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ARTICLE INFO ABSTRACT

Handling Editor: Dr K Kees Venema Nitrogen (N) is the nutrient most applied in agriculture as fertilizer (as nitrate, Nit; ammonium, A; and/or urea,
U, forms) and its availability strongly constrains the crop growth and yield. To investigate the early response (24

Keywords: h) of N-deficient tomato plants to these three N forms, a physiological and molecular study was performed.

Fertilizer In comparison to N-deficient plants, significant changes in the transcriptional, metabolomic and ionomic

Gene expression

. profiles were observed. As a probable consequence of N mobility in plants, a wide metabolic modulation
Metabolic pathway

Multiomic occurred in old leaves rather than in young leaves. The metabolic profile of U and A-treated plants was more

Nitrogen form similar than Nit-treated plant profile, which in turn presented the lowest metabolic modulation with respect to N-

Nitrogen assimilation deficient condition. Urea and A forms induced some changes at the biosynthesis of secondary metabolites, amino

Root uptake acids and phytohormones. Interestingly, a specific up-regulation by U and down-regulation by A of carbon
synthesis occurred in roots. Along with the gene expression, data suggest that the specific N form influences the
activation of metabolic pathways for its assimilation (cytosolic GS/AS and/or plastidial GS/GOGAT cycle). Urea
induced an up-concentration of Cu and Mn in leaves and Zn in whole plant.

This study highlights a metabolic reprogramming depending on the N form applied, and it also provide evi-
dence of a direct relationship between urea nutrition and Zn concentration. The understanding of the metabolic
pathways activated by the different N forms represents a milestone in improving the efficiency of urea fertil-
ization in crops.

impact the environment, in addition to represent a cost for crop
production.

In order to improve the sustainability of agronomical practices, a
reduction of the chemical inputs for crop production is needed (United
Nations, 2015 http://sustainabledevelopment.un.org). This goal could
be achieved by increasing the N-use efficiency in crops. Therefore, in the
last years, the study of the mechanisms behind using different N forms
by plants has increased relevance (Zhang et al., 2015; Zanin et al.,
2015a; Vidal et al., 2020; Buoso et al., 2021a).

Plants prefer to sustain their N needs through the acquisition of
inorganic N sources (over the organic ones) naturally present in soils or
conferred as fertilizer (Marschner, 2012; Farzadfar et al., 2021). In
agricultural soils, the N sources preferentially taken up by plant roots are
nitrate (NO3) and ammonium (NHZ), two inorganic forms (Lauter,
1996; Wang and Macko, 2011; Kiba and Krapp, 2016). However, other N

1. Introduction

Nitrogen (N) is one of the most required macronutrients by crops and
its availability is the major limiting factor for plant growth and pro-
ductivity (Marschner, 2012; Vidal et al., 2020). To sustain the current
rate of crop production, roughly 110 million tons of N fertilizers are used
globally (FAOSTAT, 2021). Due to the low adsorption of N in the soil,
only a fraction of N applied by fertilization is taken up by plants. Indeed,
it has been estimated that only 25-50% of N applied in agriculture is
used by crops, whereas the remaining fraction contributes to environ-
mental pollution through greenhouse gas emission like nitrous oxide
and ammonia volatilization, as well as eutrophication of groundwater
by nitrate leaching (Raun and Johnson, 1999; Gutiérrez, 2012; Omara
et al., 2019). Therefore, the overuse of N fertilizers can negatively
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Abbreviations

A (ammonium treatment)

ABA (abscisic acid or its relative compounds)

AMTs (ammonium transporters)

AS (asparagine synthetase)

Asn (asparagine)

BRs (brassinostreoids or their relative compounds)

Ca (calcium)

CKs (cytokinin’s or their relative compounds

Cu (copper)

Cys (cysteine)

DUR3 (urea transporter)

EF1 (elongation factor 1)

Fe (iron)

Gln (glutamine)

Glu (glutamate)

GOGAT (glutamine oxoglutarate aminotransferase or glutamate
synthetase)

GS (glutamine synthetase)

Glu-SA  (glutamate 5-semialdehyde)

HATS (high affinity nitrate transporter)

K (potassium)

LATS (low affinity nitrate transporter)
Met (methionine)

Mg (magnesium)

Mn (manganese)

N (nitrogen)

Nit (nitrate treatment)

Na (sodium)

NAR2.1 (nitrate transporter accessory protein)
Nii or NiR (nitrite reductase)
NR (nitrate reductase)
NRTs (nitrate transporters)
OL (old leaves)

P (phosphorous)

PEP (phosphoenolpyruvate)
Phe (phenylalanine)

Pro (proline)

R (roots)

S (sulphur)

U (urea treatment)

Ubi (ubiquitin)

YL (young leaves)

Zn (zinc)

sources (such as amino acids, small peptides and urea) can also play a
role in plant N nutrition (Ikeda and Tan, 1998; Zanin et al., 2015a,
2015b; Zhang et al., 2019; Buoso et al., 2021a, 2021b). In the last de-
cades, mainly due to its low production cost and high N content, urea has
become the N-fertilizer form most applied worldwide in agriculture
(Glibert et al., 2006; Zanin et al., 2014; IFA, https://www.ifastat.org/).
As N availability is often a limiting growth factor, plants have developed
specific mechanisms to acquire N by combining the activity of High- and
Low-Affinity Transport Systems (HATS and LATS, respectively, Kiba and
Krapp, 2016). In particular, nitrate is acquired by specific transporters
belonging to NPF/NRT1 and NRT2 multigene families (NRT1.1, NRT1.2,
NRT2.1 and NRT2.2 in Arabidopsis). Nitrate is then converted to nitrite
by nitrate reductase (NR) encoded by the SINIA gene in tomato (AtNIA1
and AtNIA2 in Arabidopsis), and nitrite is converted to ammonium by
nitrite reductase (NiR) encoded by NIR gene (Daniel-Vedele et al., 1989;
Tsay et al., 2011).

