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Despite intense research towards the understanding of abiotic stress adaptation in tomato, the physiological
adjustments and transcriptome modulation induced by combined salt and low nitrate (low N) conditions remain
largely unknown. Here, three traditional tomato genotypes were grown under long-term single and combined

Epreq stresses throughout a complete growth cycle. Physiological, molecular, and growth measurements showed
oots R . . . . . .
Leaves extensive morphophysiological modifications under combined stress compared to the control, and single stress

conditions, resulting in the highest penalty in yield and fruit size.

The mRNA sequencing performed on both roots and leaves of genotype TRPO0040 indicated that the tran-
scriptomic signature in leaves under combined stress conditions largely overlapped that of the low N treatment,
whereas root transcriptomes were highly sensitive to salt stress. Differentially expressed genes were functionally
interpreted using GO and KEGG enrichment analysis, which confirmed the stress and the tissue-specific changes.
We also disclosed a set of genes underlying the specific response to combined conditions, including ribosome
components and nitrate transporters, in leaves, and several genes involved in transport and response to stress in
roots. Altogether, our results provide a comprehensive understanding of above- and below-ground physiological
and molecular responses of tomato to salt stress and low N treatment, alone or in combination.

Differentially expressed genes

1. Introduction

Salinity, drought, heat, and cold are among the most harmful abiotic
stressors with detrimental effects on different aspects of plant physi-
ology, including growth, biomass accumulation, productivity, seed
production, and fruit quality (Wani, 2023). Among them, salt stress,
commonly resulting from excess NaCl in soil, has become a major
concern for plant growth and food production worldwide due to high
surface evaporation and inadequate precipitation, which further
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exacerbates the productivity decline of agricultural lands (Hosseinifard
et al., 2022; Wang et al., 2023). According to the Food and Agriculture
Organization (FAO), more than 10% of global cropland is affected by
salt, with an additional 1.5 million hectares of farmland rendered un-
productive each year (FAO, 2022), posing a significant threat to food
security. Salinity stress symptoms in plants are contingent on the ge-
notype, growth stage, duration, and intensity of the stress imposed,
making its understanding harder, especially under combined conditions
(Holsteens et al., 2022; Bai et al., 2018). For example, following salinity
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stress, photosynthesis is inhibited due to the stomatal closure caused by
the reduction of leaf turgor and the production of related hormones
(Chaves et al., 2009; Hannachi et al., 2022). However, the low photo-
synthetic rate may also be due to the increased Na* levels, which are
responsible for the inhibition of enzymatic activity related to photo-
synthesis, and consequently the chlorophyll content (Hannachi et al.,
2022). Salt stress further results in ion imbalance, osmotic stress, and the
accumulation of reactive oxygen species (ROS), leading to severe re-
ductions in crop yield. Excessive NaCl diminishes soil water potential,
curtails water import, and inhibits cell division and elongation (Guo
et al., 2022), impacting both direct ion toxicity and competition for the
Na' and Cl~ uptake against essential nutrients such as K, Ca%*, and
NO3 (Nazir et al., 2023).

In the case of tomato (Solanum lycopersicum L.), a globally significant
horticultural crop, salt stress induces adverse effects on seed germina-
tion, plant growth, and fruit development. Although some tomato wild
relatives display a higher tolerance to salt stress, this trait may have been
lost during domestication (Pailles et al., 2020). However, a large
germplasm collection of traditional tomatoes is available, in which high
throughput efforts have uncovered genotypic and phenotypic differ-
ences (Blanca et al., 2022; Pons et al., 2022). Recently, a genome-wide
association study in a large population including wild, domesticated and
improved tomato genotypes identified a variation in the coding
sequence of SIHAK20 as responsible for differences in root Na™ /K" ratio
and salt tolerance loss in domesticated tomato (Wang et al., 2020b).
SIHAK20 was reported as a Na™ and K* transporter, involved in their
homeostasis during salt stress (Wang et al., 2020b). Similarly, variations
in the promoter sequence affecting recognition by SIDREB2 of SISOS1, a
key antiporter responsible for Nat extrusion from the cytoplasm, were
also found to be associated with a high root Na*/K* ratio in domesti-
cated tomatoes (Wang et al., 2021).

Plants, including tomato, respond to osmotic stress and excess ROS
by accumulating compatible osmolytes like glycine betaine and proline
(Claussen, 2005; De la Torre-Gonzalez et al., 2018; Cappetta et al., 2020;
Ruggiero et al., 2022). However, their accumulation is contingent upon
the nitrogen (N) availability (Carillo et al., 2008). N is an essential
macronutrient for plants, mainly high-demand crops such as tomatoes,
that need consistent fertilizer rates for boosting yields, with high eco-
nomic and environmental implications (West et al., 2014). Nitrate
(NO3) is the major inorganic N form used by plants in agricultural soil,
and the most prone to leaching (West et al., 2014).

Nitrate uptake and translocation rely on proton-coupled importers of
the NPF/NRT1 (Peptide Transporter/Nitrate Transporter 1) and NRT2
transporter families. NPF/NRT1s include mainly dual/low-affinity ni-
trate transporters, whereas NRT2 family members are usually high-
affinity nitrate transporters. Nitrate reductase (NR) and nitrite reduc-
tase (NiR) operate conversion to NO; and NHJ, respectively. Ammo-
nium is then converted to glutamine by glutamine synthetase (GS) and
to glutamate by glutamate synthase (GOGAT) (Debouba et al., 2007).
Through the xylem, nitrate and N assimilate are transferred from roots to
shoots through the leaf transpiration-driven flow (Tegeder and
Masclaux-Daubresse, 2018).

In addition to the uptake, salt stress restricts nitrate reduction and
assimilation by inhibiting the biosynthesis and activity of enzymes such
as NR and GOGAT, and by interfering with translocation through
reduced leaf transpiration (Debouba et al., 2007; Lopez-Delacalle et al.,
2020). Thus, the perturbation of N dynamics is identified as a critical
factor influencing the impact of salt stress on plants (Nazir et al., 2023).

Furthermore, as well reported by Murtaza et al. (2013) salt stress
affects nitrogen use efficiency (NUE), which is a complex trait defined as
the total biomass per unit N supplied (Moll et al., 1982), and it is
controlled by gene networks involved in N uptake, assimilation, and
remobilization. NUE is usually divided into two main components: ni-
trogen uptake efficiency (NUpE), defined as the ability of the plant to
take up N from the soil, and nitrogen utilization efficiency (NUtE),
which encompasses the ability of the plant to assimilate, transfer, and
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utilize N (Xu et al., 2012). Genetic variation for this trait in germplasm
collections, including old landraces, has been explored also in tomato
(Chardon et al., 2010; Hawkesford, 2012; Abenavoli et al., 2016; Mau-
ceri et al., 2020; Aci et al., 2021; Sunseri et al., 2023).

Salt stress and N limitation induce partially overlapping responses,
imposing limitations on photosynthesis and stomatal conductance,
accumulation of ROS and components of the antioxidant machinery.
However, despite several studies aimed at understanding the genetic
mechanisms underlying salt stress and N limitation in tomato, the
physiological adjustments and transcriptome modulation induced by
combined salt stress and N limitation remain poorly characterized.
Indeed, responses to concurrent multiple abiotic stressors may be radi-
cally different, and even contrasting depending on the specific nature of
the applied stimuli, from those deployed under single stresses (Pandey
et al., 2015).

