCK KGAA Darmstadt, Germany; Supplementary Table S2). RT-PCR analysis was performed with CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Data were referred to the averaged expression of two housekeeping genes SlEF1 and SlUbi (Supplementary Table S2). Data were normalized using the 2–ΔΔCT according to Livak and Schmittgen (2001). The efficiency of each set of primer was estimated using the qPCR package for statistical analysis by R software (R version 2.9.1. www.dr-spiess.de/qpcR.html) as indicated by Ritz and Spiess (2008; R Core Team, 2021).





Statistical analysis

Three independent experiments were performed and a pool of roots of young leaves or old leaves from three tomato plants was used for each sample (Roots, YL and OL, respectively).

Statistical analyses were performed by SigmaPlot 14.0 (SigmaPlot Software, CA, USA), using one-way ANOVA with a Holm-Sidak’s test as post hoc test for multiple comparisons (p-value <0.05, N = 3).

The metabolomic dataset was processed as previously reported (García-Pérez et al., 2021). Outliers were detected and removed, and the remaining samples were employed for multivariate statistics and post-acquisition analyses. Hierarchical cluster analysis (HCA) (Euclidean distance, Ward’s linkage), one-way ANOVA and the subsequent fold-change (FC) analysis (p < 0.01, Bonferroni multiple testing correction; FC ≥ 2) were obtained from the Mass Profiler Professional B.12.06 software tool. The differential compounds were then interpreted using the PlantCyc Pathway Tool (Karp et al., 2010).

Moreover, the raw metabolomic dataset was exported into SIMCA 16 (Umetrics, Malmo, Sweden) for orthogonal projection to latent structures discriminant analysis (OPLS-DA) supervised modelling. Each model was cross-validated, inspected for outliers and overfitting, and then R2Y (goodness-of-fit) and Q2Y (goodness-of-prediction) parameters were recorded. Finally, the variables importance in projection (VIP) method allowed identifying discriminant compounds (VIP markers) with a VIP score > 1.3.

Regarding gene expression analysis and elemental content analyses the heatmap and principal component analyses (PCAs) were generated using ClustVis (https://biit.cs.ut.ee/clustvis/; Metsalu and Vilo, 2015) webtool using the fold parameters. The significance of the clustering observed in PCAs was assessed by PERMANOVA test using 5000 permutations performed with R version 4.3.0 (vegan package, Oksanen et al., 2014).






Results




Morphological observations

Morphometric measures were performed in all the considered plant organs (YL, OL, roots, and whole shoots (S)) under our experimental conditions. At the end of the growing period and after the 24-hour treatment, Fe-deficient tomato plants (-Fe/-Fe-N, -Fe/+Fe+Nit, -Fe/+Fe+U, -Fe/+Fe+A) resulted in being homogeneous at whole plants and foliar cover level (Supplementary Figures S1, S2). As expected, the SPAD values in YL were highly responsive to Fe nutritional status, as Fe-deficient plants displayed the lowest values, whereas the highest values were observed under Fe-sufficiency. After 24 hours, the resupply of nitrogen to Fe-deficient plants increased the SPAD values compared to the Fe-deficient control (-Fe/-Fe-N), increasing significantly under nitrate or ammonium nutrition. The SPAD values measured in old leaves were significantly lower in -Fe/-Fe-N, -Fe/+Fe+Nit and -Fe/+Fe+A if compared to +Fe/+Fe-N plants (Supplementary Figure S3). No significant changes in the dry biomass were detected in shoots and roots among treatments (Supplementary Figure S3). The height of shoots of +Fe/+Fe-N plants was significantly higher than those detected in plants grown under Fe deficiency (Supplementary Figure S3).





Elemental content

After 24 hours of N and Fe resupply, the concentration of macro- and micro-nutrients in OL, YL and roots were determined (Table 1, Supplementary Table S3, Figure 1).


Table 1 | Elemental concentration in tomato plants.






Figure 1 | Elemental content of tomato plants after 24 hours of treatment with different N sources in old leaves, young leaves and roots. In radar plots, the concentration of considered elements in young leaves (A), old leaves (D) and roots (G) was scaled to average value of +Fe/+Fe-N samples (value 1.0). PCA analyses show principal component 1 and principal component 2 that explain: 63.4% and 20.4% of the total variance in old leaves (B), 59.5% and 22.5% of the total variance in young leaves (E) and 48.8% and 25.5% of the total variance in roots (H). In heatmaps, a clustering of elemental concentration and samples in old leaves (C), young leaves (F) and roots (I).



The principal component analysis (PCA) showed that +Fe/+Fe-N was separated from the other treatments (-Fe/-Fe-N, -Fe/+Fe+Nit, -Fe/+Fe+U or -Fe/+Fe+A, which generally clustered together; PERMANOVA p-value<0.001 for YL and OL, p-value<0.05 for roots, Figure 1). Supplementary Figure S4 reports the PCA of plants grown only under nitrogen and Fe deficiency.

The results mentioned above are reflected in the specific elemental concentration. The supply of nitrate or ammonium to N and Fe-deficient plants induced an increase of N concentration in shoots and roots, respectively, in comparison to the controls and urea-treated plants (-Fe/-Fe-N, +Fe/+Fe-N, -Fe/+Fe+U). It is interesting to highlight that Fe concentration is significantly and differentially concentrated considering each applied experimental condition. As expected, +Fe/+Fe-N has the highest Fe concentration, whereas the other conditions followed the pattern: -Fe/+Fe+Nit > -Fe/+Fe+U > -Fe/+Fe+A > -Fe/-Fe-N.

Regarding the other analyzed elements, in YL, the application of Nit as N-form resulted in a significant increase of Mn and Zn in comparison to +Fe/+Fe-N, -Fe/-Fe-N, -Fe/+Fe+U or -Fe/+Fe+A treatments. Besides, Fe concentration resulted in being higher in YL treated with Nit and A in comparison to -Fe/-Fe-N and -Fe/+Fe+U, while A supply led to a higher concentration of S in comparison to -Fe/+Fe+Nit and -Fe/+Fe+A treatment.

The elemental analysis in OL showed an increase in the concentration of Zn and P when Nit was supplied as N-form in comparison to +Fe/+Fe-N, -Fe/-Fe-N, -Fe/+Fe+U or -Fe/+Fe+A treatment. Moreover, as in YL, Fe concentration increased when Nit and A were supplied to the nutrient solution compared to -Fe/-Fe-N and U treatment.

In roots, the supply of Nit led to a higher concentration of Mn and Mg compared to the other treatments.





Metabolomic analysis

The application of untargeted metabolomics provided the annotation of 3320 chemical entities among the extracts derived from YL, OL, and roots of tomato plants. Supplementary Table S4 shows the provides the list of annotated compounds in tomato samples, their abundance, molecular formula, composite mass spectra, and retention time. To decipher the influence of each factor involved in the metabolic profile of tomato plants, an unsupervised multivariate hierarchical cluster analysis (HCA) was first performed (Supplementary Figure S5). According to the similarity of metabolic profiles, the fold change-based heatmap showed that tissue played a clear role in clustering samples, grouping the profile associated with roots apart from that derived from leaves, suggesting a tissue-dependent response towards different N sources in tomato plants (Supplementary Figure S5). Consequently, further analyses were applied individually to each organ to provide insight into the impact of different N forms. Thus, the results from HCA of YL, OL, and roots are displayed in Figure 2 (A, B, and C, respectively). In all cases, the same trend was observed for each tissue: according to their metabolic profile, Fe-deficient tomato plants treated with nitrate (-Fe/+Fe+Nit) showed a clear similarity with those cultured under the combined deficiency of nitrogen and iron (-Fe/-Fe-N), as they clustered together (Figure 2). Concerning the other subcluster, Fe-supplied plants (+Fe/+Fe-N) exhibited a distinctive profile, whereas those Fe-deficient plants treated with ammonium (-Fe/+Fe+A) and urea (-Fe/+Fe+U) showed a similar profile between them (Figure 2). These results suggest that 1) Fe deficiency shows a coordinated whole-plant impact; and 2) A and U supply may counter the effects of iron deficiency in tomato plants at a metabolic level.




Figure 2 | Unsupervised hierarchical cluster analysis carried out from ultra-performance liquid chromatography electrospray-ionization quadrupole time-of-flight mass spectrometry (UPLC ESI/QTOF-MS) metabolomic analysis of young (A) and old leaves (B) and roots (C) after N supply. The fold-change-based heat map was used to build hierarchical clusters (linkage rule: Ward; distance: Euclidean). Score plot of orthogonal projection to latent structure discriminant analysis (OPLS-DA) supervised modelling carried out on untargeted metabolomic profiles of young (D) and old leaves (E) and roots (F) after N supply. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/+Fe+A, ammonium; -Fe/+Fe+U, urea.



Afterwards, to provide a distinctive perspective due to the application of different N sources under Fe deficiency, a supervised multivariate orthogonal projection to latent structures discriminant analysis (OPLS-DA) was performed for each tissue, and the obtained models for young and old leaves, and roots are shown in Figure 2 (D, E, F, respectively). All models presented high-quality parameters in terms of goodness-of-fit (R2Y) and goodness-of-prediction (Q2Y): R2Y = 0.991 and Q2Y = 0.875 for the model of young leaves; R2Y = 0.985 and Q2Y = 0.865 for the model of old leaves; and R2Y = 0.979 and Q2Y = 0.894 for the model of roots. All models were also proved statistically significant at p < 0.001 (CV-ANOVA). Focusing on the discrimination between treatments, Fe-supplied plants exhibited an exclusive profile in all tissues as +Fe/+Fe-N was found apart from the rest of the treatments (Figures 2D–F). Considering the profiles of Fe-deficient plants, a high dependence on N sources was observed, following a tissue-dependent behavior. For young leaves, -Fe/+Fe+U promoted a similar profile to -Fe/-Fe-N, whereas -Fe/+Fe+Nit and -Fe/+Fe+A promoted distinctive profiles (Figure 2D). In the case of old leaves and roots, the profile from Nit-treated plants promoted a negligible difference with respect to those from -Fe/-Fe-N, whereas –Fe/+Fe+A drove the most differential profile compared to -Fe/-Fe-N in old leaves (Figure 2E). In comparison, -Fe/+Fe+U triggered the most distinctive profile in roots (Figure 2F).