In plants, ammonium can derive from catabolic and assimilatory
reactions (nitrite reduction) or by its direct acquisition from the soil
solution. Regarding the root uptake of ammonium, at least three AMT
transporters are known to mediate the HATS of ammonium acquisition
in tomato, AMT1.1, 1.2 and 1.3 (homologous to AMT1.1,1.2,1.3,1.5in
Arabidopsis) while AMT2.1, ammonium facilitator-type-transporters,
potassium channels and aquaporins mediate the ammonium LATS
(Yuan et al.,, 2007; Duan et al., 2018; Filiz and Akbudak, 2020).
Ammonium can be the substrate of different assimilatory enzymes, such
as plastidic enzymes (glutamine synthetase 2, GS2, and glutamine
oxoglutarate aminotransferase, GOGAT, of the GS/GOGAT cycle) and
cytosolic enzymes (as glutamine synthetase, GS; Forde and Lea, 2007;
Bernard and Habash, 2009). In several plants such as Arabidopsis, to-
mato and potato, changes in plant biomass production, depending on the
inorganic N source supplied, have been observed (Heeb et al., 2005;
Cambui et al., 2011; Qiqige et al., 2017).

Plants acquire urea through high- and low-affinity transport systems,
mediated by DUR3 transporter and aquaporins, respectively (Kojima,
2007; Wang, 2008; Zanin et al., 2014; Liu et al., 2015). Although the
acquisition of nitrate and ammonium has been extensively studied (in
tomato Aci et al., 2021; for review see Hachiya and Sakakibara, 2017),
the urea acquisition in crops has been less investigated (e.g. under hy-
droponic system: Peet et al., 1985; Ikeda and Tan, 1998; Mérigout et al.,

2008a; Horchani et al., 2010; Arkoun et al., 2012; Wang et al., 2012;
Zanin et al., 2015a; Buoso et al., 2021a—c; under soil condition: Arkoun
et al., 2012; Beier et al., 2019; Bauer and von Wirén, 2020). A better
comprehension of urea nutritional pathway in plants would be
extremely useful to identify new solution for the optimization of urea
acquisition in crops. In tomato it has been demonstrated that urea is
absorbed and also translocated by the plant as urea (Tan et al., 2000). In
wheat, N assimilation pattern depends on the N form supplied to the
nutrient solution, as stated by Garnica et al. (2010a). Criddle and his
co-workers (1988) provided evidence of a reciprocal interaction among
different forms of N in wheat, as the acquisition of a particular form was
influenced by the one previously applied to the nutrient solution. In
maize, the use of different N forms (including urea), determined changes
on plant biomass production, root morphology, and also on N-contain-
ing compounds (Safdarian et al., 2014, Buoso et al., 2021a,c). An in-
crease in the total N content of plants treated with NH4NO3 has been
observed in comparison to urea treated plants and accompanied by the
rise of NUpE (N Uptake Efficiency), on the other hand, urea seems to
have a remarkable efficiency compared to nitrate or ammonium source
in terms of dry matter production per unit of N taken-up (Mérigout et al.,
2008a). Moreover, at the transcriptional level, the N form available for
the root uptake significantly modulates the gene expression profile of
crops (Zanin et al., 2015a; Lupini et al., 2017; Buoso et al., 2021a,
2021b; Khalil et al., 2024).

The present work aims to characterize the early response of tomato
plants to urea nutrition in comparison to the inorganic N forms, nitrate
or ammonium. Thus, the ionomic, metabolomic and transcriptional
profiles of tomato plants were analysed 24 h after N resupply to inves-
tigate the nutritional pathways activated by the availability of the three
different N forms: urea, nitrate or ammonium.

2. Materials and methods
2.1. Plant growth

Tomato seeds (Solanum lycopersicum L., cv “Marmande” from DOTTO
Spa, Udine, Italy) were germinated for 7 days on filter paper moistened

with 0.5 mM CaSO4 and then tomato seedlings were grown under hy-
droponic conditions as previously described by Pinton et al. (1997).
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Twentyone-day-old plants were then transferred to the following
nutrient solution (mM: 0.70 KySO4, 0.1 KCI, 2.00 Ca(NOg3)y, 0. 50
MgSO0y4, 0.10 KH,PO4; ptM: 10.00 H3BOs, 0.50 MnSO4, 0.50 ZnSO4, 0.20
CuSO04, 0.07 NagMo00O4, 100 Fe-EDTA) adjusted to pH 6.0 with KOH 1 M.
After 14-days tomato plants (35-day-old plants) were transferred to an
N-free nutrient solution (mM: 0.7 K2SO4, 0.1 KCl, 1.0 CaSO4, 0.5 MgSOy4,
0.1 KH2POy4; pM: 10 H3BO3, 0.50 MnSOy4, 0.50 ZnSO4, 0.20 CuSOy4, 0.07
NasMoOg4, 100 Fe-EDTA), with this nutrient condition, plants were
grown for 7 days and the pH was buffered using 1.5 mM MES-BTP (pH
6.0). The nutrient solution was renewed every 3 days.

At the end of the growing period, (42-day-old, vegetative stage)
plants were treated for 24 h with different N forms. Therefore, plants
were transferred to an N-free nutrient solution containing 2 mM total N,
supplied in form of: nitrate (Nit treatment), urea (U treatment) or
ammonium (A treatment; applied as potassium nitrate, urea or ammo-
nium sulphate, respectively; Supplementary Table S1). As a control
some plants were maintained in N-free nutrient solution (-N treatment).
At the end of the experiment roots (R), young leaves (YL) or old leaves
(OL) were sampled for transcriptional, ionomic and metabolomic ana-
lyses. Before sampling, the tomato roots were washed three times in
deionized water. Moreover, the fresh weight (FW), dry weight (DW),
SPAD values (SPAD-502, Minolta, Osaka, Japan) and plant length of R
and shoots (S) were measured.