In addition, several studies have aimed at elucidating early responses
to stress in young plants, with a gap in the knowledge of how adult
plants balance growth and stress responses when exposed to long-term
stress conditions.

The main goal of our study was to investigate the impact of long-term
single salt stress, low N, and combined stress on three selected tradi-
tional tomato ecotypes grown in a complete growth cycle. We show that
distinctive physiological, molecular, growth, and yield responses are
elicited depending on the nature of the stress applied, as reflected in leaf
and root transcriptomic signatures to single and combined stress
conditions.

2. Materials and methods
2.1. Plant material and growth conditions

Seventeen Italian tomato (Solanum lycopersicum L.) accessions (16
traditional landraces and San Marzano variety, Supplementary
Table S1) were screened at the seedling stage for salt stress tolerance in
hydroponics (Supplementary material). Then, three tomato accessions
(Crovarese, TRPO0670; Acampora, TRPO0040; Linosa, TRPA0130)
were selected and grown in soil in a semi-controlled greenhouse
condition.

Seeds of the three selected genotypes were germinated in soil in a
semi-controlled greenhouse for cultivation using standard agricultural
practices in a soilless system. At two true leaves stage, the seedlings were
transplanted in coconut coir dust grow bags (Jiffy-grow bag) previously
imbibed with fertigation solution (Supplementary Table S2). At trans-
plant, plants were disposed in eight blocks, each containing seven-eight
replicates per genotype, for a total of 180 plants in the whole experi-
ment. The plants were fertigated through a drip irrigation closed system.
Two blocks per treatment were used as control (13.5 mM NO3; 0 mM
NaCl), low N (3.4 mM NO3; 0 mM NacCl), salt stress (13.5 mM NO3’; 80
mM NaCl) and combined stress (3.4 mM NO3, 80 mM NaCl). A recir-
culating solution was used to apply NaCl (80 mM) and low N (3.4 mM
NO3) stress, alone and in combination, whereas the control plants were
fertigated using a solution containing 0 mM NaCl and 13.5 mM NO3.
Low N treatment started concurrently with the seedling transfer to the
coconut coir dust growbags, while NaCl stress was applied after one
week by the first 40 mM, until reaching a final NaCl concentration (80
mM) at 13 days after seedling transfer (DAT, Fig. 1A), with an electrical
conductivity of 9.8 dS/m compared to the control (1.8 dS/m; Supple-
mentary Table S2). Both conductivity and pH of solutions were checked
daily. The composition of the growing solutions is reported in Supple-
mentary Table S2. In the greenhouse, the average air temperature and
humidity were 21 °C and 72%, while the daily global solar radiation was
76 Rs. Stress progression was monitored through measurements of Leaf
Relative Water Content (LRWC) and SPAD units (details are below). Leaf
samples for molecular and biochemical analyses were collected at
different time points, as detailed below, using the fifth youngest leaf in
all the analyses.
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Fig. 1. Experimental outline and monitoring of stress progression. A) Experimental design highlighting significant time points; Arrowheads indicate treatments start
points; DAT: day after transplant; RWC: relative water content; Leaf and root samples: tissue collection for gene expression analyses, proline and ABA content
determination; B) Leaf RWC of TRPO0040 in the four treatments at 24 and 38 DAT. Values indicate mean + SD (n = 6); C) Mean chlorophyll meter readings (SPAD
units) in TRPO0040 in the four treatments at 43 DAT. Values indicate mean + SD (n = 4); D) Leaf proline content in TRPO0040 at 14, 24 and 38 DAT. Values indicate
mean + SD (n = 6).; E) Leaf ABA content in TRPO0040 in the four treatments at 14 and 24 DAT. Values indicate mean + SD (n = 3); F) Relative quantification of LEA
gene expression measured by qRT-PCR in TRPO0040 in the four treatments at 14 and 24 DAT. All data are expressed as mean + SD (n = 3) relative to control
treatment; G-H) Relative quantification of Nrt2.1 gene expression measured by qRT-PCR in TRPO0040 in leaves in the four treatments at 14 and 24 DAT (G), and
roots at 24 DAT (H). Different letters indicate significant differences at p < 0.05 according to the Duncan post hoc test.
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2.2. Nitrogen concentration and nitrogen use efficiency

Nitrogen content was determined by dry combustion as reported by
Abenavoli et al. (2016). Briefly, plant material (0.25 g) was maintained
in the oven at 72 °C for 4 days, to obtain a homogenized powder. Finally,
N determination (mg kg~! dry matter) was performed using the LECO
CN628 instrument (LECO Corporation). N values were used to estimate
NUE based on different formulas suggested for hydroponic and green-
house experiments.

In the hydroponic experiment, the Nitrogen Use Efficiency (NUE)
[SDW N% !, where N% is the g N (100 g DW) '] and the Nitrogen
Uptake Efficiency (NUpE) [total (shoot + root) dry weight (TDW) x N
concentration (g N g TDW™1)] were calculated as reported by Chardon
et al. (2010). The Nitrogen Utilization Efficiency (NUtE) as the square of
SDW divided by N concentration (g2 ND (Siddiqi and Glass, 1981) was
calculated.

In the greenhouse experiment, NUE and its components (NUpE and
NUtE) were calculated according to Moll et al. (1982). In detail, the
efficiency of N uptake was calculated as total N content at maturity (Nt)
divided by the N rate supplied (Ns) (Nt/Ns); the efficiency of N utili-
zation was calculated as fruit weight (Fw) divided for Nt (Fw/Nt).
Finally, NUE was obtained as fruit and total dry weight (plant) at
maturity divided for Ns. Of course, NUE was also calculated by multi-
plying NUpE with NUtE (Moll et al., 1982).

2.3. Ion content determinations

Ions were extracted from stems, leaves, and fruits and analyzed by
using ion chromatography (DIONEX ICS-1100, Thermo Fisher Scientific
Waltham, MA, USA). One g of dry material was transferred to 550 °C for
6 h in a porcelain capsule and the obtained ash was then acidified for 30
min at 100 °C using 1M HCI solution. Finally, it was filtered using
Whatman 1 and measured using the ion chromatograph with 20 mM
methane-sulfonic acid as eluent. The amount of each ion was calculated
using standard curves.

2.4. Physiological, osmolyte and ABA measurements

Chlorophyll content was measured on leaves of four plants per
treatment after 30 days of salt stress (43 DAT) using a Chlorophyll meter
SPAD-502Plus (Konika Minolta), while the stomatal conductance was
checked weekly through porometer AP4-UM3 (Delta-T Devices). Leaf
relative water content (LRWC) was measured on six replicates per ge-
notype and treatment at 24 and 38 DAT. The excised leaves were
instantly weighed to obtain the fresh weight (FW) and after hydration
with distilled water for 24 h to obtain the turgid weight (TW). Leaf
samples were then oven-dried at 70 °C for 72 h and the dry weight (DW)
was measured. The LRWC percentage was calculated using the following
equation: LRWC (%) = (FW-DW)/(TW-DW) x 100.