The obtained OPLS models were combined with variable importance in projection (VIP) analysis to detect the metabolites with the highest discriminant power, the so-called VIP markers, which were determined by their VIP score. The full list of VIP markers is provided in Supplementary Table S5. In addition, a Venn diagram is provided in Supplementary Figure S6 to graphically indicate the different and/or coincident VIP markers between tissues. The high number of metabolites exclusively associated with each tissue (a total of 78, 89 and 162 for young and old leaves and roots, respectively) confirms a clear tissue-dependent effect of N sources under Fe deficiency (Supplementary Figure S6). Moreover, YL and OL shared a total of 27 metabolites, suggesting a slightly similar modulation of their metabolic profiles, being mostly represented by stress-related metabolites, as shown for abscisic acid (ABA) derivatives and glucosinolates, as well as a wide range of metabolites closely related to N metabolism, i.e.: amino acids like Pro, and Ser and Glu derivatives, adenosine derivatives, and triferuloyl spermidine. Furthermore, both leaf tissues and roots also shared a series of discriminant N-containing compounds, represented by amino acid derivatives, such as histidinol and ornithine; nucleotide-derived metabolites, like those from adenine, uridine, cytidine, hypoxanthine and guanine; as well as some metabolites related to oxidative stress management, including glutathione derivatives and polyphenols, like daidzein, (-)-epicatechin, and cyanidin glycosides (Supplementary Figure S6).

Finally, to get insight into the effect of N source on the biosynthetic metabolic pathways of Fe-depleted tomato plants, the significant compounds (p < 0.01, FC ≥ 2) with respect to +Fe/+Fe-N (under N deficiency) were subjected to the PlantCyc Pathway Tools, and independently processed for young and old leaves and roots. Figure 3 shows the modulation of biosynthetic metabolism for young and old leaves and roots of Fe-deficient tomato plants concerning Fe-supplied plants (+Fe/+Fe-N, Figures 3A–C, respectively). In general, Fe-deficient tomato plants exhibited an intense up-regulation of secondary metabolism, which was more evident in the case of urea supply, followed by a moderate induction of phytohormone biosynthesis (Figure 3). Given the importance of phytohormones and secondary metabolism in the response towards different N sources under Fe-deficient conditions, Figure 4 includes the modulation of hormone biosynthesis and secondary metabolism in tomato plants.




Figure 3 | Biosynthetic pathways modulated by ammonium, nitrate, and urea in young leaves (A), old leaves (B), and roots (C) of Fe-deficient tomato plants. Significant metabolites (p < 0.01) and with fold-change (FC) values ≥ 2 for each treatment with respect to +Fe/+Fe-N were subjected to Pathway Analysis and visualized by the Omics Viewer Dashboard of the PlantCyc pathway Tool software (www.pmn.plantcyc.com). Large dots represent the average (mean) of all logFC for metabolites within the same subcategory, and the small dots represent the individual logFC values for each metabolite. The x-axis represents each set of subcategories. while the y-axis corresponds to the cumulative logFC. Amino acid, amino acids; Nucleo, nucleosides and nucleotides; FA/Lipids, fatty acids and lipids; Amines, amines and polyamines; Carbohyd, carbohydrates; Secondary, secondary metabolites; Cofactors, cofactors, prosthetic groups, electron carriers, and vitamins; Cell structure, cell structure-related metabolites; Regulatory, regulatory metabolites; Others: other metabolites. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/+Fe+A, ammonium; -Fe/+Fe+U, urea.






Figure 4 | Hormone and secondary metabolite biosynthetic pathways modulated by ammonium, nitrate, and urea in young leaves (A, B), old leaves (C, D), and roots (E, F) of Fe-deficient tomato plants. Significant metabolites (p < 0.01) and with fold-change (FC) values ≥ 2 for each treatment with respect to +Fe/+Fe-N were subjected to Pathway Analysis and visualized by the Omics Viewer Dashboard of the PlantCyc pathway Tool software (www.pmn.plantcyc.com). Large dots represent the average (mean) of all logFC for metabolites within the same subcategory, and the small dots represent the individual logFC values for each metabolite. The x-axis represents each set of subcategories; while the y-axis corresponds to the cumulative logFC. STR, strigolactones; ABA, abscisic acid; AUX, auxins; BR, brassinosteroids; CK, cytokinins; GB, gibberellins and precursors; Jas, jasmonates; ETH, ethylene; JHI, juvenile hormone I; JHIII, juvenile hormone III; N-containing, N-containing secondary metabolites; Phenylprop, phenylpropanoids derivatives; S-containing, sulfur-containing secondary metabolites. +Fe/+Fe-N, control with N deficiency; -Fe/-Fe-N, control with Fe and N deficiency; -Fe/+Fe+Nit, nitrate; -Fe/+Fe+A, ammonium; -Fe/+Fe+U, urea.



Concerning young leaves, a general decrease in amino acid biosynthesis was observed, thus suggesting an impairment of N metabolism (Figure 3A). The induction of hormone biosynthesis under Fe deficiency in young leaves (Figure 3A) was mostly due to the increase of jasmonates and brassinosteroids biosynthesis (Figure 4A). In the case of jasmonates, all treatments strongly induced their biosynthesis, as observed for (-)-jasmonate (logFC = 15.88 – 21.86 for all treatments) and its precursor 3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(3-oxooctanoyl)-CoA (Figure 4A). In the case of brassinosteroids, although A supply caused a decrease in their biosynthesis, the rest of the treatments (-Fe/-Fe-N > -Fe/+Fe+Nit > -Fe/+Fe+U) promoted their induction, being represented by brassinolide, 6-hydroxytaphasterol, and cathasterone derivatives (Figure 4A). Interestingly, young leaves from plants grown under the combined N and Fe deficiency (-Fe/-Fe-N) exhibited a sharp increase in abscisic acid accumulation (ABA, as shown for 2-trans-abscisate, logFC = 23.97) coupled with a decrease in gibberellins biosynthesis (gibberellin A13, GA13, logFC = -11.84), whose effects were similar in Nit-supplied plants (logFC = 5.39 for ABA and logFC = -11.84 for GA13). Regarding secondary metabolism (Figure 4B), all treatments under Fe-deficiency promoted the biosynthesis of phenylpropanoids, mostly represented by flavonoid and anthocyanin glycosides, following the trend (-Fe/-Fe-N > -Fe/+Fe+U > -Fe/+Fe+Nit > -Fe/+Fe+A). In contrast, the biosynthesis of N-containing compounds (NCCs) was found increased by the treatments -Fe/+Fe+U and -Fe/+Fe+A (average logFC = 2.56 and 0.56, respectively), which essentially involved alkaloids and glucosinolates, whereas a decrease was recorded by -Fe/+Fe+Nit and -Fe/-Fe-N (sum of logFC < -25.00 for both treatments; Figure 4B). Accordingly, -Fe/+Fe+Nit and -Fe/-Fe-N showed a similar effect by causing a pronounced decrease in terpenoid biosynthesis (average logFC = -4.70 and -3.45, respectively), thus reinforcing the parallel metabolic modulation driven by both treatments.

With respect to old leaves, the modulation of biosynthetic metabolism followed a similar trend to that observed in young leaves, exhibiting a clear induction of secondary metabolism and phytohormone biosynthesis by all treatments (Figure 3B). Regarding phytohormones, the biosynthesis of jasmonates was found increased by all treatments (Figure 4C), affecting a wide range of metabolites, such as 3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(E-buta-2-enoyl)-CoA, 3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(3R-hydroxybutanoyl)-CoA and related compounds (respectively: logFC = 4.27 and 4.29 for A, 13.77 and 13.94 for N, 17.92 and 18.14 for U, and 18.84 and 19.15 for -Fe/-Fe-N). In parallel, the biosynthesis of the cytokinin isopentenyladenine-7-N-glucoside was found to be strongly decreased by all treatments (logFC = -20.28 – -8.48; Figure 4C). Again, as observed for young leaves, Nit-supplied and -Fe/-Fe-N plants showed a similar influence on the phytohormonal profile of tomato plants under Fe deficiency (Figure 4C), since both drove the induction of 2-trans-abscisate biosynthesis (logFC = 12.41 and 25.44, respectively) and the repression of brassinosteroids (such as 3-epi-6-deoxycathasterone, logFC = -17.09 for both treatments) and gibberellins biosynthesis, as reported by gibberellins A3 (logFC = -9.08 and -9.07, respectively) and A36 (logFC = -20.06 and -14.86, respectively). Focusing on secondary metabolism, the same results were observed with respect to young leaves (Figure 4D) since all Fe-deficient plants exhibited an increase in phenylpropanoid biosynthesis, essentially represented by flavonoid glycosides and stilbenes. Furthermore, the biosynthesis of NCCs and terpenes was increased by -Fe/+Fe+A and -Fe/+Fe+U, whereas -Fe/-Fe-N and -Fe/+Fe+Nit treatments provoked the repression of both pathways.