During the whole growing period, the controlled climatic conditions
were the following: 16/8 (day/night) photoperiod; 220 pmol m~2 s~}
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).

2.2. Ionomic 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 analyser (CHN IRMS Isoprime 100 Stable Isotope
Ratio Mass Spectrometer, Elementar, Como, Italy).

For ICP analyses, plant samples were oven dried for 72 h at 60-80 °C
and grinded. For each sample, around 100 mg of grinded 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 quantifi-
cations were carried out using certified multi-element standards.

For CHN analyses, R and S samples were dried, and their total N and
carbon contents were determined by CHN-IRMS (CHN IRMS Isoprime
100 Stable Isotope Ratio Mass Spectrometer, Elementar).

2.3. Metabolomic analysis

Samples of R, YL and OL (four replicates of each organ per treatment)
were ground in liquid N using a pestle and mortar. According to the
method previously reported (Paul et al., 2019), 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% formic acid, using an Ultra Turrax
(Polytron PT, Switzerland). The extracts were then centrifuged (6000 g,
10 min at 4 °C) and the supernatants filtered through 0.22 pm cellulose
syringe filters in 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-pressure liquid chromatograph (UHPLC, 1290 series, Agilent
Technologies, Santa Clara, USA) via a JetStream Electrospray ionization
system, under previously optimized analytical conditions (Paul et al.,
2019). Two injections were performed for each extract, resulting in a
total of 8 analytical replicates (N = 8). Briefly, 6 pL of each sample were
injected and a reverse phase chromatographic separation was achieved
by using a C18 column (Agilent Zorbax eclipse plus; 50 mm x 2.1 mm,
1.8 um) and a water-acetonitrile binary gradient (from 6 to 94 % organic
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in 32 min). The mass spectrometer worked in positive FULL SCAN mode
(range 100-1200 m/z, 0.8 spectra s_l, 30,000 full widths at half
maximum nominal resolution). Compound identification was achieved
through the ‘find-by-formula’ algorithm setting a sensitivity detection
threshold of 10,000 counts for annotation using the software Profinder
B.07 (Agilent Technologies), and the Plant Metabolic Network PlantCyc
9.6 database (Plant Metabolic Network, http://www.plantcyc.org; Filiz
and Akbudak, 2020). The whole isotope pattern (i.e., monoisotopic
mass, isotopic spacing, and isotopic ratio) was used for annotation,
considering 5 ppm for mass accuracy, according to a level 2 of confi-
dence (Salek et al., 2015). The raw metabolomic dataset was carefully
checked to remove artifacts/synthetic metabolites and isobaric com-
pounds and further extrapolated from the software Mass Profiler Pro-
fessional B.12.06 (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 as
previously reported (Paul et al., 2019).

2.4. Gene expression analysis

Tomato roots were grinded in liquid N. Total RNA was extracted
from approximately 70 mg of powder using the Spectrum Plant Total
RNA Kit (Sigma Aldrich, St. Louis, MO, USA) according to the manu-
facturer’s instructions (protocol A). RNA quantity and quality were
inspected using a NanoDrop device (NanoDrop Technologies, Wil-
mington, Delaware, USA) and by migration in agarose gel, respectively.
Afterward, 1 pg of extracted RNA was retrotranscribed into cDNA add-
ing: 1 pl of 70 pM Oligo-d (T), 1 pl ANTP (10 mM), 20 U RNase inhibitors,
200 U M-MLV Reverse Transcriptase (M-MLV Reverse Transcriptase
Sigma Aldrich) according to the manufacturer’s instruction. Using
primer3 software (version 4.0.1) primers were designed and synthetized
by Merck (MERCK KGAA, Darmstadt, Germany; Supplementary Table
S3). Real time RT-PCR analyses were 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 SIEF1
and SIUbi (Supplementary Table S3). Data were normalized using the
QAACT accordingly to Livak and Schmittgen (2001) method. The effi-
ciency 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/
gpcR.html) as indicated by Ritz and Spiess (2008; R Core Team, 2021).

2.5. Statistical analyses

Physiological, ionomic, gene expression and morphometric analysis
were performed on three independent experiments (three biological
replicates, N = 3), and for each replicate a pool from three tomato plants
was used. Statistical analyses were performed by SigmaPlot 14.0 (Sig-
maPlot 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).

Metabolomic analyses were performed using 8 analytical replicates
(N = 8). The metabolomic dataset was processed using the Agilent Mass
Profiler Professional B.12.06 and interpreted as previously reported
(Garcia-Pérez et al., 2021). Specifically, raw abundance data were
transformed to logy values, normalized to the 75th percentile, and
baselined to the median of all samples. Hierarchical cluster analysis
(HCA, Euclidean distance, Ward’s linkage) and Volcano plot analysis (P
< 0.01, Bonferroni multiple testing correction; fold-change FC > 2) were
obtained from the Mass Profiler Professional B.12.06. The unsupervised
HCA was applied with a dual aim, providing a broad perspective on the
grouping of samples according to their similarities attributed to their
metabolome-wide profile and to assess the homogeneity of replicates,
thus enabling the removal of eventual outliers within experimental
groups (Pinto, 2017). The Volcano plot analysis allowed us to extrapo-
late the differential compounds that were then interpreted using the
PlantCyc Pathway Tool (Hawkins et al., 2021).

Moreover, the raw metabolomic and ionomic datasets were exported
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into SIMCA 16 (Umetrics, Malmo, Sweden) software for principal
component analysis (PCA) and orthogonal projection to latent structures
discriminant analysis (OPLS-DA) supervised modeling. OPLS-DA was
cross-validated statistically by means of cross-validation analysis of
variance (CV-ANOVA; p < 0.001), inspected for outliers, overfitting was
excluded (permutation testing, N = 200), and then R%Y (goodness-of-fit)
and Q2Y (goodness-of-prediction) were recorded. Regarding gene
expression analysis the heatmap was 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 the PCA was
assessed by PERMANOVA test using 5000 permutations performed with
R version 4.3.0 (vegan package; Oksanen et al., 2014).