Leaf samples were collected from six biological replicates per treat-
ment after 24 h, 11 days, and 25 days of salt stress, corresponding to 14,
24, and 38 DAT, for ABA and leaf proline content measurements. Two
technical replicates were performed for each sample. Proline content
was determined according to Claussen (2005) in six biological replicates
at 14, 24, and 38 DAT. Three replicates per treatment at 14 and 24 DAT
were used for ABA measurements. ABA extraction and measurement
were performed as described (Tamburino et al., 2017; Iovieno et al.,
2016).

2.5. Growth and yield measurements

Shoot dry weight and plant leaf area were measured after 126 days of
culture using eight replicates per treatment and genotype. The collected
samples were oven-dried at 70 °C until a stable weight was reached, to
obtain shoot dry weight. Plant leaf area was measured on excised leaves
of four replicates per treatment using a scanning plan meter (LI — 3400
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area meters, Licor). Red mature fruits were collected in four rounds
starting from 70 DAT on each plant (16 replicates/genotype/treatment),
each fruit was weighed and checked for the presence of blossom end rot.
Afterward, total yield, divided into marketable and non-marketable
(presence of blossom end rot), fruit number, and weight per plant
were calculated. Total soluble solid (TSS) content was analyzed from
tomato juice of 22 fruits per treatment using pocket refractometer PAL-1
(Atago).

2.6. RNA Isolation, cDNA Synthesis, qRT-PCR

Total RNA was extracted from leaf and root samples at 14 and 24
DAT as described in Ruggiero et al. (2019) and Tamburino et al. (2017).
DNase-treated RNA was used for reverse transcription using QuantiTect
Reverse Transcription kit (Qiagen, Germany), and qRT-PCR was per-
formed as described in Ruggiero et al. (2019) and Tamburino et al.
(2017). For the relative quantification of gene expression, elongation
Factor EF1-a (Solyc06g005060) or ubiquitin (Solyc07g064130) was used
as endogenous reference. Primers used are listed in Supplementary
Table S3. Quantification of gene expression was carried out using the
27448 method (Livak and Schmittgen, 2001) and reported as relative
expression levels, compared to control conditions as internal calibrator.

2.7. RNAseq analysis

RNA sequencing was performed on 12 leaf samples and 12 root
samples, corresponding to three biological replicates per treatment.
Amount and quality of RNA were measured by Bioanalyzer 2100 (Agi-
lent Technologies, Santa Clara, CA, USA). As previously described
(lovieno et al., 2016), the Illumina TruSeq RNA Sample Preparation Kit
(Illumina, SanDiego, CA, USA) was used for library construction prior to
sequencing using the Illumina platform HiSeq2500 with 100-bp
paired-end reads in triplicate and ~30 million reads per replicate
were obtained. The sequencing service was provided by Genomix4life
(http://www.genomix4life.com) at the Laboratory of Molecular Medi-
cine and Genomics (University of Salerno, Italy). Low-quality reads were
removed from further analyses and the long high-quality NGS reads
were further processed for adaptor trimming using the software BBDuk,
setting the minimum length and the quality score to 35 bp and 1,
respectively. The Solanum lycopersicum cv. Heinz reference genome
sequence (SL3.0/ITAG3.10) together with STAR aligner (version 2.5.0c)
were used for reads alignment. FeatureCounts (version 1.6.0) was used
to calculate gene expression values as raw fragment counts (annotation
ITAG3.10). Normalization was applied to the raw fragment counts by
using the Trimmed Mean of M-values (TMM) normalization and Frag-
ments Per Kilobase Million (FPKM) normalization. Statistical analyses
were performed using packages HTSFilter (Rau et al., 2013) and edgeR
(Robinson et al., 2010). Not expressed genes and highly variable ones for
each comparison were removed using the HTSFilter package (Rau et al.,
2013) and the Jaccard similarity index. The TMM normalization strat-
egy was used. The experiment quality was assessed by a Principal
Component Analysis (PCA) using the normalized gene expression values
as input (Supplementary Fig. S1). The differential expression analysis
was performed to identify significant differentially expressed genes
(DEGs) based on FDR values (<0.05) and Fold change (FC) > | 1.5. Gene
Ontology Enrichment Analysis (GOEA) was performed on differentially
expressed genes using in-house scripts based on the hypergeometric test
(Du et al., 2010). The p-values were then corrected for multiple testing
using the Benjamini-Hochberg method, obtaining the final FDR values
(Galise et al., 2021).

2.8. Statistical analysis
Two-way analysis of variance (ANOVA) was calculated by SPSS

software package (SPSS 19, SPSS Inc., United States). Duncan’s multiple
range test was applied to significant differences identified by ANOVA.
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Different letters indicate significant differences at p < 0.05.

3. Results

3.1. Tomato response to salt and low nitrate stresses at the seedling stage

Seventeen genotypes from Southern Italy (Supplementary Table S1)
were cultivated in hydroponics and treated with 150 mM NaCl. After 7
days of exposure, the scoring of twenty morphological and physiological
parameters in control and stress conditions revealed three different ge-
notype clusters (Supplementary Fig. S2A). Cluster I included TRPO2330,
TRPA0130, TRPO0040, TRPO0670, TRPA0240, and TRPO0660, in
which leaf area and number, plant height, and biomass were least
affected by salt stress. By contrast, Cluster II included TRPA0160,
TRPO0020, TRPO0304, TRPO0280, TRPO0510 and TRPO0140, in
which the same parameters were markedly reduced compared to control
and thus classified as salt sensitive. Finally, genotypes in Cluster III
exhibited an intermediate response.

The Principal Component Analysis of all morpho-physiological pa-
rameters confirmed the observed clustering (Supplementary Fig. S2B).
Dim1, which explained 23.5% of the observed variance, appeared
strongly correlated to root system performances, whereas Dim2 (16.7%
of the variance) was correlated to shoot parameters.

TRPA0130, TRPO0670, and TRPO0040 were selected among mem-
bers of Cluster I based on their different origins (Sicily, TRPA0130;
Campania, TRPO0670, and TRPO0040), to analyze the interaction of
salt stress and limited nitrate (low N) conditions in terms of their effect
on growth parameters and Nitrogen Use Efficiency (NUE) and its com-
ponents uptake (NUpE) and utilization (NUtE) (Supplementary
Figs. S3-54). As expected from the above results, salt stress conditions
did not impact root and shoot dry weight in the three genotypes,
whereas low N and combined stress conditions caused a reduction
particularly in roots (Supplementary Fig. S3). Analysis of root archi-
tecture traits showed that total root length, specific root length, and root
fineness were significantly increased under low N in all tested geno-
types, whereas salt and combined stress had little to no effect on these
parameters. The root length ratio increased under low N and combined
stress in all the genotypes except for TRPO0040, whereas only
TRPAO0130 reduced the root mass ratio under low N (Supplementary
Fig. S3).

Low N significantly impacted the NUE of TRPO0670, whereas
TRPA0130 and TRPO0040 were not affected. Conversely, salt and
combined conditions determined a NUE reduction in all genotypes.
NUpE was not influenced by the treatments in TRPA0130 and
TRPO0670, whereas a reduction was observed in TRPO0040 following
salt and combined conditions. NUtE was not affected in TRPO0670,
while TRPA0130 and TRPO0040 showed a significant reduction under
combined stress (Supplementary Fig. S4). Taken together, these results
show that, although causing a reduced NUE, salt stress had little impact
on biomass accumulation, both above- and below-ground on genotypes
TRPO0040, TRPO0670, and TRPA0130, whereas low N and combined
stress conditions caused reductions in biomass particularly in roots.