Considering roots, the impact of Fe deficiency again caused significant induction of secondary metabolism and phytohormone biosynthesis, as reported for leaves (Figure 3C). In the case of phytohormones, all Fe-deficient treatments increased cytokinins biosynthesis, especially kinetin-7-N-glucoside, which exhibited logFC = 15.23 – 17.18 in all treatments (Figure 4E). Again, a parallel behavior was reported to roots from Nit-supplied plants and those grown under Fe and nitrogen combined deficiency (-Fe/-Fe-N). Both treatments, -Fe/+Fe+Nit and -Fe/-Fe-N, elicited the biosynthesis of 2-trans-abscisate (logFC = 13.78 and 8.87, respectively), gibberellins A36 (logFC = 14.58 and 19.89, respectively) and A37 (logFC = 9.64 and 7.25, respectively), and the jasmonate precursor 3-oxo-2-(cis-2’-pentenyl)-cyclopentane-1-(3-oxooctanoyl)-CoA (logFC = 2.31 and 6.76, respectively), whereas they strongly inhibited brassinosteroids biosynthesis, mostly represented by campesterol derivatives, such as (6α)-hydroxycampestanol and campest-5-en-3-one (logFC = -11.93 and -5.25 for both treatments for each compound, respectively). U and A supply countered those effects since these treatments (-Fe/+Fe+U and -Fe/+Fe+A) promoted a decrease in the biosynthesis of 2-trans-abscisate (logFC < -6.22 for both treatments), meanwhile they boosted the biosynthesis of brassinosteroids, especially in U-supplied roots, logFC = 10.79, 15.14, and 10.79 for (6α)-hydroxycampestanol, campest-5-en-3-one, and 3-epi-6-oxocathasterone, respectively (Figure 4F). Considering secondary metabolism, roots from Fe-deficient tomato plants showed a similar effect among all treatments, boosting the biosynthesis of phenylpropanoids, mainly flavonoid glycosides, and NCCs, represented by alkaloids and glucosinolates and their derivatives, where U-treated roots exhibited the highest cumulative logFC values (Figure 4F).

Overall, Fe deprivation promoted a general induction of plant stress, reported by the strong biosynthetic induction of stress-related phytohormones, such as jasmonates and abscisic acid derivatives, as well as important secondary metabolites implicated in plant stress management, as is the case of phenylpropanoids, glucosinolates, and alkaloids. In leaves, the stress associated with Fe-deficiency was partially reverted by U and A as N sources, whereas Nit supply play a negligible effect, showing an impairment of phytohormone biosynthesis and nitrogen metabolism comparable to that of Fe and N-deficient plants. The same behavior could be attributed to roots, where Nit supply promoted the accumulation of stress-derived phytohormones, such as ABA and jasmonates derivatives in Fe-deficient tomato plants. Such a stress-inducing fingerprint was also countered by the supply of both U and A, which also boosted the biosynthesis of brassinosteroids, phenylpropanoids, and NCCs compared to Fe-supplied, nitrogen-deficient tomato plants.





Ferric-chelate reductase activity

Fe(III)-chelate reductase activity was measured on intact tomato roots at 4 and 24 hours after treatment (Figure 5). Under Fe-sufficient condition (+Fe/+Fe-N), tomato roots displayed low FCR activity values, whereas high FCR activity values were observed under Fe deficiency. Under Fe resupply, Fe deficient plants (-Fe/-Fe-N) operated a feedback regulation on previously activated mechanisms, such as FCR activity. The timing of these feedback regulations was dependent on the N form applied: under urea (-Fe/+Fe+U) and ammonium (-Fe/+Fe+A), the FCR activity was slowed down already after 4 hours from the Fe-resupply, whereas under nitrate (-Fe/+Fe+Nit) the FCR activity was reduced after 24 hours.




Figure 5 | Ferric chelate reductase (FCR) activity quantification (expressed in µmol Fe (II) g-1 root FW h-1) in tomato roots measured at 4 and 24 hours after treatment (+Fe/+Fe-N, green; -Fe/+Fe-N, blue; -Fe/+Fe+Nit, purple; -Fe/+Fe+U, orange; -Fe/+Fe+A, red).







Gene expression analyses

Gene expression analysis was performed at 24 hours after treatments on tomato roots by real-time RT-PCR and showed differences among treatments in the expression of key genes involved in Fe and N acquisition and utilization that can be well visualized by PCA (PERMANOVA p<0.001) and by heatmap clustering analysis (Figures 6A–C). These analyses were performed on twenty-two genes coding for: Fe and heavy metal transporters (SlIRT1, SlIRT2, SlNRMAP1, SlCDF-type), proteins involved in Fe assimilation (SlLHA4, SlOPT3), a ferric reductase oxidase (SlFRO1), nitrate transporters with one of their accessory proteins (SlNRT2.2, SlNRT1.5, NPF6.3, SlNAR2.1), ammonium transporters (SlAMT1-1, SL AMT1-2), urea transporter (SlDUR3) and N assimilatory enzymes (SlNii1, SlNiR, SlGS2, SlGS1, SlNR, SlGOGAT, SlAS).




Figure 6 | Relative gene expression level of tomato roots after 24 hours of treatment with different N sources and with Fe resupply (A). Data were referred to the averaged expression of two housekeeping genes SlEF1 and SlUbi. Relative changes in gene transcript levels were referred to the average transcript level of housekeeping genes in +Fe/+Fe-N roots (relative gene expression = 1). Letters refer to statistical significance (Holm-Sidak ANOVA, N= 3, p-value< 0.05). In the heatmap, a clustering of relative gene expression and samples in tomato roots (B). PCA analyses show principal component 1 and principal component 2 that explain: 43.5% and 28.4% of the total variance in root (C).



Nitrate (-Fe/+Fe+Nit) treatment led to an increase of relative gene expression level of SlIRT1, SlIRT2, SlNii1,SlNPF6.3, SlNiR, SlGS2cp, SlNRT2.2 in comparison to other N-treatment and controls (+Fe/+Fe-N, -Fe/-Fe-N), while was observed a downregulation of SlNRAMP1, SlOPT3, SlLFER(bHLH), SlFRO1 if compared with -Fe/-Fe-N and downregulation of SlGS1, SlAS1, SlAMT1-1, SlDUR3, SlNRT1.5 if compared with +Fe/+Fe-N.

Regarding the effect of ammonium treatment (-Fe/+Fe+A), the genes SlAS1 and AMT 1-2 were significantly upregulated compared to the controls (+Fe/+Fe-N, -Fe/-Fe-N). On the other hand, the supply of A led to a downregulation of SlGS1, SlGS2cp and SlNRT1.5 genes compared to +Fe/+Fe-N.

Urea treatment (-Fe/+Fe+U) resulted in a significant upregulation of SlGOGAT, SlNR, SlCDF-type and SlFER(bHLH) in comparison to other N-treatment, +Fe/+Fe-N and -Fe/-Fe-N. Moreover, a similar pattern to -Fe/-Fe-N was observed concerning SlNRMAP1, SlOPT3 and SlFRO1 genes that resulted in being upregulated in -Fe/-Fe-N and -Fe/+Fe+U treatment in comparison to +Fe/+Fe-N, -Fe/+Fe+Nit or -Fe/+Fe+A.






Discussion




Iron deficiency response

Before starting the treatment of N and Fe resupply, 42-day-old plants displayed visible symptoms and molecular evidence of Fe shortage and N limitation in agreement with literature (Zamboni et al., 2012; Sainju et al., 2003; Zamboni et al., 2016).

After 24 hours, the Fe resupplied plants (-Fe/+Fe+A, -Fe/+Fe+U, -Fe/+Fe+Nit) displayed an increase in Fe content and a decreased FCR activity compared to the control plants (-Fe/-Fe-N). These results suggest that Fe-deficient plants could use the resupplied Fe and indicate the occurrence of a feedback regulation of Fe responsive genes by Fe resupplied along with nitrate or ammonium.

In roots, nitrate and ammonium treatments exhibited similar gene expression patterns except for IRT1 and IRT2, which were found both upregulated by nitrate compared to the other treatments. The upregulation of IRTs by nitrate agrees with evidence from the literature (Liu et al., 2015) and explains the high concentration of Fe measured in plants. In contrast to the reduced N forms (urea or ammonium), nitrate seems to delay the activation of the retro regulation on FCR activity (which was still high after 4 hours). This longer activation maybe due to the higher pH of the apoplast in nitrate-fed plants therefore to an inhibition of FCR activity (Nikolic and Römheld, 2003). Regarding urea, even after 24 hours of Fe resupply, root maintained upregulated several genes involved in Strategy I, such as FRO1, IRT1, NRAMP1, OPT3, and FER. In Arabidopsis, Mérigout et al. (2008) observed that FRO and IRT genes were positively regulated by urea treatment compared to the inorganic N forms (ammonium, nitrate). Thus, urea might have a per se effect at the transcriptional level on some components of Strategy I. Considering the high Fe concentration in roots, this transcriptional pattern suggests that the urea acquisition pathway interacts with the one of Fe, promoting the acquisition of the micronutrient and its use by plants. The unalike response of SlFRO1 expression and FCR activity could be ascribable to the contribution of other SlFRO isoforms to the enzymatic activity or to a post-transcriptional modulation (Connolly et al., 2003; Jeong and Connolly, 2009). It is interesting how FER is upregulated by urea and Fe supply, as its expression level was even higher than those recorded in -Fe/-Fe-N (Fe-deficient plants). This transcription factor plays a key role in activating the Fe-deficiency response by inducing the expression of genes involved in the Fe-uptake system (i.e. FRO and IRT; Ling et al., 2002; Brumbarova and Bauer, 2005). Thus, its upregulation only by urea (and not by other N forms) might explain the absence of feedback regulation on Strategy I components after 24 hours from the Fe resupply. Based on these observations, we can suppose that the effect of the three N forms depends on the gene expression, orchestration and timing of the feedback regulation on the Strategy I components.





The form of N also affects the accumulation of other nutrients

Being Fe an essential co-factor for N assimilation is plausible to state that Fe-nutritional status influences N uptake and content in plants. Parveen et al. (2018) observed that the Fe supply improved the N uptake and accumulation in roots. Under our experimental conditions, a higher N content was measured in nitrate and ammonium Fe-resupplied roots (-Fe/+Fe+Nit, -Fe/+Fe+A), suggesting a different acquisition rate linked to the N-form supplied and/or a different promptness of reaction to Fe presence in the nutrient solution.

Significant interactions between S and Fe homeostasis have been widely studied and described in several crops, together with the one between S and N, in both grasses and dicots (Varin et al., 2010; Ciaffi et al., 2013; Paolacci et al., 2014; Wu et al., 2015; Zuchi et al., 2015; Coppa et al., 2018). Ammonium induced a higher S concentration in leaves than other N treatments in our conditions. This behavior might result from a competition effect between nitrate and sulphate anions for reducing equivalents needed for their assimilation (De Bona et al., 2011; Kruse et al., 2007).