3. Results
3.1. Morphological observations and ionomic analysis

After 24 h of treatment with different N-forms, no significant changes
of SPAD, shoot and root heights, fresh weights, and dry weights were
measured among the treatments (Supplementary Fig. S1, Supplemen-
tary Fig. S2, Supplementary Fig. S3). Nevertheless, significant changes
in the profile of macro- and micro-nutrient concentrations were deter-
mined, especially under U (Fig. 1, Supplementary Table S2). Indeed, the
performed PCA show that U samples are separated from the other ones

YL
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(Supplementary Fig. S4). U treatment induced the up concentration of
Zn in whole plant organs (YL, OL, and R), of Mg, Mn, P, and Cu in YL, of
K, Mn, Cu in OL, and of N in R. On the other hand, only few changes in
the elemental profiles were observed by ammonium or nitrate in com-
parison to —N (A: induced a significant up-concentration of K in OL and N
in R; Nit induced a significant up-concentration of Mg in YL, of K and Mg
in OL and of N in R). Concerning plants’ carbon content, no differences
could be observed across treatments (Supplementary Table S2).

3.2. Metabolomic analysis

Overall, 3534 chemical entities were putatively annotated using the
comprehensive database PlantCyc 12.6. The annotated compounds and
composite mass spectra (mass and abundance combinations) are pro-
vided in Supplementary Table S4. The Hierarchical cluster analysis
(HCA) was performed firstly with non-averaged data to evaluate the
homogeneity of replicates within experimental groups and remove
outliers (data not shown), and further with averaged data to determine
the similarities between treatments according to their metabolome-wide
profile. The heatmap-based clustering showed two sub-clusters in both
young and old leaves (Fig. 2A and C) and roots (Fig. 2E), clearly sepa-
rating U and A from Nit and -N samples. The subsequent supervised
model OPLS-DA separated all the samples in the score plot according to
the treatments for both young and old leaves (Fig. 2B and D) and roots

oL

Ca

Mm 0.6 08 (0*2 14 16
AL

Fig. 1. Ionomic analysis of tomato plants after 24 h of treatment with different N sources. In panels A, B and C, the elemental concentrations in young leaves (YL), old
leaves (OL) and roots (R) are shown as radar plots, respectively. For each element the concentration values were scaled to average values of -N samples (value 1.0).
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Fig. 2. Unsupervised hierarchical cluster analysis carried out from ultra-performance liquid chromatography electrospray ionization quadrupole time-of-flight mass
spectrometry (UHPLC-ESI/QTOF-MS) metabolomics analysis of young leaves (A), old leaves (C) and roots (E) 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 structures discriminant analysis (OPLS-DA)
supervised modeling carried out on untargeted metabolomics profiles of young leaves (B), old leaves (D) and roots (F) after N supply. “-N”, refers to N-free condition;
“Nit”, refers to nitrate treatment; “U” refers to urea treatment; “A”, refers to ammonium treatment.

(Fig. 2D). This supervised discriminant analysis provided a clear insight
into the separation between -N and Nit-treated plants vs U- and A-
treated plants, in all the organs considered in agreement with HCA
(Fig. 2).

For each N treatment and for each organ (OL, YL and R), the me-
tabolites whose abundance significantly differed from —N treatment (P
< 0.01, Bonferroni multiple testing correction; fold-change FC > 2)
according to Volcano analysis. These compounds were further incor-
porated into the metabolic pathway analysis in order to

comprehensively represent the impact of N forms (A, U, and Nit) on the
biosynthetic metabolism of tomato plants with respect to limiting N
conditions (-N).

In Fig. 3 (D-F) the biosynthetic pathways significantly modulated in
OL, YL and R by N treatments with respect to -N conditions are shown.
Similar trends in metabolite accumulation were found after applying
organic or inorganic N, involving both primary and secondary biosyn-
thetic pathways, where an alteration was reported in the entire plant
when N was applied. In all cases, a general down-regulation of
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(Nit vs =N) (U vs =N)

Ammonium

(Avs—N)
C

Sum log FC

Nitrate
(Nit vs -N)

(uureaN) AASHn Nucko FALip Amines  Cabobyd SecMetsb  Cofactor Homones CellStuct  Other
Vs —

[0 2 | Avs-N [ Nitvs N Uvs-N

Fig. 3. Metabolomic profiles in tomato young leaves (YL, panels A and D), old leaves (OL, panels B and E), roots (panels C and F). Venn diagram showing the
significant compounds involved in the response to ammonium in comparison to control (A vs —-N), to urea (U vs —-N) and to nitrate (Nit vs —-N) referred to each organ
(YL, panel A; OL, panel B; and R, panel C). Biosynthetic pathways impaired by N-forms in YL, OL and R (panels D, E, and F, respectively). Significant metabolites and
their fold-change values were uploaded into the Omic Viewer Dashboard of the PlantCyc pathway Tool software (www.pmn.plantcyc.com). The large dots represent
the average (mean) of all log Fold-change (FC) for metabolites, and the small dots represent the individual log FC for each metabolite. The x-axis represents each set
of subcategories, while the y-axis corresponds to the cumulative log FC. AA Syn: amino acids biosynthesis; Nucleo: nucleosides and nucleotides biosynthesis; FA/Lip:
fatty acids and lipids biosynthesis; Amines: amines and polyamines biosynthesis; Carbohyd: carbohydrates biosynthesis; Sec Metab: secondary metabolites