3.2. Morphophysiological and molecular responses to single and
combined stress in a complete production cycle

To verify salt and low N stress impact during a whole tomato pro-
duction cycle, the selected three genotypes (TRPO0040, TRPA0130, and
TRPO0670) were grown in a closed soilless culture system for approxi-
mately 4 months until fruit harvest (Fig. 1A). Leaf Relative Water Con-
tent (LRWC), measured at 24 and 38 DAT, was mainly reduced under
salt and combined stress at both sampling times, but significant differ-
ences compared to the control were also observed under low N (Fig. 1B;
Supplementary Figs. SS5A-5B). As expected, SPAD units indicated a
lower chlorophyll content under low N conditions compared to the
control at 43 DAT. Interestingly, the salt stress condition resulted in a
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slight increase in SPAD Units, while the combined stress determined
values comparable to the control (Fig. 1C; Supplementary Fig. S5C).
Proline accumulation, a well-known salt stress-responsive compatible
osmolyte, was measured at different time points. The leaf proline con-
tent under salt stress was significantly higher in TRPO0040 at 14, 24,
and 38 DAT compared to the control. In low N plants, leaf proline
content was comparable to the control at all measured time points.
Interestingly, at 24 DAT proline accumulation was significantly higher
under combined stress compared to the control, showing no significant
difference at 38 DAT (Fig. 1D). In TRPA0130 and TRPO0670, proline
levels followed the same trends described for TRPO0040 at control and
under low N and combined stress treatments. By contrast, at 14 and 24
DAT, TRPA0130 and TRPO0670 accumulated lower proline levels
compared to TRPO0040. Proline in NaCl-treated plants of these two
genotypes increased over time, possibly indicating a different kinetic
elicited by salt stress compared to TRPO0040 (Supplementary
Figs. S6A-6C).

A striking accumulation of abscisic acid (ABA) was detected at 14
DAT in TRPO0040 leaves under combined stress, with 6808 pmol/g FW
compared to the control (218 pmol/g FW), indicating the induction of
downstream stress-related molecular responses. Interestingly, ABA did
not increase under salt stress, suggesting that salt and combined stresses
elicit responses with a different kinetic of induction. As expected, at 24
DAT ABA content in stressed plants was similar to control plants, indi-
cating the weakening of the stress signal following the initial response
(Fig. 1E, Supplementary Figs. S6D-6E).

The relative expression of Solyc03g116390, encoding a Late
Embryogenesis Abundant protein (LEA, Gong et al., 2010; Iovieno et al.,
2016) as a marker of osmotic stress, was quantified (Fig. 1F). As ex-
pected, a significant LEA up-regulation was observed in plants subjected
to salt or combined stress for 24h (14 DAT) (Van Oosten et al., 2018),
whereas transcript abundance did not significantly differ between
stressed plants and the control at 24 DAT (Fig. 1F).

Finally, to monitor low N stress responses, the relative expression of
the high-affinity nitrate transporter coding gene (Solyc06g074990,
NRT2.1) was assessed at 14 and 24 DAT. At 14 DAT, TRPO0040 did not
show significant responses to both stresses, alone and in combination
(Fig. 1G). By contrast, at 24 DAT a marked NRT2.1 up-regulation under
low N and combined stress was observed, both in leaves and roots
(Fig. 1G-H). The quantification of additional transcripts in the three
genotypes is shown in Supplementary Figs. S7-S8.

Altogether, combined stress conditions elicited physiological re-
sponses shared with single stresses, including LRWC, and up-regulation
of LEA osmotic stress marker gene, shared with the salt stress treatment,
and induction of NRT2.1 nitrate transporter, as observed under low N.
However, differences in ABA accumulation as well as a lower level of
proline in combined stress compared with single salt stress were also
observed, indicating specific responses to the combined stress condition.

3.3. Plant growth and crop yield performance under stress

Salt and low N stresses, alone and combined, had a macroscopic ef-
fect on plant growth, causing a significant reduction in above-ground
biomass accumulation. The salt-stressed plants showed loss of basal
leaves, while low N resulted in marked leaf chlorosis (Fig. 2A). These
phenotypes were reflected in all the biometric measurements. Salt stress
significantly affected leaf area only in TRPO0670 (57% reduction),
while the limited N supply caused a dramatic reduction in leaf area in all
genotypes, ranging from 70% (TRPA0130) to 83% (TRPO0670)
compared to the control. Similar results on all the genotypes were
observed under combined stress (Fig. 2B). The above-ground biomass of
all the genotypes was severely and significantly reduced by stress
treatments, alone and in combination, with the interesting exception of
TRPAO0130 in salt stress conditions (Fig. 2C). The fruit weight and
related parameters were measured to assess crop yield under stress. The
total yield was markedly and significantly reduced by all the treatments,
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N and combined stress conditions at 120 DAT; B) Leaf area. Values indicate mean + SD (n = 4); C) Shoot dry weight. Values indicate mean + SD (n = 8). Different
letters indicate significant differences at p < 0.05 according to the Duncan post hoc test.

with interesting differences among genotypes (Fig. 3A-D). TRPA0130
and TRPO0670 showed a 50% decrease in fruit weight per plant when
both single stresses were applied, and it was further reduced under
combined stress. Interestingly, TRPO0040 exhibited a slight and not
significant reduction of fruit yield under salt stress, while limited N and
combined stress significantly affected crop yield (Fig. 3B). Data related
to marketable and non-marketable fruits showed that the N-limited
supply reduced the number of fruits presenting blossom end rot (non-
marketable), also under combined stress. By contrast, the non-
marketable fruits showed a slight increase in TRPO0040 and
TRPAO0130 under salt stress, while TRPO0670 showed a better perfor-
mance in the same condition (Fig. 3B). The yield components fruit
number and average fruit weight showed results correlated with crop
yield, as expected (Fig. 3C-D). Interestingly, both TRPO0040 and
TRPOO0670 did not show a significant reduction in fruit number under
salt stress, however, a significant reduction in the average fruit weight
was observed in TRPO0040 and TRPA0130 (Fig. 3C-D). Finally, total
soluble solids (TSS) were quantified to measure the impact of salt and
low N stresses on this quality marker. TSS in the control condition
ranged from 5.03°Brix (TRPA0130) to 6.29 (TRPO0040) with significant
increases in all the stress treatments and genotypes (Fig. 3E). As ex-
pected, salt stress treatment resulted in the highest TSS increase in all
three genotypes, ranging from 53% (TRPO0040) to 59% (TRPO0670),
whereas fruits from N-limited stress showed a lower but significant in-
crease in TSS, ranging from 10% (TRPA0130 and TRPO0670) to 13%

(TRPO0040) compared to the control. TSS content of all three genotypes
under combined stress was intermediate between salt and low N stresses,
indicating that low-N treatment limited the salt stress-induced increase
in TSS (Fig. 3E). The results above showed an additive effect of single
stresses on fruit yield reduction measured in the combined stress con-
dition, mainly caused by a greatly reduced fruit weight. By contrast,
measurements of Brix degrees showed intermediate values in the com-
bined stress condition with respect to single salt and low N stresses.