Under Fe deficiency, plants display changes in the composition of other micronutrients, such as Cu, Mn and Zn (Rai et al., 2021), probably due to the capability of FRO and IRT to mediates also the acquisition of other metals (Korshunova et al., 1999; Connolly et al., 2002). Indeed, several studies reported that these metals influence each other’s fate inside the plant, and they also compete for metal transporters’ a specific activities, such as IRT1 and NRAMPs (Bashir et al., 2016; Grotz and Guerinot, 2006; Rai et al., 2021).

Regarding Cu, its concentration increased under Fe deficiency in comparison to Fe sufficient ones in all organs (roots, OL, YL). In leaves this response was previously observed in several plant species both grasses and dicots (Waters and Troupe, 2012; Waters et al., 2006; Welch et al., 1993; Valdés-López et al., 2010; Suzuki et al., 2006; Chaignon et al., 2002). It has been reported that a high level of Fe availability reduces the acquisition of Zn while Fe-shortage determines Zn, Mn and Cu accumulation due to the induction of bivalent metal transporters, such as SlIRT1 and SlNRAMP1 (Arrivault et al., 2006; Eckhardt et al., 2001; Waters and Armbrust, 2013; Ray et al., 2014; Saenchai et al., 2016; Vert et al., 2002; Zhang et al., 1991). In agreement with the cited literature, overall, all Fe-deficient plants showed higher Zn concentration in leaves (as well as Mn) in comparison to +Fe/+Fe-N, especially Nit-treated plants (-Fe/+Fe+Nit). Previous work performed on tomato plants grown under Fe sufficient conditions highlighted that the application of urea led to high concentrations of these micronutrients in plants (Lodovici et al., 2024). These findings suggest that an interplay between N-form and Fe-availability concurs to shape these nutrient profiles.





N forms interact with the primary metabolism in the Fe resupply response

Regarding the effect of Fe nutritional status on N acquisition in plants, only fragmented information is available, especially referring to the changes in N metabolism that occurs under Fe-deficiency conditions. Rellán-Álvarez et al. (2011) stated that the main changes in the metabolite profile of Fe-deficient leaves include a consistent increase in amino acid (AA) and N-related metabolite content. In agreement with literature (Holley and Cain, 1955), the Fe deficiency response determined an overall increase of some amino acid concentrations in comparison to Fe-sufficient plants depending on the available N-form. In particular, results indicate an increase of glutamine- and glutamate-related compounds in roots. The high concentration of glutamine in urea or ammonium treated roots suggests a fast assimilation of N in this organ that could occur by a cytosolic N assimilatory pathway (cytosolic GS1 and ASN, Buoso et al., 2021a, b) rather than by the plastidial one.

In agreement with our results (arginine);, Another amino acid is known to be responsive to Fe deficiency is arginine (Holley and Cain, 1955), which was found more concentrated in -Fe/-Fe-N, -Fe/+Fe+Nit and -Fe/+Fe+A and less in -Fe/+Fe+U. Interestingly, the arginine concentration under Fe sufficiency condition was found to be responsive only to urea occurrence in nutrient solution and not to the presence of other inorganic N forms (Lodovici et al., 2024). The higher concentration of arginine can be related to the catabolic processes and in particular to the arginine cycle that mediates the degradation of arginine to produce L-ornithine and urea (Girard-Thernier et al., 2015). This hydrolytic reaction is mediated by arginase, which activity is dependent to divalent cation as cofactor (ferrous ion in yeast arginase, Middelhoven et al., 1969). We can speculate that the higher arginine concentration in Fe-deficient plants are the consequence of a reduction in the arginase activity, and this effect is less present in urea-treated plants due to a redistribution of the metal with a positive effect on arginase activity and maybe a inhibition of the arginase due to the accumulation of its product, urea.





Interplay between Fe and N on secondary metabolism phytohormones

It is well known that phytohormones have a role in plant stress responses to both biotic and abiotic stresses (Checker et al., 2018; Divte et al., 2021; Banerjee and Roychoudhury, 2022). In general, the plant response to Fe-limiting conditions are positively regulated by auxins, ethylene, gibberellins, and nitric oxide and negatively controlled by cytokinins, abscisic acid, brassinosteroids (BRs) and jasmonic acid (Rai et al., 2021). Auxin and ethylene are involved in root hair proliferation (Hindt and Guerinot, 2012) and in the control of root growth by nitric oxide and auxins (Ramírez et al., 2008). Wang et al. (2012b) reported that BRs are involved in inhibiting Fe uptake as it can be observed in -Fe/+Fe+A plants showing a lower Fe concentration in roots in comparison to other N forms. In fact, the application of BRs to cucumber seedlings resulted in a substantial limited increase in FRO activity under Fe deficiency (Wang et al., 2012b). A different modulation in the BRs biosynthetic pathway has been observed across treatments (Nit, U, A) and tissues confirming their role in the Fe-deficient response. In Fe-sufficient condition all three N-forms led to the same modulation on that biosynthetic pathway (Lodovici et al., 2024) suggesting that Fe availability influences how N forms affect the biosynthesis of BRs in plants. On the other hand, gibberellins (GA) positively regulate Fe uptake by promoting the induction of FRO2 and IRT1 in Arabidopsis (Matsuoka et al., 2014). Moreover, ethylene and nitric oxide positively induce the expression of IRT1 and FRO2, suggesting that these two signals increase the sensitivity of plants towards Fe uptake (García et al., 2010; Graziano and Lamattina, 2007; Lucena et al., 2006; Waters et al., 2007). Cytokinins led to a down-regulation of the two genes (Séguéla et al., 2008). Hormonal influence on Fe acquisition gene expression may serve to coordinate physiology and stress responses with necessary adaptations for altered root growth and Fe uptake (Schikora and Schmidt, 2001; Schmidt, 1999; Schmidt et al., 2000). In our experimental conditions, changes in the accumulation of phytohormones and phytohormone-related compounds were observed suggesting a different timing of plant responses to Fe-deficiency conditions.

Both biotic and abiotic stresses, such as nutritional stresses, often lead to phenylpropanoid accumulation (Mai and Bauer, 2016). According to the literature, plants under Fe-deficiency promoted the biosynthesis of phenylpropanoids (e.g. lignin and suberin precursors, flavonoids and anthocyanin glycosides) in all the analyzed plant organs, especially those treated with urea (-Fe/+Fe+U) that showed the highest accumulation, especially in roots followed by A (-Fe/+Fe+A), Nit (-Fe/+Fe+Nit) and then -Fe/-Fe-N.






Conclusions

The obtained results coupled with the information available in the literature, suggesting different promptness and regulation of tomato plants adaptation mechanisms to the Fe-deficiency conditions strictly related to a specific plant organ and to the applied N-forms. During the Fe supply, the N forms alter differently the primary metabolism (particularly amino acids), secondary metabolisms, and hormones, leading to changes in the morphology, physiology, and exudation. These processes are relevant to define rhizosphere conditions and hence they contribute to define the Fe bioavailability for the root uptake.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

AL: Writing – original draft, Writing – review & editing. SB: Writing – original draft, Writing – review & editing. BM: Writing – review & editing. LL: Writing – review & editing. NT: Writing – original draft, Writing – review & editing. PG: Writing – review & editing. RP: Writing – review & editing. LZ: Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Departmental Strategic Plan (PSD) of the University of Udine - Interdepartmental Project on Artificial Intelligence (2020-25) and within the Agritech National Research Center and received funding from the European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E RESILIENZA (PNRR) – MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4 – D.D. 1032 17/06/2022, CN00000022). This manuscript reflects only the authors’ views and opinions, neither the European Union nor the European Commission can be considered responsible for them.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1408141/full#supplementary-material

Supplementary Table 4 | Dataset from untargeted metabolomics of leaves and roots after nitrogen supply. Compounds are presented with individual intensities, molecular formulas, retention time, and composite mass spectra.

Supplementary Table 5 | Discriminant metabolites identified by the VIP analysis in leaves and roots after nitrogen supply. Compounds were selected as discriminant by possessing a VIP score > 1.3.

Supplementary Table 6 | VIP markers associated with Venn diagram regions from leaves and roots after nitrogen supply.

Supplementary Table 7 | Significant compounds (p-value < 0.01, FC ≥ 2) with respect to +Fe/+Fe-N (under nitrogen deficiency) subjected to the Plantcyc Pathway Tools for young and old leaves and roots from Fe-deficient tomato plants.