biosynthesis; Cofactors: cofactors, prosthetic groups, electron carriers, and vitamins biosynthesis; Hormones: hormones biosynthesis; Cell-struct: cell structure
biosynthesis (P < 0.01, Bonferroni multiple testing correction; FC > 2).
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secondary metabolism was reported with respect to —-N conditions,
although substantial differences were found depending on the plant
tissue. As expected, the biosynthesis of N-containing compounds was
significantly modulated under N supply. The biosynthesis of amino
acids, in particular, those related to the GS-GOGAT pathway, seemed to
be strongly affected by N supply. An increased abundance of Asn was
observed in YL and OL under all three N treatments in comparison to -N,
which was combined with the accumulation of glutamine (GIn) and a
concomitant reduction of glutamate (Glu) and aspartate (Asp) in A-
treated plants. Nevertheless, several differences were found according to
leave stage since several derivatives of Glu and Asp were distinctively
found in OL, whereas the levels of one derivate of Asp (N-carbamoyl-L-
aspartate) were strongly reduced by all N treatments in comparison to
-N, coupled with an increase in the levels of one derivate of Glu (N-(4-
hydroxybenzoyl)-L-glutamate), mediated by U and A. Similarly to
leaves, Asn abundance was also found increased in R under any N form
in comparison to -N. Moreover, the levels of one Asp derivative and
several Glu derivatives mainly decreased by A and U treatments
(Table 1).

The biosynthesis of phytohormones was also modulated, especially
after U and A supply with respect to —-N. Regarding CKs, cis-zeatin and
trans-zeatin riboside levels were increased in response to all the treat-
ments in YL. In OL, a decrease of trans-zeatin abundance was observed in
all the treatments while an increase of isopentenyladenine-7-N-gluco-
side levels occurred when A was supplied. In R, zeatin precursors,
especially isopentenyladenine-9-N-glucoside and of iso-
pentenyladenine-7-N-glucoside showed increased levels in A and U, the
latter showing also increased levels of dihydrozeatin (Supplementary
Table S5). Regarding auxin biosynthetic pathways, an increase in 2-
trans- abscisic acid abundance was observed in A-treated OL (Supple-
mentary Table S5).

Table 1
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3.3. Gene expression analyses

Differences in the expression of key genes involved in N acquisition
were analysed by real-time RT-PCR in tomato roots after 24 h of treat-
ment. These analyses evaluated the expression of fourteen genes coding
for: nitrate transporters (SINRT2.2, SINRT1.5, NPF6.3), an accessory
protein of nitrate transporters (SINAR2.1), urea transporter (SIDUR3),
ammonium transporters (SIAMT1-1, SIAMT1-2) and N assimilatory en-
zymes (SINiil, SINiR, SIGS2, SIGS1, SINR, SIGOGAT, SIAS).

Regarding the effect of Nit treatment, the genes SINRT2.2, SINAR2.1,
SIGS2, SINiil, SINiR were significantly upregulated by Nit in comparison
to other N treatments. This behavior is also well visualized by heatmap
clustering analyses (Fig. 4). On the other hand, the presence of this N
form in the nutrient solution downregulated the expression of SINRT1.5,
NPF6.3, SIDUR3, SIAMT1-1 and SIGS1 if compared to the -N treatment.
When ammonium was supplied to the nutrient solution, a significant
upregulation of SINR and SIGOGAT genes was observed in comparison to
-N. In contrast, SINRT2.2, SINAR2.1, SINRT1.5, NPF6.3, SIDUR3, SINiil,
SINiR and SIGS2 genes were downregulated when A was conferred as N
source in comparison to the —-N treatment. Concerning the effect of U
supplied as a N source, SIAMTI-2 and SIAS1 were significantly upre-
gulated by U compared to other N treatments (Fig. 4).

4. Discussion

In the literature, an increase in plant biomass and SPAD values has
been reported when plants are grown for a prolonged period under N
sufficiency (days or weeks, Aci et al., 2021). In the present study, as
expected, the short exposure of tomato plants to N treatments (24 h) did
not affect plant morphometry or chlorophyll content (SPAD, Supple-
mentary Fig. S3). However, a short exposure to N treatments induced
changes in the ionomic, metabolomic, and transcriptional profiles.
Untargeted metabolomic analysis revealed both a common and a spe-
cific modulation dependent on the N form applied to the nutrient

Amino acids involved in the redistribution of N inside plants and related compounds. List and relative p-value and Log FC of amino acids related to the GS-GOGAT cycle
and their related compounds per each organ (OL, YL and R) and per each N treatment vs the N-depleted condition (-N): Nit vs -N, U vs -N, A vs -N. The empty spaces

mean no significant differences between treatments.

Nit vs -N Uvs-N Avs-N

Young leaves (YL) Log FC p-value Log FC p-value Log FC p-value
glutamine 2.65 0.0006
glutamate -1.57 0.0005
asparagine 17.53 0.0002 17.02 0.0002 16.53 0.0002
N-(4-hydroxybenzoyl)-L-glutamate 10.45 0.0070 10.92 0.0047
N-carbamoyl-L-aspartate —17.55 0.0005 -12.92 0.0100 —15.37 0.0020
Old leaves (OL) Log FC p-value Log FC p-value Log FC p-value
glutamine 1.95 0.0014
glutamate -1.51 0.0013
asparagine 20.24 0.0002 19.87 0.0002 16.90 0.0002
aspartate -1.50 0.0091
gamma-thiomethyl glutamate —15.28 0.0002 —20.61 0.0002 —20.67 0.0002
(65)-5-formyl-tetrahydrofolate mono-L-glutamate —1.44 0.0024

N-(4-hydroxybenzoyl)-L-glutamate 11.60 0.0016 14.28 0.0003
erythro-4-hydroxy-L-glutamate -1.52 0.0003
N-carbamoyl-L-aspartate —17.86 0.0003 —-16.28 0.0006 -13.97 0.0029
aspartate 4-semialdehyde —-1.01 0.0008 -1.34 0.0002
(3-hydroxy-2-oxindol-3-yl)acetyl-L-aspartate —2.87 0.0010
Root (R) Log FC p-value Log FC p-value Log FC p-value
asparagine 19.91 0.0002 12.39 0.0004 19.15 0.0002
5,10-methylenetetrahydropteroyl mono-L-glutamate —35.02 0.0002
gamma-thiomethyl glutamate —17.48 0.0002 -17.71 0.0002
10-formyl-tetrahydrofolate mono-L-glutamate —-15.59 0.0006
(6S)-5-formyl-tetrahydrofolate mono-L-glutamate —14.86 0.0007 —15.18 0.0005 —15.59 0.0004
erythro-4-hydroxy-L-glutamate 4.18 0.0002
N-(4-hydroxybenzoyl)-L-glutamate 13.62 0.0002 13.37 0.0002
(indol-3-yl)acetyl-L-aspartate —15.47 0.0002
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refer to statistical significance differences (Holm-Sidak ANOVA, N = 3, p-value< 0.05).