3.4. Nitrogen use efficiency

The low N stress significantly increased NUE in all the genotypes
compared to the control, as expected (Fig. 4A). More interestingly,
TRPA0130 and TRPO0040 showed the best NUE performances under
low N compared to TRPO0670. Moreover, TRPO0040 showed an
increased NUE, although not statistically significant, also under com-
bined stress compared to the control (Fig. 4A). The N uptake efficiency
(NUpE) component was significantly affected by both the treatments
(alone and in combination) and genotypes, with a lower reduction for
TRPO0040 and TRPA0130 compared to TRPO0670 (Fig. 4B). Finally, all
the genotypes under low N, alone or in combination with salt, signifi-
cantly increased the N utilization efficiency (NUtE) component
compared to the control and the salt stress treatment. Noticeably,
TRPO0040 showed a very high NUtE when N was limited also under
combined stress (Fig. 4C).
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3.5. Ion content

The Na™ content of the three genotypes showed differences in the
control condition in stems and fruit tissues, indicating genotype-specific
differences in Na™ distribution (Fig. SA-F-K). Salt stress caused higher
Na't accumulation in TRPO0040 and TRPA0130 genotypes in the leaves
compared to TRPO0670. By contrast, under combined stress the total
Na™ content was comparable in all three genotypes in leaves and fruits,
whereas in stems, a higher accumulation was observed in TRPO0040
(Fig. 5A-F-K). TRPO0670 exhibited a higher ammonium content in
leaves, whereas TRPA0130 in fruits harvested from plants grown in
control conditions. However, this pattern disappeared under N stress
where all the genotypes did not show significant differences in stems and
fruits. In salt stress conditions, TRPO0040 showed a higher ammonium
content compared to the others in the stems, although no significant
differences were observed in the same tissue under combined conditions
(Fig. 5B-G-L).

Concerning K*, a higher content was observed in TRPO0670 leaves
in control and combined conditions, followed by TRPO0040 and
TRPAO0130 (Fig. 5C-H-M). Low N and salt stress caused a drastic
reduction in K" content in TRPO0670 in all tissues (Fig. 5C-H-M).
Interestingly, TRPO0040 was the only genotype showing differences in
K" content under low N conditions in leaves and stems. Finally,

Plant Physiology and Biochemistry 215 (2024) 108976

TRPA0130 showed the lowest K* content under combined stress con-
ditions in leaves and stems (Fig. 5C-H-M).

As expected, Cl™ content was higher under salt treatment in all ge-
notypes, with the exception of TRPO0040 fruits, and more accumulated
in TRPO0670 leaves, TRPO0040 stems, and TRPA0130 fruits (Fig. 5D-I-
N). Nitrate (NO3) content was higher in the control compared to all
treatments, which markedly affected its content in all the genotypes
except in fruits (Fig. 5E-J-0O). Under salt stress, TRPO0670 showed a
higher NO3 content in leaves and stems compared to the other two
genotypes.

Other ions such as PO+>, Mg2+, SO42‘, and Ca®" were also analyzed
and reported in Supplementary Fig. SO.

3.6. Transcriptomic differential profiles induced by stress in leaves and
roots

To identify the differentially expressed genes (DEG) induced by low
N and salt stress, alone or in combination in tomato, and responsible for
phenotypic, physiological, and biochemical changes, transcriptomic
analysis was performed on TRPO0040 roots and leaves collected after 11
days from stress application (24 DAT). The TRPO0040 genotype was
chosen due to its best crop yield performance under stress compared to
TRPO0670 and TRPA0130. The sampling time was selected as a long-
term stress induction, to avoid short-term plant responses which may
partially result from an osmotic shock, rather than identify responses
leading to stress adaptation mechanisms. Combined stress and low N
induced the highest number of DEGs in leaves (4262 and 3362), whereas
salt stress conditions resulted in the lowest (188) (Fig. 6A; Supplemen-
tary Table S4). By contrast, roots were highly sensitive to salt stress
(2740 DEGs) compared to combined and low N treatment (826 and 259)
(Fig. 6B-Supplementary Table S4). In leaves, the majority of DEGs under
combined conditions could be attributed to the low N treatment (2413
common DEGs), accounting for 56% of the DEGs, whereas salt stress
contributed to a relatively small fraction (1.03% of DEGs, 44 common)
(Fig. 6C-D). Similarly, despite roots being highly sensitive to salt stress
(2740 DEGS), its impact on combined conditions accounted only for
~30% with 282 common DEGs, whereas more than 50% of DEGs were
specific to combined conditions and only ~14% was attributed to low N
conditions (123 common DEGs, Fig. 6E-F).

Accordingly, analysis of GO enriched categories showed overlap
between low N and combined stress treatments in leaves, and salt and
combined stress treatments in roots (Fig. 6G-H; Supplementary
Table S5). Although the number of DEGs varied based on tissue or stress
conditions, differentially expressed genes were widely distributed on all
chromosomes (Supplementary Fig. S10). Results obtained by RNA-seq
were validated through qRT-PCR (Supplementary Fig. S11).

3.7. Transcriptome reorganization induced by single and combined stress
in leaves

Interestingly, 1805 DEGs (42%) were unique to the combined con-
ditions, hinting at a distinctive response due to the synergic action of salt
stress and low N treatment (Fig. 6C-D). Under this condition, ribosome
pathways including ribosomal large and small subunits biogenesis,
ribosome assembly, ribosome biogenesis, translation, and peptide
biosynthetic process were the most enriched terms (Fig. 7A-B). All 99
genes belonging to these processes were down-regulated (Fig. 7C).

Four genes (Solyc01g102670, Solyc07g041310, Solyc08g061850, and
Solyc08g061960) belonged to the oxidized DNA binding term. Sol-
yc01g102670 encodes for DNA glycosylase, and it was induced whereas
Solyc07g041310, Solyc08g061960 and Solyc08g061850, all encoding
Ribosomal S3 genes (SRP3) were repressed (Supplementary Table §4). It
is noteworthy that recently Park et al. (2020) revealed that ribosomal
proteins S3 are a novel negative regulator of non-homologous end
joining repair of DNA double-strand breaks, explaining why these genes
are repressed under combined conditions, whereas the DNA glycosylase
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was induced.

The impact of low N on combined conditions (2413 DEGs shared
between the two conditions) influenced all the main hormone pathways
(auxin, cytokinin, gibberellin, and abscisic, jasmonic, and salicylic
acids) (Supplementary Fig. S12). Indeed, genes encoding for PHY (Sol-
yc08g082180), PHL (Solyc01g095700), PP2C (Solyc05g052980), SnRK2
(Solyc01g108280.3), all involved in the abscisic acid pathway, were
induced under low N and combined stress conditions, whereas within
cytokinin pathway, genes such as A-ARR (Solyc06g048600) and AHK
(Solyc04g008110) were repressed, confirming a fine-tuning of hormonal
stress response (Supplementary Fig. S12).