References

 Alcaraz, C. F., Martínez-Sánchez, F., Sevilla, F., and Hellln, E. (1986). Influence of ferredoxin levels on nitrate reductase activity in iron deficient lemon leaves. J. Plant Nutr. 9, 1405–1413. doi: 10.1080/01904168609363537

 Anas, M., Liao, F., Verma, K. K., Sarwar, M. A., Mahmood, A., Chen, Z. L., et al. (2020). Fate of nitrogen in agriculture and environment: agronomic, eco-physiological and molecular approaches to improve nitrogen use efficiency. Biol. Res. 53, 1–20. doi: 10.1186/s40659-020-00312-4

 Arnozis, P. A., and Findenegg, G. R. (1986). Electrical charge balance in the xylem sap of beet and Sorghum plants grown with either NO3- or NH4+ nitrogen. J.Plant Physiol. 125, 441–449. doi: 10.1016/S0176-1617(86)80007-4

 Arrivault, S., Senger, T., and Krämer, U. (2006). The Arabidopsis metal tolerance protein AtMTP3 maintains metal homeostasis by mediating Zn exclusion from the shoot under Fe deficiency and Zn oversupply. Plant J. 46, 861–879. doi: 10.1111/j.1365-313X.2006.02746.x

 Banerjee, A., and Roychoudhury, A. (2022). Dissecting the phytohormonal, genomic and proteomic regulation of micronutrient deficiency during abiotic stresses in plants. Biologia 77, 3037–3058. doi: 10.1007/s11756-022-01099-3

 Bashir, K., Rasheed, S., Kobayashi, T., Seki, M., and Nishizawa, N. K. (2016). Regulating subcellular metal homeostasis: the key to crop improvement. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01192

 Borlotti, A., Vigani, G., and Zocchi, G. (2012). Iron deficiency affects nitrogen metabolism in cucumber (Cucumis sativus L.) plants. BMC Plant Biol. 12, 1–15. doi: 10.1186/1471-2229-12-189

 Brumbarova, T., and Bauer, P. (2005). Iron-mediated control of the basic helix-loop-helix protein FER, a regulator of iron uptake in tomato. Plant Physiol. 137, 1018–1026. doi: 10.1104/pp.104.054270

 Buoso, S., Tomasi, N., Arkoun, M., Maillard, A., Jing, L., Marroni, F., et al. (2021b). Transcriptomic and metabolomic profiles of Zea mays fed with urea and ammonium. Physiol. Plant 173, 935–953. doi: 10.1111/ppl.13493

 Buoso, S., Tomasi, N., Said-Pullicino, D., Arkoun, M., Yvin, J. C., Pinton, R., et al. (2021a). Characterization of physiological and molecular responses of Zea mays seedlings to different urea-ammonium ratios. Plant Physiol. Biochem. 162, 613–623. doi: 10.1016/j.plaphy.2021.03.037

 Chaignon, V., Di Malta, D., and Hinsinger, P. (2002). Fe-deficiency increases Cu acquisition by wheat cropped in a Cu-contaminated vineyard soil. New Phytol. 154, 121–130. doi: 10.1046/j.1469-8137.2002.00349.x

 Checker, V. G., Kushwaha, H. R., Kumari, P., and Yadav, S. (2018). Role of phytohormones in plant defense: signaling and cross talk. Mol. aspects plant-pathogen interaction, 159–184. doi: 10.1007/978-981-10-7371-7_7

 Chen, S. Y., Gu, T. Y., Qi, Z. A., Yan, J., Fang, Z. J., Lu, Y. T., et al. (2021). Two NPF transporters mediate iron long-distance transport and homeostasis in Arabidopsis. Plant Commun. 2, 100244. doi: 10.1016/j.xplc.2021.100244

 Ciaffi, M., Paolacci, A. R., Celletti, S., Catarcione, G., Kopriva, S., and Astolfi, S. (2013). Transcriptional and physiological changes in the S assimilation pathway due to single or combined S and Fe deprivation in durum wheat (Triticum durum L.) seedlings. J. Exp. Bot. 64, 1663–1675. doi: 10.1093/jxb/ert027

 Congreves, K. A., Otchere, O., Ferland, D., Farzadfar, S., Williams, S., and Arcand, M. M. (2021). Nitrogen use efficiency definitions of today and tomorrow. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.637108

 Connolly, E. L., Campbell, N. H., Grotz, N., Prichard, C. L., and Guerinot, M. L. (2003). Overexpression of the FRO2 ferric chelate reductase confers tolerance to growth on low iron and uncovers posttranscriptional control. Plant Physiol. 133, 1102–1110. doi: 10.1104/pp.103.025122

 Connolly, E. L., Fett, J. P., and Guerinot, M. L. (2002). Expression of the IRT1 metal transporter is controlled by metals at the levels of transcript and protein accumulation. Plant Cell 14, 1347–1357. doi: 10.1105/tpc.001263

 Coppa, E., Celletti, S., Pii, Y., Mimmo, T., Cesco, S., and Astolfi, S. (2018). Revisiting Fe/S interplay in tomato: a split-root approach to study the systemic and local responses. Plant Sci. 276, 134–142. doi: 10.1016/j.plantsci.2018.08.015

 De Bona, F. D., Fedoseyenko, D., von Wirén, N., and Monteiro, F. A. (2011). Nitrogen utilization by sulfur-deficient barley plants depends on the nitrogen form. Environ. Exp. Bot. 74, 237–244. doi: 10.1016/j.envexpbot.2011.06.005

 De la Peña, M., Marín-Peña, A. J., Urmeneta, L., Coleto, I., Castillo-González, J., van Liempd, S. M., et al. (2022). Ammonium nutrition interacts with iron homeostasis in Brachypodium distachyon. J. Exp. Bot. 73, 263–274. doi: 10.1093/jxb/erab427

 Divte, P. R., Yadav, P., Pawar, A. B., Sharma, V., Anand, A., Pandey, R., et al. (2021). Crop response to iron deficiency is guided by cross-talk between phytohormones and their regulation of the root system architecture. Agric. Res. 10, 347–360. doi: 10.1007/s40003-020-00532-w

 Eckhardt, U., Mas Marques, A., and Buckhout, T. J. (2001). Two iron-regulated cation transporters from tomato complement metal uptake-deficient yeast mutants. Plant Mol. Biol. 45, 437–448. doi: 10.1023/A:1010620012803

 Eickhout, B., Bouwman, A. F., and van Zeijts, H. (2006). The role of nitrogen in world food production and environmental sustainability. Agric. Ecosyst. Environ. 116, 4–14. doi: 10.1016/j.agee.2006.03.009

 Eide, D., Broderius, M., Fett, J., and Guerinot, M. L. (1996). A novel iron-regulated metal transporter from plants identified by functional expression in yeast. Proc. Natl. Acad. Sci. 93, 5624–5628. doi: 10.1073/pnas.93.11.5624

 Fan, X., Zhou, X., Chen, H., Tang, M., and Xie, X. (2021). Cross-talks between macro-and micronutrient uptake and signaling in plants. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.663477

 FAOSTAT (2021). Inorganic fertilizers 1961–2019 (Rome: FAOSTAT Analytical Brief Series No 27).

 Filiz, E., and Akbudak, M. A. (2020). Ammonium transporter 1 (AMT1) gene family in tomato (Solanum lycopersicum L.): Bioinformatics, physiological and expression analyses under drought and salt stresses. Genom. 112, 3773–3782. doi: 10.1016/j.ygeno.2020.04.009

 Gao, Y., Qi, S., and Wang, Y. (2022). Nitrate signaling and use efficiency in crops. Plant Commun. 3, 100353. doi: 10.1016/j.xplc.2022.100353

 García, M. J., Lucena, C., Romera, F. J., Alcantara, E., and Pérez-Vicente, R. (2010). Ethylene and nitric oxide involvement in the up-regulation of key genes related to iron acquisition and homeostasis in Arabidopsis. J. Exp. Bot. 61, 3885–3899. doi: 10.1093/jxb/erq203

 García-Pérez, P., Miras-Moreno, B., Lucini, L., and Gallego, P. P. (2021). The metabolomics reveals intraspecies variability of bioactive compounds in elicited suspension cell cultures of three Bryophyllum species. Ind. Crops Prod. 163, 113322. doi: 10.1016/j.indcrop.2021.113322

 Girard-Thernier, C., Pham, T. N., and Demougeot, C. (2015). The promise of plant-derived substances as inhibitors of arginase. Mini Rev. Med. Chem. 15, 798–808. doi: 10.2174/1389557515666150511153852

 Graziano, M., and Lamattina, L. (2007). Nitric oxide accumulation is required for molecular and physiological responses to iron deficiency in tomato roots. Plant J. 52, 949–960. doi: 10.1111/j.1365-313X.2007.03283.x

 Grotz, N., and Guerinot, M. L. (2006). Molecular aspects of Cu, Fe and Zn homeostasis in plants. Biochim. Biophys. Acta Mol. Cell Res. 1763, 595–608. doi: 10.1016/j.bbamcr.2006.05.014

 Harper, J. F., Manney, L., DeWitt, N. D., Yoo, M. H., and Sussman, M. R. (1990). The Arabidopsis thaliana plasma membrane H (+)-ATPase multigene family. Genomic sequence and expression of a third isoform. J. Biol. Chem. 265, 13601–13608. doi: 10.1016/S0021-9258(18)77391-2

 Hindt, M. N., and Guerinot, M. L. (2012). Getting a sense for signals: regulation of the plant iron deficiency response. Biochim. Biophys. Acta Mol. Cell Res. 1823, 1521–1530. doi: 10.1016/j.bbamcr.2012.03.010

 Holley, R. W., and Cain, J. C. (1955). Accumulation of arginine in plants afflicted with iron-deficiency type chlorosis. Science 121, 172–173. doi: 10.1126/science.121.3136.172

 Iacuzzo, F., Gottardi, S., Tomasi, N., Savoia, E., Tommasi, R., Cortella, G., et al. (2011). Corn salad (Valerianella locusta (L.) Laterr.) growth in a water-saving floating system as affected by iron and sulfate availability. J. Sci. Food Agric. 91, 344–354. doi: 10.1002/jsfa.4192

 Jeong, J., and Connolly, E. L. (2009). Iron uptake mechanisms in plants: functions of the FRO family of ferric reductases. Plant Sci. 176, 709–714. doi: 10.1016/j.plantsci.2009.02.011

 Karp, P. D., Paley, S. M., Krummenacker, M., Latendresse, M., Dale, J. M., Lee, T. J., et al. (2010). Pathway Tools version 13.0: integrated software for pathway/genome informatics and systems biology. Brief. Bioinform. 11, 40–79. doi: 10.1093/bib/bbp043

 Kobayashi, T., Nozoye, T., and Nishizawa, N. K. (2019). Iron transport and its regulation in plants. Free Radic. Biol. Med. 133, 11–20. doi: 10.1016/j.freeradbiomed.2018.10.439

 Korshunova, Y. O., Eide, D., Gregg Clark, W., Lou Guerinot, M., and Pakrasi, H. B. (1999). The IRT1 protein from Arabidopsis thaliana is a metal transporter with a broad substrate range. Plant Mol. Biol. 40, 37–44. doi: 10.1023/A:1026438615520

