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ARTICLE INFO ABSTRACT

Keywords: Soil salinisation is one of the main abiotic stress factors threatening modern agriculture, with over 1.3 million
Abiotic stress hectares affected worldwide and causing a progressive loss of arable land. Tomatoes are among the most
Hydroponics

important horticultural crops globally, but its moderate salt tolerance restricts productivity in saline soils.
Related wild species, such as Solanum pimpinellifolium L., which have evolved in high-salinity environments,
represent a valuable resource for studying adaptive stress responses and improving cultivated tomatoes. This
study compares the salt stress response of S. lycopersicum L. and S. pimpinellifolium L. to identify the processes
underlying the higher tolerance in wild species. Plants were grown hydroponically in a closed-loop system using
two nutrient solutions: one mimicking seawater irrigation (33 % seawater, EC = 21 dS m’l), and a salt-free
control (0 % seawater, EC = 3.22 dS m™!). Phenological, morphological, biochemical, physiological and hor-
monal traits were assessed. Solanum pimpinellifolium L. effectively modulates the production of osmolytes and
photoprotective compounds, the translocation of toxic ions, and improves leaf function which, in synergy with a
more integrated and temporally coordinated hormonal network that sustain better growth, yield, and fruit
quality under saline conditions. These findings provide new insights into the physiological basis of salt tolerance
in wild tomato, supporting its value as a genetic resource and suggesting that seawater-based irrigation may
serve as a framework for studying sustainable water management strategies.
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1. Introduction

The development of stress-tolerant crops is a key challenge for
ensuring sustainable agricultural production in the face of a growing
global population and an increasingly critical climate change scenario
(Tian et al., 2021). Among abiotic stresses, salinity is one of the most
pressing constraints, causing substantial yield losses across major crops
worldwide (Zhang et al., 2022a). According to the latest FAO report
(FAO, 2024), salt-affected soils severely restrict plant growth and are
widespread, particularly in arid and coastal regions, covering more than
1.38 billion. Salinisation arises from both natural processes, such as
climate change (Hassani et al., 2021) and sea-level rise, and human
activities including poor irrigation management and water overuse
(Stavi et al., 2021). While aridity and rising water demand intensify risks
in developing countries (Gomiero, 2016), the Mediterranean basin is
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especially vulnerable, here seawater intrusion into aquifers wetting
front topsoils threaten crop productivity (Ferreira et al., 2022; Ghir-
ardelli et al., 2024). Together, climate change and water scarcity
converge to intensify salinity-induced yield losses worldwide.

Salt stress impairs water uptake, cell elongation, leaf growth and
photosynthesis, while also disrupting protein and metabolite synthesis,
ultimately constraining plant development and reproduction (Rosca
etal., 2023). Plants, as sessile organisms, have evolved diverse strategies
to counteract salt-induced damage (Zhao et al., 2021), including osmotic
adjustment, ion homeostasis, compartmentalisation or exclusion of toxic
ions, activation of antioxidant defences, and adjustments in growth and
reproductive development (Zorb et al., 2019). Salt tolerance thus
emerges not from a single trait but from a coordinated, multi-level
response integrating molecular, physiological and phenological pro-
cesses (Soltabayeva et al.,, 2021). Increasing evidence highlights
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phytohormones, and their intricate cross-talk, as central regulators
orchestrating the “survive or die” strategies that plants adopt under
salinity stress (Singh et al., 2022; Trivellini et al., 2016; Hussain et al.,
2024).

Tomato (Solanum lycopersicum L.) is an established model for
studying salinity tolerance (Yang et al., 2019). Domestication and
intensive breeding have substantially reduced genetic diversity, limiting
the adaptive potential of modern cultivars (Schouten et al., 2019). This
erosion of agrobiodiversity underscores the importance of exploring
wild relatives as reservoirs of traits for abiotic stress tolerance (Pailles
et al., 2020). Concurrently, the reuse of marginal-quality water,
including diluted seawater, is attracting attention as a sustainable irri-
gation strategy, particularly under climate change scenarios where
water scarcity demands more efficient use of freshwater resources
(Javeed et al., 2021).