Shared DEGs between low N and combined conditions in leaves were
grouped in six clusters (Fig. 8). Clusters 1 and 2 contained DEGs whose
expression was higher under combined stress conditions compared with
low N. In particular, Cluster 1 grouped induced DEGs (e.g., Tryptophan
synthase, Ninja-family AFP1-like, ABC transporter, TIFY-8), whereas
Cluster 2 contained repressed DEGs (e.g., Cinnamate-4-hydroxylases,
Solyc06g082535 and Solyc06g082530; 4-coumarate-CoA ligase, Sol-
yc03g117870; Phenylalanine ammonia-lyase, Solyc09g007910 and Sol-
yc05g8056170; Flowering promoting factor-like 1, Solyc01g066957; and
GATA transcription factor-like, Solyc08g074865) (Fig. 8B). Clusters 3 and
4 instead grouped down-regulated (Cluster 3) and up-regulated DEGs
(cluster 4) whose impact was greater in low N compared with combined
conditions (Fig. 8B), whereas Clusters 5 and 6 instead contained genes
similarly modulated by low N and combined conditions. ABA-related
genes were grouped in cluster 1 and cluster 6, in line with the ABA
accumulation detected at 14 DAT in TRPO0040 leaves under combined
stress, confirming the induction of ABA-stress-related responses. Several
glutaredoxins (Solyc04g011850, Solyc04g011810, Solyc04g011830),
Glutathione S-transferases (Solyc12g006760, Solyc12g006770, Sol-
yc12g006750), and nine genes involved in fatty acid biosynthesis (Fab
genes) and elongation (Solyc01G006450, Fabl; Solyc01G105060, FabZ;
Solyc02G070790, FabF; Solyc06G053480, Fab2; Solyc06G069530, accB;
Solyc06G071910, FabG; Solyc08G016170, FabF; Solyc09G013080, accA;
and Solyc10G078740, Fabl) were all repressed under low N and com-
bined conditions and grouped in Clusters 2 and 5. In addition, a proline

dehydrogenase gene (Solyc02g089620), engaged in proline degradation,
was suppressed in salt and combined conditions (Supplementary
Table S4), possibly explaining the proline accumulation in the
TRPO0040 accession observed at 24 DAT in these conditions.

3.8. Transcriptome reorganization induced by single and combined stress
in roots

Despite roots being highly sensitive to salt stress (2740 DEGs), its
impact on combined conditions accounted only for ~30% with 282
common DEGs, whereas more than 50% of DEGs were specific to com-
bined conditions and only 14% was attributed to low N conditions (123
common DEGs) (Fig. 6E-F). Among DEGs specific to combined stress,
GO terms related to regulation of photosynthesis (dark reactions), sul-
fate transport, response to cytokinin, regulation of growth, and many
terms related to response to stress such as response to biotic stimulus,
external biotic stimulus, abiotic stimulus, organic substance and
response to stress were significantly enriched (p.value < 0.05)
(Fig. 9A-B). In particular, several heat shock proteins (Solyc03g082420,
Solyc05g014280, Solyc03g007890, Solyc03g115230, Solyc11g020040)
were induced under combined stress (Fig. 9C; Supplementary Table S4).
In addition, a cysteine protease similar to senescence-associated gene
(Solyc02g076910, SAG12), Germin-like (Solyc07g041720 and Sol-
yc09g090010), an MLO-like (Solyc03g095650), all involved in stress
response, were induced roughly three times more under combined
conditions, whereas a defensin-like (Solyc11g006950) was repressed up
to five-fold compared to control (Supplementary Table S4). Many
transcriptions factors (TFs) were also differentially expressed only under
combined conditions; including a LIM TF (Solyc01g094315), which was
induced sixfold, and a MYB (Solyc08g082890, similar to AtMYB66),
which was repressed up to fivefold. Two hundred eighty-two shared
genes between salt and combined conditions were analyzed (Fig. 6E-F;
Fig. 8C). Among them, Starch Synthase (Solyc07g042830), Gibberellin
receptor GID1 (Solyc07g040890), WAT1-related gene (Solyc12g035400),
and Acyl-CoA N-acyltransferases (NAT) (Solyc02g064690) were induced
under both conditions, whereas Trehalose 6-phosphate phosphatase
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Fig. 6. Transcriptomic changes induced by salt, low N and combined stresses. A-B) Number of differentially expressed genes (DEGs) identified through pairwise
comparison (salt vs control; low N vs control and combined vs control) in leaves (A) and roots (B); C-D) Venn Diagrams depicting number and overlap of up (C) and
down (D) -regulated DEGs in leaves under salt, low N and combined stress conditions. E-F) Venn Diagrams depicting the number and overlap of up (E) and down (F)
-regulated DEGs in roots under salt, low N and combined stress conditions. The diagrams were drawn using the online tool Venny2 (Oliveros, 2007-2015). G-H)
GOchord plots showing the most enriched GO terms under salt, low N, and combined conditions in leaf (G) and roots (H). The categories shown were filtered based
on FDR value (<0.05) and gene number (>2). The GO terms reported in G and H are reported in Supplementary Table S5.
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Fig. 7. Transcriptomic changes uniquely induced by combined conditions in leaves. Gene ontology (GO) (A) and KEGG (B) enrichment analysis of differentially
expressed genes (DEGs) unique in leaves under combined conditions. GO analysis was performed by assigning GO terms to DEGs in three categories: biological
process (BP, top), and cellular component (CC, middle), molecular function (MF, bottom). The most enriched KEGG pathways of the target genes were reported. The
categories were filtered based on False Discovery Rate (FDR) value (<0.05) and gene number (>2). The significance is indicated by -log10(FDR). Red values indicate
higher values, whereas green values indicate lower values. The size of the circle indicates the number of enriched target genes. C) KEGG pathways related to ri-
Izosomes uniquely enriched under combined conditions in leaves. Red boxes indicate differentially expressed genes (DEGs).
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Fig. 8. Profiling of differentially expressed genes (DEGs) shared among low N and combined treatments in leaves (A-B) and salt and combined stress in roots (C). A)
Heat map showing the expression pattern of shared genes among low N and combined stress conditions in leaves; B) Six gene expression patterns were identified by
mfuzz c-means clustering using DEGs shared under low N and combined conditions in leaves. X-axis represents stress conditions, and the Y-axis shows log2
transformation and normalization intensity; C) Heat map showing the expression pattern of shared genes among salt and combined stress conditions in roots. A, C)
Color code represents row Z score.