 Kosegarten, H. U., Hoffmann, B., and Mengel, K. (1999). Apoplastic pH and Fe3+ reduction in intact sunflower leaves. Plant Physiol. 121, 1069–1079. doi: 10.1104/pp.121.4.1069

 Kruse, J., Kopriva, S., Hänsch, R., Krauss, G. J., Mendel, R. R., and Rennenberg, H. (2007). Interaction of sulfur and nitrogen nutrition in tobacco (Nicotiana tabacum) plants: significance of nitrogen source and root nitrate reductase. Plant Biol. 9, 638–646. doi: 10.1055/s-2007-965434

 Ling, H. Q., Bauer, P., Bereczky, Z., Keller, B., and Ganal, M. (2002). The tomato fer gene encoding a bHLH protein controls iron-uptake responses in roots. Proc. Natl. Acad. Sci. 99, 13938–13943. doi: 10.1073/pnas.212448699

 Liu, X., Cui, H., Li, A., Zhang, M., and Teng, Y. (2015). The nitrate transporter NRT1. 1 is involved in iron deficiency responses in Arabidopsis. J. Plant Nutr. Soil Sc. 178, 601–608. doi: 10.1002/jpln.201400480

 Liu, J., Liu, J., Chen, A., Ji, M., Chen, J., Yang, X., et al. (2016). Analysis of tomato plasma membrane H+-ATPase gene family suggests a mycorrhiza-mediated regulatory mechanism conserved in diverse plant species. Mycorrhiza 26, 645–656. doi: 10.1007/s00572-016-0700-9

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using Real-Time quantitative PCR and the 2-ΔΔCT Method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Lodovici, A., Buoso, S., Miras-Moreno, B., Lucini, L., Garcia-Perez, P., Tomasi, N., et al. (2024). Peculiarity of the early metabolomic response in tomato after urea, ammonium or nitrate supply. Plant Physiol. Biochem. 211, 108666. doi: 10.1016/j.plaphy.2024.108666

 Lucena, C., Waters, B. M., Romera, F. J., García, M. J., Morales, M., Alcántara, E., et al. (2006). Ethylene could influence ferric reductase, iron transporter, and H+-ATPase gene expression by affecting FER (or FER-like) gene activity. J. Exp. Bot. 57, 4145–4154. doi: 10.1093/jxb/erl189

 Mahender, A., Swamy, B. M., Anandan, A., and Ali, J. (2019). Tolerance of iron-deficient and-toxic soil conditions in rice. Plants 8, 31. doi: 10.3390/plants8020031

 Mai, H. J., and Bauer, P. (2016). From the proteomic point of view: Integration of adaptive changes to iron deficiency in plants. Curr. Plant Biol. 5, 45–56. doi: 10.1016/j.cpb.2016.02.001

 Marastoni, L., Lucini, L., Miras-Moreno, B., Trevisan, M., Sega, D., Zamboni, A., et al. (2020). Changes in physiological activities and root exudation profile of two grapevine rootstocks reveal common and specific strategies for Fe acquisition. Sci. Rep. 10, 18839. doi: 10.1038/s41598-020-75317-w

 Marschner, H. (1995). Mineral nutrition of higher plants. 2nd Edition (London: Academic Press).

 Matsuoka, K., Furukawa, J., Bidadi, H., Asahina, M., Yamaguchi, S., and Satoh, S. (2014). Gibberellin-induced expression of Fe uptake-related genes in Arabidopsis. Plant Cell Physiol. 55, 87–98. doi: 10.1093/pcp/pct160

 Mengel, K. (1994). Iron availability in plant tissues-iron chlorosis on calcareous soils. Plant Soil 165, 275–283. doi: 10.1007/BF00008070

 Metsalu, T., and Vilo, J. (2015). Clustvis: a web tool for visualizing clustering of multivariate data using Principal Component Analysis and heatmap. Nucleic Acids Research 43(W1), W566–W570. doi: 10.1093/nar/gkv468

 Mérigout, P., Lelandais, M., Bitton, F., Renou, J. P., Briand, X., Meyer, C., et al. (2008). Physiological and transcriptomic aspects of urea uptake and assimilation in Arabidopsis plants. Plant Physiol. 147, 1225–1238. doi: 10.1104/pp.108.119339

 Middelhoven, W. J., De Waard, M. A., and Mulder, E. G. (1969). The ferrous ion as the cofactor of arginase in vivo: II. Experiments on the replacement of ferrous ions in native yeast arginase by other cations in vivo. Biochim. Biophys. Acta-Enzymology 191, 122–129. doi: 10.1016/0005-2744(69)90321-0

 Mori, S. (1999). Iron acquisition by plants. Curr. Opin. Plant Biol. 2, 250–253. doi: 10.1016/S1369-5266(99)80043-0

 Nikolic, M., Cesco, S., Römheld, V., Varanini, Z., and Pinton, R. (2007). Short-term interactions between nitrate and iron nutrition in cucumber. Funct. Plant Biol. 34, 402–408. doi: 10.1071/FP07022

 Nikolic, M., and Römheld, V. (2003). Nitrate does not result in iron inactivation in the apoplast of sunflower leaves. Plant Physiol. 132, 1303–1314. doi: 10.1104/pp.102.017889

 Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., et al. (2014). Vegan: community ecology package. R Package Version 2.2-0. Available online at: http://CRAN.Rproject.org/package=veganlo (accessed May 21, 2023).

 Paolacci, A. R., Celletti, S., Catarcione, G., Hawkesford, M. J., Astolfi, S., and Ciaffi, M. (2014). Iron deprivation results in a rapid but not sustained increase of the expression of genes involved in iron metabolism and sulfate uptake in tomato (Solanum lycopersicum L.) seedlings. J. Integr. Plant Biol. 56, 88–100. doi: 10.1111/jipb.12110

 Parveen, S., Ranjan, R. K., Anand, A., and Singh, B. (2018). Combined deficiency of nitrogen and iron increases senescence induced remobilization of plant immobile iron in wheat. Acta Physiol. Plant 40, 1–12. doi: 10.1007/s11738-018-2782-9

 Piccinelli, F., Sega, D., Melchior, A., Ruggieri, S., Sanadar, M., Varanini, Z., et al. (2022). Regreening properties of the soil slow-mobile H2bpcd/Fe3+ complex: Steps forward to the development of a new environmentally friendly Fe fertilizer. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.964088

 Pinton, R., Cesco, S., Santi, S., Agnolon, F., and Varanini, Z. (1999). Water-extractable humic substances enhance iron deficiency responses by Fe-deficient cucumber plants. Plant Soil 210, 145–157. doi: 10.1023/A:1004329513498

 Rai, S., Singh, P. K., Mankotia, S., Swain, J., and Satbhai, S. B. (2021). Iron homeostasis in plants and its crosstalk with copper, zinc, and manganese. Plant Stress 1, 100008. doi: 10.1016/j.stress.2021.100008

 Ramírez, L., Graziano, M., and Lamattina, L. (2008). Decoding plant responses to iron deficiency: is nitric oxide a central player? Plant Signal. Behav. 3, 795–797. doi: 10.4161/psb.3.10.5874

 Ray, H., Bett, K., Vandenberg, A., Thavarajah, D., and Warkentin, T. (2014). Mineral micronutrient content of cultivars of field pea, chickpea, common bean, and lentil grown in Saskatchewan, Canada. Crop Sci. 54, 1698–1708. doi: 10.2135/cropsci2013.08.0568

 R Core Team (2021). R: A language and environment for statistical computing (Vienna. Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org/.

 Rellán-Álvarez, R., El-Jendoubi, H., Wohlgemuth, G., Abadía, A., Fiehn, O., Abadía, J., et al. (2011). Metabolite profile changes in xylem sap and leaf extracts of strategy I plants in response to iron deficiency and resupply. Front. Plant Sci. 2. doi: 10.3389/fpls.2011.00066

 Ritz, C., and Spiess, A.-N. (2008). qpcR: an R pacjage for sigmoidal model selection in quantitative real-time polymerase chain reaction analysis. Bioinformatics 24, 1549–1551. doi: 10.1093/bioinformatics/btn227

 Saenchai, C., Bouain, N., Kisko, M., Prom-u-thai, C., Doumas, P., and Rouached, H. (2016). the involvement of ospho1;1 in the regulation of iron transport through integration of phosphate and zinc deficiency signaling. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00396

 Sainju, U. M., Dris, R., and Singh, B. (2003). Mineral nutrition of tomato. Food Agric. Environ. 1, 176–183.

 Sainju, U. M., Ghimire, R., and Pradhan, G. P. (2019). Nitrogen fertilization I: Impact on crop, soil, and environment. Nitrogen Fixation 9, 1–9. doi: 10.5772/intechopen.86028

 Salek, R. M., Haug, K., and Steinbeck, C. (2013). Dissemination of metabolomics results: role of MetaboLights and COSMOS. GigaScience 2, 2047–217X. doi: 10.1186/2047-217X-2-8

 Sarasketa, A., González-Moro, M. B., González-Murua, C., and Marino, D. (2016). Nitrogen source and external medium pH interaction differentially affects root and shoot metabolism in Arabidopsis. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.00029

 Schikora, A., and Schmidt, W. (2001). Acclimative changes in root epidermal cell fate in response to Fe and P deficiency: a specific role for auxin? . Protoplasma 218, 67–75. doi: 10.1007/BF01288362

 Schmidt, W. (1999). Mechanisms and regulation of reduction-based iron uptake in plants. New Phytol. 141, 1–26. doi: 10.1046/j.1469-8137.1999.00331.x

 Schmidt, W., and Buckhout, T. J. (2011). A hitchhiker’s guide to the Arabidopsis ferrome. Plant Physiol. Biochem. 49, 462–470. doi: 10.1016/j.plaphy.2010.12.001

 Schmidt, W., Tittel, J., and Schikora, A. (2000). Role of hormones in the induction of iron deficiency responses in Arabidopsis roots. Plant Physiol. 122, 1109–1118. doi: 10.1104/pp.122.4.1109