Halophytes and salt-tolerant crops have therefore gained attraction
as models for saline agriculture (Nikalje et al., 2018). However, the
genetic variation available within cultivated species may be insufficient
to sustain yields under increasing salinity, reinforcing the value of wild
tomatoes as genetic resources (Li et al., 2023a,2023b). Solanum pimpi-
nellifolium L., the closest relative of cultivated tomato, originates from
saline coastal habitats of South America and displays natural adaptation
to salt stress (Razali et al., 2018). In contrast, S. Lycopersicum L. is less
tolerant, serving as a useful comparator. Together, these species repre-
sent opposite extremes of the tolerance spectrum, enabling the identi-
fication of adaptive mechanisms with potential for breeding
programmes. Importantly, S. pimpinellifolium is fully cross-compatible
with S. lycopersicum, allowing the transfer of adaptive traits directly
accessible to breeding via interspecific crossing and backcrossing
(Gramazio et al., 2020).

Although many studies have described single aspects of plant re-
sponses to salinity—whether morphological, physiological (Eynizadeh
et al., 2023) or hormonal (Ghanem et al., 2008), integrated and
temporally resolved analyses remain scarce. Rootstock studies have
shown that S. pimpinellifolium alleles can enhance scion ion balance, ABA
transport and water status under salinity (Asins et al., 2010). However,
these grafting-based approaches do not address how the intact wild
plant regulates its own long-term physiological and hormonal responses.
This gap is particularly evident for wild tomato relatives, both individ-
ually and in direct comparison with cultivated varieties. To our
knowledge, no previous work has provided a comprehensive,
multi-faceted  characterisation = of hormonal regulation in
S. pimpinellifolium under salt stress, despite transcriptomic data sug-
gesting the involvement of hormonal pathways (Zhao et al., 2017). Here,
we address this gap by presenting an integrated analysis of morpho-
logical, physiological and yield-related traits, coupled with temporal
hormone profiling and cross-talk, defined here as changes in hormone
balance and coordinated regulation among ABA, cytokinins and other
hormones, to clarify how these processes interact during prolonged
stress. We further assess the potential of diluted seawater as a sustain-
able irrigation practice in horticultural systems. Building on this
framework, this study was designed to investigate the responses un-
derlying the contrasting behaviour of wild and cultivated tomato to
salinity, aiming to (i) determine whether the wild species
S. pimpinellifolium maintains growth, reproduction, and leaf functioning
under prolonged salinity through coordinated phenological, morpho-
logical, and physiological adjustments compared with cultivated
S. lycopersicum; to (ii) assess whether its superior tolerance is associated
with enhanced osmotic adjustment and ion homeostasis that preserve
water balance and cellular integrity; and to (iii) explore whether
long-term hormonal networks align with these adaptive traits. We
hypothesised that long-term salt tolerance in S. pimpinellifolium depends
on enhanced osmotic and ionic adjustment together with the coordi-
nated modulation of ABA, cytokinins and other hormones, enabling the
maintenance of photosynthetic and reproductive functions under stress.
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2. Materials and methods
2.1. Plant material, experimental set up and growth conditions

Two tomato species were used in this study: Solanum lycopersicum L.
cv. ‘Principe Borghese’, a commercial cultivar known for its salt sensi-
tivity (Cialli et al., 2024), and five accessions of Solanum pimpinellifolium
L. Seeds of S. lycopersicum L. were supplied by Gargini Sementi (Lucca,
Italy), while S. pimpinellifolium L. seeds were obtained from the Gene-
bank Information System of the IPK (GBIS/I, Gatersleben, Germany;
https://gbis.ipk-gatersleben.de/gbis2i/faces/index.jsf). The experiment
was carried out at the Department of Agriculture, Food and Environment
(DAFE), University of Pisa, Italy (lat. 43°42°42"N, long. 10°24°’52"E) in a
100 m? glasshouse 12.5 m long and 8.0 m wide in rockwool substrate
with recirculating nutrient solution. A growing system similar to a
commercial closed-loop rockwool culture, was used. The glasshouse was
equipped with automated side and roof windows (with insect screens), it
wasn’t heated or shaded and it was subdivided into two independent
compartments, effectively constituting two separate experimental units.
Samples were collected from both compartments to ensure replication
and maintain the independence of the treatments. A total of 192 plants
were used in this study (32 plant per species, i.e. 16 per treatment,
grown in 2 cultivation units per treatment), were arranged in a rando-
mised treatment-stratified design, with each treatment distributed
across the two sectors of the greenhouse. Seeds were sown on 25th
January 2024 in small rockwool cubes and transplanted into standard
rockwool slabs (1 m in length) on 11th March 2024. Each slab hosted
four single-stem plants and seven drippers, with slabs arranged in pairs
and placed side by side to achieve a planting density of approximately
3.57 plants m™2,