solution. As suggested by the multivariate statistics (HCA and OPLS-DA),
forms A and U had a more significant impact on plant metabolism with
respect to —N conditions than Nit, following a plant-organ dependence
(Fig. 2). Interesting changes were observed in amino acid, secondary
metabolite, and hormone biosynthesis. (Fig. 3, Supplementary Table
S5).

4.1. Amino acid biosynthesis

Regarding the amino acids directly involved in the assimilation and
translocation of the macronutrient, changes in the pattern of Glu, Gln
and Asn were observed in plants and especially A induced an increase of
Gln and a decrease of Glu in leaves (OL and YL, Table 1). The increase of
Gln after A supply has been previously observed in several studies in
tomato and cucumber, while in other plant species (i.e., wheat, rice,

soybean, and pea) a supply of this N form led to a predominant increase
of Asn over Gln, suggesting a difference in the amino acids concentration
among plant species in response to A supply (Koga and Ikeda, 2000;
Ikeda et al., 2004; Ikeda et al., 2005; Ueda et al., 2008; Ariz et al., 2013).
In our study, under all N supply conditions, Asn was found increased in
all three organs compared to N depletion conditions (Table 1, Supple-
mentary Table S5). This data taken together with the non-significant
difference in total N among treated plants (Supplementary Table S2)
indicates that, at least in the short-term, tomato plants are able to use
urea as a N form. In a recent paper, Huang and coworkers (2022) define
Asn synthetase as a marker to identify genotypes characterized by a high
N use efficiency under low inputs of the macronutrient. It is interesting
to note that the gene expression of this enzyme (SIASI) in roots was
stimulated by urea (U) more than ammonium (A) or nitrate (Nit, Fig. 4)
although lower abundance of Asn was observed in U-treated roots in
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comparison to the inorganic N forms. The transcriptional induction of
AS by urea was found in other plant species such as maize and Arabi-
dopsis (Meérigout et al., 2008b; Zanin et al., 2015a).

In agreement with the literature, the expression of some genes
involved in the nitrate transport and assimilation was induced by Nit
treatment, as indicated by a significant up-regulation in tomato roots of
some genes related to the transport of nitrate and its reduction into
ammonium (SINRT2.2, SINAR2.1, SINiil, SINiR, SIGS2) in comparison to
the other N treatments (U and A, Fig. 4). Based on sequence similarity
with the Arabidopsis isoforms, it is plausible to suppose that these Nit-
responsive genes (SINiil, SINiR, and SIGS2) have a plastidial localiza-
tion. On the other hand, ammonium (directly taken up or released by
urea hydrolysis) should preferentially be substrate of cytosolic GS iso-
form that operate the N assimilation along with the cytosolic AS enzyme
(GS1, AS; Lam et al., 1996; Ishiyama et al., 2004a; 2004b; Cruz et al.,
2006; Liu and von Wirén, 2017; Buoso et al., 2021a). Buoso and co-
workers (2021a) provided evidence in maize roots that this latter
assimilatory pathway was already transcriptionally induced after 24 h of
treatment with urea and/or ammonium. In agreement with this obser-
vation, our data suggest the induction by urea of this cytosolic pathway
as SIAS1 was found upregulated (Fig. 4).

More than other N treatments, the application of ammonium to
nutrient solution strongly induced the expression of NADH-dependent
glutamate synthetase isoform (SIGOGAT; Fig. 4). This behavior might
be linked to the overabundance of its substrate (GIn) and depression in
the levels of its product (Glu) after the A treatment (Table 1). This result
agrees with previous evidence in Arabidopsis, where NADH-GOGAT was
strongly induced by exogenous ammonium supply (Liu and von Wirén,
2017). Under A treatment, the results suggest a fast accumulation of Gln
in leaves that may be consequence of a prompt assimilation of this N
form to avoid ammonium toxicity.

Regarding the urea cycle and the arginine biosynthesis, arginino-
succinate (a precursor of arginine) was found increased in Nit-treated
OL, whereas its abundance was decreased in U- or A-treated OL (Sup-
plementary Table S5) with respect to -N conditions. In senescing leaves,
an accumulation of arginine (as well as an increase in arginase activities)
is expected and it has been shown to increase with the leaf age (Diaz
et al., 2005).

In plants, proline is an important metabolite which is accumulated
under a broad range of stress conditions like osmotic and oxidative
stresses, high light intensity, extreme temperatures, nutrient de-
ficiencies, high levels of heavy metals, air pollution (Claussen, 2002;
Rehman et al., 2021). Pérez-Alfocea and coworkers (1993) showed that
in tomato the proline concentration contributes less in terms of quantity
to the total fraction of osmotically active solutes than other osmolytes,
hence playing other roles than water-stress tolerance including N
cycling (Zhang and Becker, 2015). Proline is linked to N cycling pro-
cesses as its catabolism releases glutamate, which in turn is the substrate
of N assimilatory enzymes (as GS1) for the biosynthesis of amino acids
(Zhang and Becker, 2015). Claussen (2002) provided evidence that,
under hydroponic conditions, tomato plants increased the proline con-
centration in leaves when ammonium, more than nitrate, was the pre-
dominant N form supplied to the nutrient solution. Under our short-term
experiments, proline levels increased in OL and R almost regardless of
the N form applied (in R the highest proline levels were induced by A;
Supplementary Table S5). Along with proline, also a precursor of its
biosynthesis (glutamate 5-semialdehyde, Glu-SA) was found to be
increased in roots independently of the N form applied compared to -N
conditions. In plants, Glu-SA is an intermediate of a glutamate depen-
dent pathway for the synthesis of proline (Hu et al., 1992; Verbruggen
and Hermans, 2008). Thus, within 24 h of treatment, the N resupply
seemed to be perceived by all treated tomato plants. These data suggests
that the proline degradation in source organs for the N cycling was
repressed when N was applied to nutrient solution (24 h treatment)
leading to an over accumulation of this amino acid in source organs (OL
and R) and this early response was observed when urea, ammonium or
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nitrate were applied to nutrient solution (Supplementary Table S5).