 Séguéla, M., Briat, J.-F., Vert, G., and Curie, C. (2008). Cytokinins negatively regulate the root iron uptake machinery in Arabidopsis through a growth-dependent pathway. Plant J. 55, 289–300. doi: 10.1111/j.1365-313X.2008.03502.x

 Sun, W. J., Zhang, J. C., Ji, X. L., Feng, Z. Q., Wang, X., Huang, W. J., et al. (2021). Low nitrate alleviates iron deficiency by regulating iron homeostasis in apple. Plant Cell Environ. 44, 1869–1884. doi: 10.1111/pce.13998

 Suzuki, M., Takahashi, M., Tsukamoto, T., Watanabe, S., Matsuhashi, S., Yazaki, J., et al. (2006). Biosynthesis and secretion of mugineic acid family phytosiderophores in zinc-deficient barley. Plant J. 48, 85–97. doi: 10.1111/j.1365-313X.2006.02853.x

 Thomson, C. J., Marschner, H., and Römheld, V. (1993). Effect of nitrogen fertilizer form on pH of the bulk soil and rhizosphere, and on the growth, phosphorus, and micronutrient uptake of bean. J. @ Plant Nutr. 16, 493–506. doi: 10.1080/01904169309364548

 Tomasi, N., Rizzardo, C., Monte, R., Gottardi, S., Jelali, N., Terzano, R., et al. (2009). Micro-analytical, physiological and molecular aspects of Fe acquisition in leaves of Fe-deficient tomato plants re-supplied with natural Fe-complexes in nutrient solution. Plant Soil 325, 25–38. doi: 10.1007/s11104-009-0069-z

 USEPA (1995). “EPA Method 3052: Microwave assisted acid digestion of siliceous and organically based matrices,” in Test Methods for Evaluating Solid Waste, 3rd edn (U.S. Environmental Protection Agency: Washington. DC).

 Valdés-López, O., Yang, S. S., Aparicio-Fabre, R., Graham, P. H., Reyes, J. L., Vance, C. P., et al. (2010). MicroRNA expression profile in common bean (Phaseolus vulgaris) under nutrient deficiency stresses and manganese toxicity. New Phytol. 187, 805–818. doi: 10.1111/j.1469-8137.2010.03320.x

 Varin, S., Cliquet, J. B., Personeni, E., Avice, J. C., and Lemauviel-Lavenant, S. (2010). How does sulphur availability modify N acquisition of white clover (Trifolium repens L.)? J. Exp. Bot. 61, 225–234. doi: 10.1093/jxb/erp303

 Vert, G., Grotz, N., Dédaldéchamp, F., Gaymard, F., Guerinot, M. L., Briat, J. F., et al. (2002). IRT1, an Arabidopsis transporter essential for iron uptake from the soil and for plant growth. Plant Cell 14, 1223–1233. doi: 10.1105/tpc.001388

 Wang, W. H., Köhler, B., Cao, F. Q., Liu, G. W., Gong, Y. Y., Sheng, S., et al. (2012a). Rice DUR3 mediates high-affinity urea transport and plays an effective role in improvement of urea acquisition and utilization when expressed in Arabidopsis. New Phytol. 193, 432–444. doi: 10.1111/j.1469-8137.2011.03929.x

 Wang, B., Li, Y., and Zhang, W. H. (2012b). Brassinosteroids are involved in response of cucumber (Cucumis sativus) to iron deficiency. Ann. Bot. 110, 681–688. doi: 10.1093/aob/mcs126

 Waters, B. M., and Armbrust, L. C. (2013). Optimal copper supply is required for normal plant iron deficiency responses. Plant Signal. Behav 8, e26611. doi: 10.4161/psb.26611

 Waters, B. M., Chu, H. H., DiDonato, R. J., Roberts, L. A., Eisley, R. B., Lahner, B., et al. (2006). Mutations in Arabidopsis yellow stripe-like1 and yellow stripe-like3 reveal their roles in metal ion homeostasis and loading of metal ions in seeds. Plant Physiol. 141, 1446–1458. doi: 10.1104/pp.106.082586

 Waters, B. M., Lucena, C., Romera, F. J., Jester, G. G., Wynn, A. N., Rojas, C. L., et al. (2007). Ethylene involvement in the regulation of the H+-ATPase CsHA1 gene and of the new isolated ferric reductase CsFRO1 and iron transporter CsIRT1 genes in cucumber plants. Plant Physiol. Biochem. 45, 293–301. doi: 10.1016/j.plaphy.2007.03.011

 Waters, B. M., and Troupe, G. C. (2012). Natural variation in iron use efficiency and mineral remobilization in cucumber (Cucumis sativus). Plant Soil 352, 185–197. doi: 10.1007/s11104-011-0988-3

 Welch, R. M., Norvell, W. A., Schaefer, S. C., Shaff, J. E., and Kochian, L. V. (1993). Induction of iron (III) and copper (II) reduction in pea (Pisum sativum L.) roots by Fe and Cu status: Does the root-cell plasmalemma Fe (III)-chelate reductase perform a general role in regulating cation uptake? Planta 190, 555–561. doi: 10.1007/BF00224795

 Wu, Z., Zhang, C., Dai, C., and Ge, Y. (2015). Sufficient sulfur supply promotes seedling growth, alleviates oxidation stress, and regulates iron uptake and translocation in rice. Biol. Plant 59, 788–792. doi: 10.1007/s10535-015-0554-6

 Zamboni, A., Zanin, L., Tomasi, N., Avesani, L., Pinton, R., Varanini, Z., et al. (2016). Early transcriptomic response to Fe supply in Fe-deficient tomato plants is strongly influenced by the nature of the chelating agent. BMC Genom. 17, 1–17. doi: 10.1186/s12864-015-2331-5

 Zamboni, A., Zanin, L., Tomasi, N., Pezzotti, M., Pinton, R., Varanini, Z., et al. (2012). Genome-wide microarray analysis of tomato roots showed defined responses to iron deficiency. BMC Genom. 13, 1–14. doi: 10.1186/1471-2164-13-101

 Zanin, L., Tomasi, N., Wirdnam, C., Meier, S., Komarova, N. Y., Mimmo, T., et al. (2014). Isolation and functional characterization of a high affinity urea transporter from roots of Zea mays. BMC Plant Biol. 14, 1–15. doi: 10.1186/s12870-014-0222-6

 Zanin, L., Zamboni, A., Monte, R., Tomasi, N., Varanini, Z., Cesco, S., et al. (2015). Transcriptomic analysis highlights reciprocal interactions of urea and nitrate for nitrogen acquisition by maize roots. Plant Cell Physiol. 56, 532–548. doi: 10.1093/pcp/pcu202

 Zhang, F. S., Römheld, V., and Marschner, H. (1991). Diurnal rhythm of release of phytosiderophores and uptake rate of zinc in iron-deficient wheat. Soil Sci. Plant Nutr. 37, 671–678. doi: 10.1080/00380768.1991.10416935

 Zhang, X., Zhang, D., Sun, W., and Wang, T. (2019). The adaptive mechanism of plants to iron deficiency via iron uptake, transport, and homeostasis. Int. J. Mol. Sci. 20, 2424. doi: 10.3390/ijms20102424

 Zhu, X. F., Dong, X. Y., Wu, Q., and Shen, R. F. (2019). Ammonium regulates Fe deficiency responses by enhancing nitric oxide signaling in Arabidopsis thaliana. Planta 250, 1089–1102. doi: 10.1007/s00425-019-03202-6

 Zou, C., Shen, J., Zhang, F., Guo, S., Rengel, Z., and Tang, C. (2001). Impact of nitrogen form on iron uptake and distribution in maize seedlings in solution culture. Plant Soil 235, 143–149. doi: 10.1023/A:1011902320662

 Zuchi, S., Watanabe, M., Hubberten, H. M. H.-M., Bromke, M., Osorio, S., Fernie, A. R., et al. (2015). The interplay between sulfur and iron nutrition in tomato. Plant Physiol. 169, 2624–2639. doi: 10.1104/pp.15.00995

 Zuo, Y., and Zhang, F. (2011). Soil and crop management strategies to prevent iron deficiency in crops. Plant Soil 339, 83–95. doi: 10.1007/s11104-010-0566-0




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Lodovici, Buoso, Miras-Moreno, Lucini, Tomasi, García-Pérez, Pinton and Zanin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1408141-g002.jpg
A

Color range

o e FeN T

40

30

20

10

t[2] * 1.00196

-50

t[1] * 1.00099

10

t[2] * 1.00114

\ -Fe/+Fe+

Nitgp
=N

~—

60

t[2] * 1.00176

® _Fe/+Fe+A

N S et 3%
' -Fe/+Fe+U| +Fe/+Fe-N~ _~

60
t[1] * 1.0018





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A multi-omics insight on the interplay between iron deficiency and N forms in tomato

      

        		

          Introduction

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Plant growth

          



          		

            Elemental analyses

          



          		

            Metabolomic analysis

          



          		

            Ferric-chelate reductase activity

          



          		

            Gene expression analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Morphological observations

          



          		

            Elemental content

          



          		

            Metabolomic analysis

          



          		

            Ferric-chelate reductase activity

          



          		

            Gene expression analyses

          



        



        



        		

          Discussion

        

          		

            Iron deficiency response

          



          		

            The form of N also affects the accumulation of other nutrients

          



          		

            N forms interact with the primary metabolism in the Fe resupply response

          



          		

            Interplay between Fe and N on secondary metabolism phytohormones

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1408141-g006.jpg
30

25

20

15

10

30

25

2.0

15

10

05

0.0

18

164

14

12

1.0

08

0.6

04

0.2

0.0

12

10

50

40

30

20

10

35

3.0

25

20

15

1.0

05

0.0

16

14

12

10

PC1 (43.5%)