Irrigation was automatically scheduled and adjusted throughout the
growing period to deliver approximately 2.0 mm per event (60 s per
irrigation), with a drainage fraction consistently maintained between
0.50 and 0.60 to prevent significant variations in electrical conductivity
(EC) between the root zone and the mixing tank (Carmassi et al., 2025).

Greenhouse climate was monitored continuously using the Evja®
system (https://www.evja.eu/solutions, accessed on 30 June 2024).
During the cultivation period (from 11 March to 21 June), the average
air temperature was 19.4°C (minimum = 6.5°C; maximum = 36.1°C),
and the average relative humidity was approximately 75.8 % (ranging
from 28.9 % to 98.2 % RHmax). The mean daily global radiation (GR)
measured inside the greenhouse was 8.88 MJ m™2, with minimum and
maximum values of 0.51 MJ m2 and 16.07 MJ m™2, respectively.

A single salt stress treatment was applied using a nutrient solution
prepared with artificially diluted seawater (Salt), while the control so-
lution was based on tap water and supplemented with macro- and micro-
nutrients (Non Salt) to meet the nutritional requirements of
S. lycopersicum and S. pimpinellifolium. The saline nutrient solution was
prepared by mixing a recreated seawater, derived from a 10 x stock
solution of synthetic sea salt (350 g L™ Instant Ocean® dissolved in tap
water), with the nutrient mix until the desired EC was reached. Salinity
was applied gradually, beginning 15 days after transplanting, with daily
EC increases of approximately 1.0 dS m™* to minimise the risk of os-
motic shock. The control solution (Non Salt) had an EC of 3.2 dS m™!
(approximately 30 mmol L_l), while the salt treatment solution (Salt)
reached an EC of 21 dS m™%, corresponding to 35 % seawater (approx-
imately 198 mmol L™!). The molarity of the two nutrient solutions is
calculated by taking the molarity of seawater, which is 600 mmol L™}, as
a reference and was then calculated as a percentage.

Nutrient solutions were prepared using either tap water (Non Salt
NS) or synthetic seawater (Salt NS) and supplemented with analytical-
grade salts (Carlo Erba Reagents, Milano, Italy), considering the ionic
contribution of the tap or seawater used in the preparation as follows:

- Non Salt NS (EC = 3.22 dS m~1): 13.06 mmol L-1 ol L~! N-NOs;
1.00 mmol L™! N-NH«*; 1.20 mmol L™! P; 12.00 mmol L7! K;
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6.00 mmol L™! Ca; 3.00 mmol L7! Mg; 0.86 mmol L7 Na;
6.91 mmol L ™! $-S0+%"; 15.00 ymol L ™! Fe; 20.0 pmol L™ B; 1.0 ymol
L7 Cu; 5.2 ymol L™! Zn; 10.0 pmol L™ Mn; 1.0 umol L™! Mo.

- Salt NS (EC = 19.88 dS m™*): 13.00 mmol L™* N-NOs~; 1.0 mmol L™*
N-NH4*; 1.2 mmol L™! P; 14.72 mmol L™ K; 6.00 mmol L™} Ca;
16.00 mmol L™ Mg; 147.50 mmol L' Na; 11.07 mmol L™ S-50.2";
192.80 mmol L™! CI-; 15.0 pmol L™! Fe; 137.1 ymol L™! B; 1.0 ymol
L7 Cu; 6.3 ymol L' Zn; 10.0 pmol L™ Mn; 1.0 umol L™! Mo.

The pH of the recirculating nutrient solution was regularly checked
and adjusted to remain within the range of 5.50-6.50, using sulphuric
acid when necessary. The nutrient solution was replaced when EC
exceeded 4.7 mS cm™ in the Non Salt NS and 22.5 mS cm™ in the Salt
NS.