Overall, all three N forms seem to downregulate the biosynthesis of
S-containing amino acids (like Cys and Met) in roots, whereas they were
induced by Nit in shoots, compared to —N conditions. Similarly, the U
treatment increased adenosine-3',5-bisphosphate levels in OL (Supple-
mentary Table S5). Urea is not reported to directly affect the levels of
this metabolite; despite it can indirectly affect various cellular processes
in plants, including N metabolism and protein synthesis, which may
have downstream effects on the levels of certain nucleotides (Mérigout
et al.,, 2008b; Zanin et al., 2015a; Wang, 2008). In chickpea, the
catabolism of allantoate derived from purine degradation releases urea
(Munoz et al., 2001). Thus, it is plausible to suppose that urea concen-
tration may have, in turn, a regulatory effect on this pathway.

The phenylalanine biosynthesis and that of other aromatic amino
acids (Tyr and Trp) were found to be generally downregulated in R by all
three N forms with respect to -N condition (Supplementary Table S5). In
agreement with the literature data, this result confirms that when N
becomes available for root uptake, a metabolic shift from the accumu-
lation of carbon-based secondary metabolites to N-rich compounds is
activated by plants, especially after a period of N deficiency. Therefore,
an overall downregulation of the phenylpropanoid pathway is expected
(Leja et al., 2010; Kovacik et al., 2007; Ravazzolo et al., 2020; Xun et al.,
2020) and this trend was induced by U as well as by A or Nit treatments.
Interestingly, the higher abundance reported for shikimate 3-phosphate
in OL by U and A, and not by Nit, along with the lower levels of phos-
phoenolpyruvate by all the N treatments might suggest different levels
of inhibition of the shikimate pathway depending on the N form applied
(Supplementary Table S5).

4.2. Biosynthesis of secondary metabolites

A significant portion of the metabolic changes in all three organs was
related to secondary metabolisms. Several metabolites involved in the
phenylpropanoid pathway exhibited alterations in their abundance. The
consumption of phenylalanine, which releases ammonium, is the first
step of the phenylpropanoid pathway, whose activation is a marker of
low N availability (Yang et al., 2011). Interestingly, some metabolites of
the phenylpropanoid pathway were responsive to the N form applied to
the nutrient solution. Data indicates that the N supply to the nutrient
solution, especially in form of urea or ammonium, induced the reprog-
ramming of secondary metabolism with the de-induction of the phe-
nylpropanoid pathway. Especially in R, the levels of shikimate,
pelargonidin, bergaptol, cinnamate, quercetin, bis-noryangonin, pseu-
doisoeugenol were mostly increased in A and U with respect to -N
conditions. On the other hand, in the same organ, the abundance of
isoarctigenin, 7-4-dimethylquercetin, 3,7-dimethylquercetin, kievitone,
and taxifolin was increased only by U (Supplementary Table S5. Also in
OL, some phenylpropanoid derivatives were differentially altered,
showing a rather similar response due to U and A; instead, baicalein
7-0O-glucuronide and cyanidin 3-O-(6"-O-malonyl)-p-D-glucoside were
specifically responsive to urea. These results suggest that elicitation of
flavons’ and flavonoids’ by urea treated plants seems to be a peculiar
pattern linked to the N form applied. The biosynthesis and release of
flavonoids into the rhizosphere are known components of the nutritional
responses activated to promote the Fe and P uptake in plants or the
symbiosis under N deficiency in Fabaceae plants and increase the plant
resilience to nutrients deficiency (Biata-Leonhard et al., 2021; Buoso
et al., 2022; Chai and Schachtman, 2022).

Changes at the metabolic and transcriptional levels occurred along
with changes also at the ionomic level. In tomato, the concentration of
macro- and micro-elements may vary due to phenological state, vari-
eties, and the N form supplied (Borgognone et al., 2013; Alfosea-Simon
et al., 2022). In our results, the ionomic analysis indicated that urea
acquisition induced an accumulation of Zn and Cu in plants more than in
the presence of inorganic N forms (Fig. 1, Supplementary Table 2). For
the first time, these results provide clear evidence of a direct relationship
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between N forms and zinc (Zn) concentration that was only suggested in
previous works (Ozanne, 1955; Viets Jr et al., 1957; Pal et al., 2019). In
maize, the addition of urea and a urease inhibitor modulated the
expression of several genes related to Zn and Fe transport and storage
(Zanin et al., 2016). This observation can suggest the occurrence of an
interplay between urea nutrition pathway and the micronutrient
acquisition in plants probably due to the important role of divalent
cations as cofactors of some N enzymes (e.g. urease, GS, GOGAT). Thus,
the use of urea fertilizer may find application in the Zn biofortification of
crops. However, additional research is required to identify the rhizo-
deposition under urea nutrition and to establish a correlation between
its composition and crop resilience to metal stresses.

4.3. Phytohormones biosynthesis

N can act as a signal triggering a signal cascade that induces or re-
presses genes involved in the nutrient uptake, reduction, and assimila-
tion, leading to changes in the N status of the plant (Li et al., 2014). In
particular, the role of nitrate to act as signal molecule in the transcrip-
tional and metabolomic reprogramming has been well reported in plants
(Stitt, 1999; Gutiérrez et al., 2007; Krouk et al., 2011; Vidal et al., 2015;
Krouk, 2016; O’Brien et al., 2016; Vidal et al., 2020; Lamig et al., 2022).
In our study, all the N forms led to modulate the expression profile of
some genes related to N acquisition and they also led to a reprogram-
ming of metabolism, and this modulation was more evident under
ammonium nutrition (A treatment).