SINiil SINIiR SIGOGAT SIGS1
25 30 12
a a c
25 a 10
20
20 08 b
15 b b
15 06 b
10
10 04
b 5 5 § I
b b b
b b b
; L ﬁ _b_ o —— [~ .| o & i ﬁ 00
SIGS2cp SIAS1 . SIAMT 1-1 Ve SIAMT 1-2
16 e
14 a a a
10 5 a
12
b 08
1.0 -
08 06
0.8 10 b "
04
04 b
C 0.2 05
0.2 c c
i W . )
SIDUR3 SINR w0 SINPF 6.3 SINRT1.5
70 12
= 2 25 N 1.0 2
50 2 o .
40 4
15 06 b
30 4 b
10 b b 5 - c
b 20
- b N i . ' i I . d
[
_ ﬁ - g (o —— =5 " 00 -
SINRT2.2 SINAR2.1 SIIRT1 SIIRTZ
30 18
2 ’ a 16 d
a 25 0
14
0
20 12
& b 10
15 5 b
b 8 b
10 o 6
b b b . )
b 05
] - N e | 2] o
L =L S . NEN e c
4A—\
SINRAMP1 SIOPT3
12
a a ! vi B
i a SIOPT3 lz
b | SINRAMP1
s | |sIFRO1
SIGOGAT 0
s SINR N,
SICDF-type
4 | SIFER(bHLH)
b SIGS1
c 2 SIAMT1-1
[ ] SIDUR3
0 'SINRT1.5
SILHA4
SICDF-type SILHA4 ‘ ~sIRT
' | | SINAR 2.1
a . a —ﬁ [ N | | sNPFes3
a [ SIIRT2
10 ab o | SIGS2cp
ab ‘ \ SINiit M +Fe/+Fe-N
i b " b i - | | SR M -Fe/-Fe-N
b 06 ] | SINRT22 [l -Fe/+Fe+Nit
b ] [ [1lsiAS1 g -Fe/+Fe+U
- y L] . | SIAMT 12 [ _fe/+FetA
= == o (<] = (4] © ~ © n - - -
. 02 N o © > o
0.0
SIFER(bHLH) SIFRO1 C
a 3000 3
2500 a 254
2000
1500
be 1000 b @ 0.0
. ) b i 8
d - o
=== 0
25
B +Fe/+Fe-N B +Fe/+Fe-N
Bl -Fe/-Fe-N B Fe/-Fe-N .
Il -Fe/+Fe+Nit B -Fe/+Fe+Nit
A I -Fe/+Fe+U 5.0 I -Fe/+Fe+U
B -Fe/+FetA < ; ; | . | M -Fe/+Fe+A
75 -5.0 25 0.0 25 5.0





OEBPS/Images/fpls-15-1408141-g004.jpg
25

20

—_ —_
(9] o (9]

Sum of logFC

o

-10

-15

100

80

D
o

N
o

Sum of logFC

N
o

-20

30

20

10

Sum of logFC

-20

-30

ABA

STR AUX BR CK

|

GB Jas

M

I -Fe/+Fe+A I

ABA AUX BR CK ETH GB Jas JHI JHIN
| | Serotonin

ABA AUX BR CK GB Jas JHI JHII  and
Melatonin

-Fe/+Fe+Nit

100

75

U
o

N
(9]

o

Sum of logFC

-25

-50

-75

N-containing

D Phenylprop

350

300

250

200

150

100

Sum of logFC

50

-50

N-containing

Phenylprop

600

S U1
o o
o o

w
o
o

Sum of logFC

200

100

Polyketides
S-containing

Terpenes

Polyketides Terpenes

S-containing

N-containing
Phenylprop

I -Fe/+Fe+U

I )

Polyketides Terpenes
S-containing

P -Fe/-Fe-N





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2024.1408141_cover.jpg
& frontiers | Frontiers in Plant science

A multi-omics insight on the interplay
between iron deficiency and N forms in
tomato





OEBPS/Images/fpls-15-1408141-g001.jpg
Young leaves

Cu

/1s 20 25 30 35

Na

PC2 (22.5%)

Ca

0ld leaves

5 30 35

Ca

PC2 (20.4%)

28

1
F 3 2 v xz 98 5 g3

Roots
G K Fe
Mg Cu
Mn /‘q‘ 7’0 25 3‘0 ;:
Na Zn
P S
H

) 75
PC1 (48.8%)

—@— +Fe/+Fe-N
—O— -Fe/-FeN
—w— -Fe/+FetNit
—A— -Fe/+Fe+U
—l— -Fe/+FetA

+Fe/+Fe-N
-Fe/-Fe-N
-Fe/+Fe+Nit
-Fe/+Fe+A
-Fe/+Fe+U





OEBPS/Images/fpls-15-1408141-g003.jpg
A 150
100
O
T
<)
Ke)
s 50
E
>
|
-50 ‘
Amino acid FA/Lipids Secondary Hormones Regulatory
Nucleo Carbohyd Cofactor Cell Structure Others
B 400
300
]
=
S 200
B
E
>
v 100
Oﬂ mmm MmmMm
Nucleo Amines Secondary Hormones Regulatory
Amino acid FA/Lipids Carbohyd Cofactor Cell Structure Others
C
1000
750
]
=
© 500
ks
E
>
v 250
0 [++r—pith bt seer_yiall l'll W _aye ml I
Nucleo Amines Secondary Hormones Regulatory
Amino acid FA/Lipids Carbohyd Cofactor Cell Structure Others

Bl -Fe/+Fe+A Bl -Fe/+Fe+Nit -Fe/+Fe+U B  -Fe/-Fe-N





OEBPS/Images/table1.jpg
ug g= DW

Young leaves

\E]

+Fe/+Fe-N 126 +1° 196.2 + 33.2° 327 £ 2.1° 208 +41.2° 315+ 14°
-Fe/-Fe-N 207 £ 3° 69.6 £ 12° 49.8 +42° 98.1 + 20.6" 24 +3.4°
-Fe/+Fe+Nit 22+ 44 1155 + 23.4 68.3 +8.1° 137 21.2° 54+ 36"
-Fe/+Fe+U 198 1% 702 £ 4° 512+ 4° 120 £ 16.3° 28+ 1.1°
—Fe/+Fe+A 232 22° 1198 +17.8° 512455 150 + 10.9" 429 +53"
Old leaves
+Fe/+Fe-N 8.4+ 09" 253 +102° 331+2° 458.1 + 22.4° 267 +1.2°
~Fe/-Fe-N 204 + 42° 65 + 3¢ 67+ 116 3042+ 117 514 + 8.4°
-Fe/+Fe+Nit 206 + 5 94.1 +15.8 108 £ 7.9 359.1 +23.7° 83+ 10.1°
-Fe/+Fe+U 184 +29° 638 +7.8° 705 + 12.3 339 £ 9.6™ 472 £55°
-Fe/+Fe+A 252432 106 + 14.1° 86+ 9% 341 £ 8.8 59.7 +11.2°
Roots
+Fe/+Fe-N 121+ 51° 1182 + 110° 117 £ 10.6° 4339 + 1333° 144 £ 521°
-Fe/-Fe-N 451 + 108™ 589 £ 107 130 + 192 545 + 184° 416 £ 116*
-Fe/+Fe+Nit 618 +97.7 427 £ 104° 177 £ 35.7° 806 + 154" 522 + 60.7°
-Fe/+Fe+U 327 + 414° 271 + 42.5° 81.8 + 95" 524 + 208" 283 + 61.0°
-Fe/+Fe+A 310 + 502° 130 = 28.8¢ 98.9 + 9° 529 +33° 341 + 77.1%
mg g Ca Mg
Young leaves
+Fe/+Fe-N 111+ 02° 40 £ 0.1 47 02" 5.6+ 02° 175 + 1.8%
~Fe/-Fe-N 141 £ 1% 36.8 +4° 7.1£03° 6+05" 161 + 2.3
-Fe/+Fe+Nit 17.42* 472+ 38" 75 £0.5" 7.1+09° 114 +2.3°
-Fe/+Fe+U 151 £2%° 35313 72102" 59 + 0.2 139 + 14°
-Fe/+FetA 146 £2.7° 434132° 7.1£0.7" 67 0.2 209+ L.1°
Old leaves
+Fe/+Fe-N 169 + 0.3 39.8 +2.1% 46£02° 4.5+ 05° 381 + 0.8
-Fe/-Fe-N 254 +45% 33829 8§+12° 5305 374+ 69
-Fe/+Fe+Nit 347+ 1.9° 46.8 + 5.4° 82+0.5 7.8+ 0.4 356 + 4.8°
~Fe/+Fe+U 267 + 15 33+19° 8+03° 54+ 02° 37 +42%
~Fe/+Fe+A 32+68 415+ 66" 86+ 1.5 6.6+03° 49.6 + 3.1°
Roots
+Fe/+Fe-N 37+05 625+ 11.9% 23+04° 5.7+ 08" 109+ 1.6
-Fe/-Fe-N 57+12 729+ 9.8 47+12° 82+13° 128+ 18
-Fe/+Fe+Nit 52411 541 + 54 10 +29° 7+02% 10 £05
~Fe/+Fe+U 55+06 475 +0.7° 54+13° 63+02" 9.4+03
-Fe/+Fe+A 52%15 519 +10.1° 27£05° 65+ 08" 1017
mgg' DW (o] N
Shoots
+Fe/+Fe-N 368 + 8.2° 254+ 10
-Fe/-Fe-N 324 + 139% 204 + 1.6°
-Fe/+Fe+Nit 335+ 11.8%° 30.6 + 1.9°
-Fe/+Fe+U 337 + 58 222 +23°
-Fe/+Fe+A 307 + 36.2° 221 +42°
Roots
+Fe/+Fe-N 415 +2.8" 304+ 1.8°
-Fe/-Fe-N 407 £9.3 318 +0.8°
~Fe/+Fe+Nit 3858 +3° 386 + 1.0°
-Fe/+Fe+U 399.4 + 6.8 308 + 1.5°
-Fe/+Fe+A 401 + 7.4 401 +0.4°
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old leaves and roots. Data refers to mean values + SD; letters refer to statistical significance for each element and plant organ among experimental conditions (Holm-Sidak test ANOVA. N =3. p-
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