(Solyc04g054930), a Terpene cyclase/mutase (Solyc07g042630), Heavy 4. Discussion
metal transport/detoxification genes (Solyc05g008300 and Sol-

yc03g080100) were repressed. By contrast, when looking at DEGs shared The balance between plant growth and stress responses is key in
between combined and low N stresses, several genes related to transport, determining crop yield under non-optimal conditions (Zhang et al.,
including ammino-acid transporters (Solyc09g098380), potassium 2020). Under stress, plants inhibit growth through both passive and
channel inhibitors (KAT3, KC1, Solyc08g068000), urea transporters active signaling mechanisms, aimed at shifting resources toward a new
(Solyc08g075570), Nodulin-like genes (Solyc05g005870), high-affinity homeostasis (Zhang et al., 2020). In this view, we have set up a study
nitrate transporters (Solyc11g069750), sugar transporters (Sol- aimed at deciphering physiological and molecular mechanisms under-

yc01g010350, Solyc03g097585), as well as genes encoding regulatory lying the interaction between salt stress response and nitrogen avail-
proteins such as PP2C phosphatases (Solyc08g065540, Solyc08g065670) ability in tomato.
were identified (Supplementary Table S4).
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Fig. 9. Transcriptomic changes uniquely induced by combined conditions in roots. Gene ontology (GO) (A) and KEGG (B) enrichment analysis of differentially
expressed genes (DEGs) unique in roots under combined conditions. GO analysis was performed by assigning GO terms to DEGs in three categories: biological process
(BP, top), and cellular component (CC, middle), molecular function (MF, bottom). The most enriched KEGG pathways of the target genes were reported (B). The
categories were filtered based on False Discovery Rate (FDR) value (<0.05) and gene number (>>2). The significance is indicated by -log10(FDR). Red values indicate
higher values, whereas green values indicate lower values. The size of the circle indicates the number of enriched target genes. C) KEGG pathways related to protein
processing in endoplasmic reticulum uniquely enriched under combined conditions in roots. Red boxes indicate differentially expressed genes (DEGs).
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4.1. Morphological and physiological signature under single and
combined stress conditions

By taking advantage of the rich tomato germplasm cultivated in
Southern Italy (Landi et al., 2023; Ruggiero et al., 2022), we screened
genotypes exposed to salt stress and low nitrate (low N), alone or in
combination at the seedling stage. Given that growth maintenance is
tightly correlated to salinity tolerance, especially in seedlings where
yield cannot be measured (Negrao et al., 2017; Pailles et al., 2020),
several growth and physiological parameters were used to identify
salt-tolerant genotypes. Interestingly, tolerant genotypes showed a
lower root mass ratio (RMR) and specific root length (SRL) under salt
stress compared to control and sensitive genotypes, indicating that a
preferential biomass allocation to roots under salt stress did not take
place in tolerant genotypes. Similar results were also recently confirmed
by Fu et al., 2023, who reported that drought and combined salt stress
significantly reduced the root length, root surface area, and root volume
in wheat seedlings.

Exposure of three genotypes to salt stress, low N, and combined salt/
low N conditions allowed us to dissect the effects of single and combi-
natorial conditions on physiological, biochemical, and molecular re-
sponses in a complete growth cycle. As expected, salt stress reduced leaf
relative water content (LRWC), indicating the occurrence of osmotic
stress under this condition (Parvin et al., 2019). Low N also impacted
LRWG, although no additive effect was observed under combined con-
ditions. Previous studies showed that a high nitrate supply increases root
water uptake in tomato (Gorska et al., 2008; Gorska et al., 2010), sug-
gesting that a reduced root water flow may be responsible for the
observed lower LRWC. SPAD measurements further confirmed that low
N conditions negatively impacted the physiology, resulting in a lower
chlorophyll content, a parameter expected for a high nitrate-demanding
plant such as tomato (Gorska et al., 2010). These observations were also
reflected in reduced biomass accumulation and leaf chlorosis. Higher
SPAD units measured in salt-stressed plants may be the result of a
smaller leaf area and thickness, which might reflect a higher chlorophyll
density, as also reported by Negrao et al. (2017).

Proline is a compatible osmolyte, useful for osmotic adjustment as
well as for protection from oxidative stress (Negrao, 2017; De la Tor-
re-Gonzalez et al., 2018). Monitoring its content in leaves over time
indicated an early accumulation following salt stress, consistent with
previous reports (Carillo et al., 2008; Annunziata et al., 2019). In
addition, our results highlight its dependency on nitrate availability, as
indicated by the reduction of proline accumulation in combined stress,
confirming the theory that a reduced osmotic adjustment capability is
possible in plants subjected to combined stress, or exists a shift towards
other osmolytes, whose accumulation is not dependent on nitrate
availability (Carillo et al., 2008).

Hormones are also important under stress conditions (Waadt et al.,
2022). Mounting evidence in the literature shows that ABA is involved in
the optimization of nitrate uptake both under high and low nitrate
availability (Wang et al., 2020a). Indeed, consistent with the observa-
tion made by Landi et al. (2023), in our study, we observed a high ABA
accumulation under combined stress conditions in TRPO0040, which
was correlated to the higher expression levels of a Late embryogenesis
abundant (LEA, Solyc03g116390) gene, a well-known drought and salt
stress-responsive gene in tomato (lovieno et al., 2016).

Plant growth and fruit production parameters were dramatically
reduced in stress conditions, particularly under combined stress. This
may result from direct toxicity and competition for uptake of Na™ and
Cl~ with K*, NH4" and NOj3, respectively (Nazir et al., 2023) as
observed from TRPO0670 and TRPAO0130 leaf ion measurements,
further reducing N availability in the combined stress condition.
Consistent with previous results (Hernandez et al., 2020), fruit number,
average fruit weight, and total yield decreased in low N treatments.
Interestingly, whereas salt stress increased total soluble sugars, a
decrease in fruit number caused by salt stress was only observed in
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genotype TRPA0130, indicating a genotype-dependent response, and no
salt-stress-dependent decline in fruit number under combined stress was
observed. Similarly, Flores et al. (2003), did not observe a decrease in
fruit number in tomato plants exposed to moderate salt stress, indicating
that this parameter is not highly sensitive to salt stress. Fruits harvested
under low N treatment showed a lower incidence of blossom end rot
(BER), virtually absent in fruit harvested from the combined stress
treatment. Since BER appears to be correlated to the fruit growth rate
(Aslani et al., 2020) and cell expansion, a lower fruit cell expansion rate
in combined stress conditions may be responsible for the observed
phenotype (Ho and White, 2005).