Although nitrate signaling has been deeply studied, ammonium has
also been proposed to act as a signal molecule for morphological and
physiological plant responses (Liu and von Wirén, 2017; Ueda et al.,
2017). All these multifactorial changes seemed to be regulated by
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complex crosstalk between N and phytohormone signaling pathways
(Kibaetal., 2011; Krouk et al., 2011; Vega et al., 2019). Moreover, it has
been described that the form of N can modulate the phytohormone
concentration in plants (Bauer and von Wirén, 2020; Buoso et al., 2021c,
2023; Khalil et al., 2024). In our study, we observed a clear modulation
of hormonal biosynthetic pathway in all organs under all N treatments,
being more evident under ammonium treatment (Fig. 3).

Regarding the ABA synthesis, an increase of 2-trans abscisic acid
levels was observed under A and U in OL with respect to -N. Previous
studies provide evidence that ammonium nutrition can trigger some
ABA-mediated responses, such as: the enhancement of stomatal closing
coupled with a reduction of water loss via transpiration, the increase of
resistance to pathogen infection HyO»-dependent, and the modulation of
plant adaptive responses to environmental changes (Garnica et al.,
2010b; Fernandez-Crespo et al., 2015; Liu and von Wirén, 2017; Ganz
et al,, 2022). Our data (transcriptional and metabolomic analysis)
confirm that the N assimilation process is active in roots when reductive
N forms were applied to the nutrient solution. Under these conditions,
the pathways involved in N recycling and remobilization in old leaves
(known to be ABA-mediated processes, Watanabe et al., 2014), were
probably still active 24 h after treatment.

Cytokinins (as isopentenyl adenine-type, trans-zeatin, cis-zeatin and
dihydrozeatin) regulate nutrient uptake and translocation in plants
(Takei et al., 2001; Sakakibara, 2003; Sakakibara et al., 2006). In
response to N nutritional status, plants have developed several systems
to regulate the biosynthesis of CKs in roots, especially of precursors of
active CKs (Gu et al., 2018; Mandal et al., 2022). Usually, a prolonged N
deficiency reduces CK production while a supply of the nutrient in-
creases the overall CK content in plants (Takei et al., 2001, 2004;
Lacuesta et al., 2018). In agreement with literature, in our study YL of all
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Fig. 5. Schematic representation of the main changes occurred at the ionomic, metabolomic, and transcriptional level in tomato cited in the Discussion. Red and
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treated plants showed increased levels of cis-zeatin (cZ) with respect to
-N condition. The occurrence of cZ type in plants has been proposed to
be relevant in the maintenance of basal level of CK activity to overcome
abiotic stresses (Schafer et al., 2015). Interestingly, only the reductive
forms of N (U and A) displayed an enhancement of CK precursors levels
in roots that might allow a prompt adaptation of plant growth to envi-
ronmental changes (Supplementary Table S5). Moreover, dihydrozeatin
showed an increased abundance only in the roots of U-treated plants.
These results confirm the relationship between CK and N nutrition and
moreover suggest that the presence of active CKs depend on the supplied
N form.

In comparison to IAA, CK or ABA, the interplay between N and other
signaling pathway, such as brassinosteroids (BRs), remains still poorly
characterized. In literature fragmentary information is available about
the role of BRs for N nutrition. The biosynthesis of this hormonal class is
positively regulated by ammonium (Wei and Li, 2020). Other works
underline the involvement of the second messenger Ca* in the crosstalk
among nitrate nutrition and BR biosynthesis (Du and Poovaiah, 2005;
Riveras et al., 2015). In arecent review (Han et al., 2023), the role of BRs
in regulating the plant response under low N availability has been
emphasized. In contrast to N sufficiency, mild N deficiency induces the
synthesis of BRs and their signaling to promote N foraging response.
Specifically, BRs promote the expression of BES1, a protein that interacts
with LBD37, reducing the capacity of this latter transcription factor to
negatively regulate the N-foraging response (Han et al., 2023). In our
data, an accumulation of BRs was observed in OL independently to the N
form applied (Fig. 5, Supplementary Table S5). Therefore, urea, as well
as the inorganic forms of N, induced the accumulation of this group of
plant steroid hormones suggesting an interaction between BR pathway
and the macronutrient N itself, rather than its specific form.

In conclusion, this study indicates that the recovery of tomato plants
from a mild-N deficiency triggers a strong plant’s early response
involving ionomic, metabolomic and transcriptional changes linked to
the N-form supplied to the plants (for a schematic representation of the
main discussed results see Fig. 5). Specifically in roots, SINiil, SINiR,
SIGS2 were induced by nitrate, whereas SIGOGAT was induced by
ammonium and the SIAS was induced by urea treatment. The activation
of the N assimilatory pathway in roots by all three N forms is supported
also by the increase of Asn concentration in plants. The patterns of Asn,
Glu, GIn and Asp in tomato plants suggest the occurrence of the trans-
port of N from senescent tissues to sink organs to sustain the plant
growth. Moreover, the biosynthesis of fatty acids, sterols and cofactors
was more intense in YL while decreased in OL and R. A cross talk be-
tween urea acquisition and micronutrients in plants is underlined by an
increase of the Zn and Cu concentrations in plants as well as a specific
induction of the cofactor biosynthetic pathway in YL. Finally, the N form
applied suggests a differential involvement of CKs, ABA and BRs in the
activation of the early response to the recovery of tomato plants to the
mild N-deficiency (Fig. 5). This work provides new hints for improving N
use efficiency on crops, paving the way towards the adjustment of
guidelines for sustainable fertilization management.
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