4.2. Transcriptomic signature in leaves and roots under single and
combined stress conditions

The modulation of the tomato transcriptome induced by combined
salt and low N conditions remains largely unknown, especially in the
root system. Therefore, here, we identified the transcriptome landscape
of TRPO0040, showing a higher yield performance under single and
combined stress conditions, in both leaves and roots, highlighting that
the transcriptomic signature was tissue- and stress-specific. Previous
studies in different plant species such as barley, tomato, Arundo donax,
and Arachis also reported similar results (Dossa et al., 2019; Jan et al.,
2019; Docimo et al., 2019; Khan et al., 2020; Mota et al., 2021;
Morales-Merida et al., 2023), suggesting that the response to multiple
stresses is the result of synergistic and antagonistic effects of the indi-
vidual stresses, as well as of tissue-specific transcriptomic alterations
(Ramegowda et al., 2015). In line with the above reports, Kissoudis et al.
(2016) and Davila Olivas et al. (2016) indicated that adaptive responses
are the result of fine tuning of different hormone signalling cascades
elicited by the specific single or combined stresses applied (Kissoudis
et al., 2016). In our scenario, the majority of DEGs under combined
conditions in leaves were attributed to the low N treatment, whereas salt
stress contributed to a relatively small fraction. Evidently, under com-
bined conditions, plants prioritize the response strategy to the more
severe stress or whose effect impacts first, as also suggested by Pandey
etal. (2015). Similarly, Rizhsky et al. (2004) reported in Arabidopsis that
the transcriptomic response to combined drought and heat stress re-
sponses was mainly due to drought rather than heat since roughly half
the transcripts were in common between drought and combined con-
ditions. The authors, thus, concluded that plant responses to multiple
stressors might be a means of shared and unique transcriptomic changes,
and their proportions depended on several factors, including intensity
and timing. Another theory might be related to the idiosyncrasy plant
response, often reported by researchers as the main driver following
combined conditions in different plant species (Prasch and Sonnewald,
2015). For example, a unique molecular response to simultaneous
drought and heat compared to single stress was observed in Arabidopsis
(Rasmussen et al., 2013), sorghum (Johnson et al., 2014), and wheat
(Rampino et al., 2012). Consistent with the above observations, 1805
DEGs in leaves were unique to the combined conditions, hinting at a
distinctive response due to the synergic action of salt stress and low N
treatment. Interestingly, under this condition, ribosome pathways
(including large and small subunits biogenesis, ribosome assembly,
ribosome biogenesis, translation, and peptide biosynthetic processes)
were all repressed. Several studies demonstrated that canonical protein
translation is significantly suppressed under stress conditions to help
plants adapt and survive (Bailey-Serres and Voesenek, 2008; Browning
and Bailey-Serres, 2015; Son and Park, 2023). For example, the ribo-
some activity in the cytoplasm is directly and dynamically fine-tuned by
dehydration stress (Kawaguchi et al., 2004), hypoxia (Branco-Price
et al., 2008; Juntawong et al., 2014) and heat stress (Zhang et al., 2017).
Previous studies in Arabidopsis following short-term exposure also re-
ported different evidence that translation is greatly inhibited (Merret
et al., 2015; Lukoszek et al., 2016). However, Lukoszek et al. (2016)
showed that under prolonged heat exposure, translation is fully active,
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suggesting that despite the global repression at a translational level
under short-term heat stress, some transcripts might be selectively
translated, including those involved in transcriptional regulation,
chromatin structure rearrangements, mRNA degradation and protein
phosphorylation (Lukoszek et al., 2016). It will be intriguing to deter-
mine the molecular mechanism of ribosome sensing in tomatoes in the
future to explore the possibility of developing improved plant tolerance
to various stress conditions through the modulation of protein
translation.

As reported above, the majority of DEGs under combined conditions
in leaves were attributed to the low N treatment rather than salt stress,
and different KEGG pathways related to plant hormone signal trans-
duction, fatty acid biosynthesis, carbon and glutathione metabolisms,
and DNA replication were enriched in both low N and combined con-
ditions. For example, genes involved in the ABA pathway such as PHY
(Solyc08g082180), PHL (Solyc01g095700), PP2C (Solyc058052980),
SnRK2 (Solyc01g108280.3) were induced under low N conditions,
whereas A-ARR (Solyc06g048600) and AHK (Solyc04g008110), both
acting in the cytokinin pathway, were repressed, confirming the fine-
tuning of hormonal stress response and the antagonistic action be-
tween ABA and cytokinin signaling. Huang et al. (2018) reported the
tight link between ABA and cytokinin during seed germination, devel-
opment, and abiotic stress responses, where ABA-dependent kinases
such as SnRK2.2/2.3/2.6 phosphorylate ARR5, enhancing its stability.
Consistent with previous reports that Arabidopsis ahk2, ahk3, and
ahk2-ahk3 mutants were associated with the increase in tolerance levels
(Wohlbach et al., 2008; Kumar et al., 2013), the downregulation of AHK
in tomato leaves might contribute to withstand adverse stress condi-
tions. In addition, nine genes involved in fatty acid biosynthesis (Fab
genes) and elongation were repressed under low N and combined con-
ditions, suggesting that fatty acid elongation and biosynthesis are
potentially reduced to adjust energy consumption and primary meta-
bolism following stress conditions (He et al., 2020).

Genes commonly regulated in low N and combined stress conditions
were also identified in leaves, that were associated with different pro-
cesses, including responses to stress, photosynthesis, lipid transport,
LEA, and HSP proteins, which were differentially modulated by stress
treatments.

In contrast with what we observed in leaves, roots were highly
sensitive to salt stress rather than low N and combined stress conditions,
suggesting that the stress response is tissue-specific (Ruggiero et al.,
2022). However, despite their sensitivity, the impact of salt stress on
combined conditions accounted in roots only for ~30%, whereas the
majority of DEGs were specific to combined stress, confirming that the
response to combined conditions is not predictable by single-stress re-
sponses. Similar results were also reported by Osthoff et al. (2019) in
barley and Rasmussen et al. (2013) in Arabidopsis ecotypes, where both
species exhibited non-additive responses to combinatorial conditions.
Interestingly, among the DEGs unique under combined conditions many
GO terms related to response to stress including response to biotic
stimulus, abiotic stimulus, organic substance, and response to stress
were significantly enriched. Among them, many transcription factors
(TFs) belonging to MYB and MYB-related, bHLH, TIFY, NAC, ARF/B3
and LIM were differentially expressed, confirming their important reg-
ulatory role in response to abiotic stress in plants, as already reported by
many authors (Fowler and Thomashow, 2002; Knight and Knight, 2012;
Ng et al., 2018; Nie et al., 2018; Esposito et al., 2021).

Five different MYBs were also identified, of which three were
induced and two repressed. Functional studies have shown that MYBs
are involved in plant secondary metabolism (Uimari and Strommer,
1997), hormone (Khadem et al., 2023), and environmental responses (Li
et al., 2016), and play an important regulatory role in cell differentia-
tion, cell cycle, and leaf morphogenesis (Chen et al., 2003, 2022;
Okushima et al., 2007; Jiang and Rao, 2020). Among the MYBs identi-
fied in our study, Solyc08g082890, reported by Li et al. (2016) as
SIMYB66 and direct ortholog of AtMYB66, was five-fold repressed under
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combined conditions. MYB66 was reported to contribute to root hair cell
fate determination in Arabidopsis (Bernhardt et al., 2005; Dubos et al.,
2010) and promote drought tolerance via stomatal movement regula-
tion (Chang et al., 2008). The modified expression of SIMYB66 may
reflect modifications in root architecture and a slower root growth rate
under combined stress.

5. Conclusions

Our study provided an integrated view of morpho-physiological and
molecular responses in tomato exposed to low nitrate, salt stress and
combined conditions in a complete growth cycle. Our data revealed that
the stress conditions impacted plant growth and physiology in a geno-
type- and tissue-specific manner, as well as dependent on the nature of
the stress applied. Combined stress resulted in the lowest yield, since
fruit weight and fruit number, highly affected by the presence of NaCl
and nitrate availability were both compromised in this condition. By
contrast, total soluble solids content in fruits harvested under combined
stress was lower compared to the salt stress treatment in two of the three
tested genotypes, indicating a non-additive effect of the two stress
components on this quality parameter. A tissue-specific response was
also confirmed by transcriptomics, since the identified DEGs were
different between leaves and roots. Leaves were highly sensitive to ni-
trate availability, and showed a general down-regulation of ribosome
component-encoding genes, which may contribute to explain a growth
and production halt in the combined stress condition. By contrast,
abiotic stress-dependent and defence related genes were regulated in
roots, indicating a higher sensitivity of roots to salt stress. Altogether,
our results contribute to the elucidation of mechanisms of response to
combined salt stress and low nitrate availability in tomato, providing
candidate genes fur further studies aimed to increase plant tolerance
under combined stress conditions.
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