The salinity treatment lasted for a total of 83 days, with destructive
sampling conducted every 21 days. Table 1 summarises the experi-
mental timeline, including the setup and sampling dates, as well as the
number of days elapsed since the onset of salinisation for each sampling
point.

The five S. pimpinellifolium accessions (WR2, LYC2824; WRY,
LYC2794; WR10, LYC2750; WR11, LYC2665; WR14, LYC2914) and the
commercial variety of S. lycopersicum (‘Principe Borghese’) used in this
study —were originally selected from previous in vitro screening studies
for salinity tolerance (Cialli et al., 2024, 2025). All five wild accessions,
along with ‘Principe Borghese’, were cultivated under identical green-
house conditions and exposed to 35 % seawater salinity stress
throughout the entire experiment. At the final sampling point, a
comparative morphological assessment was performed among the
S. pimpinellifolium accessions, including measurements of plant height,
dry biomass weight, number of nodes, and number of leaves. This
screening aimed to identify the most salt-tolerant wild genotype under
realistic greenhouse conditions and to select it for subsequent detailed
physiological and hormonal analysis.

2.2. Phenological and morphological measurements

Phenological and morphological traits were assessed throughout the
cultivation period under Non Salt and Salt stress conditions. Phenolog-
ical evaluation focused on inflorescence development and was per-
formed weekly on six plants per accession/cultivar per treatment. The
number of inflorescences along the main shoot was recorded according
to the BBCH Monograph (Cardoso et al., 2021; Growth Stage 6: Flow-
ering, BBCH code 61). Morphological measurements were carried out
destructively at each sampling on three biological replicates per acces-
sion/cultivar per treatment. Fresh weight (FW, g) was recorded, and dry
weight (DW, g) was determined after oven-drying at 70 °C to constant
weight, and dry residue (DR, %) was calculated as (DW/FW) x 100.
Plant height (cm) was also recorded at each sampling.

2.3. Pigment content in leaves and fruits

For the extraction of leaves — carried out at time point T4 — and fruits
— carried out at time point T3 -, two different matrices were used.
Specifically, 500 mg of tissue from three fully expanded leaves frozen in
liquid nitrogen and stored at —-80 °C were used, while for fruits, 50 mg of

Table 1

Timeline of the salinity experiment, showing the dates and timing of sampling
events relative to the onset of salinisation. T1 to T4 correspond to the first,
second, third, and final sampling, respectively.

Sampling Days after Transplanting Days after Salinisation
T1 35 20
T2 56 41
T3 77 62
T4 98 83
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freeze-dried fruit powder were used, following a modified protocol from
Maggini et al. (2018). Samples were extracted one day before analysis
with 5 mL methanol, using mortar and pestle under dim light conditions.
After 30 min in cold ultrasonic bath and overnight storage at —20°C, the
extracts were further sonicated for 30 min and filtered with Chromafil®
Xtra PET-45/25 syringe filters (Macherey-Nagel, Duren, Germany) prior
to HPLC analyses. The HPLC equipment (Jasco, Tokyo, Japan) consisted
of a PU-2089 four-solvent low-pressure gradient pump and a MD-4010
diode array detector. The separation was performed with a C18
250/4.6 Nucleodur® 100-5 Isis column (Macherey-Nagel, Duren, Ger-
many), using methanol (solvent A), acetonitrile (solvent B) and ethyl
acetate (solvent C) as the eluents (Romeo et al., 2014). The elution
program was set as follows: 25 %A-75 %B for 6 min, followed by 1.5 min
linear gradient to 70 %A-30 %C, 3 min isocratic elution, 1.5 min linear
gradient to the initial conditions and 8 min re-equilibration. The
detection wavelength range was 270-700 nm and the chromatograms
were recorded at 445 nm, with 1 mL min~! flow and 20 pl injection
volume. External calibration curves were obtained using standard so-
lutions of the individual pigments, in appropriate concentrations ac-
cording to the composition of the samples (Romeo et al., 2014). Pigment
identification was based on retention times and UV-visible spectra
compared to authentic standards. The analysed pigments included
chlorophyll a, chlorophyll b, lutein, and violaxanthin for leaves and
B-carotene and lycopene for fruits.

2.4. Fruit quality and production analyses

Quality and production analyses were conducted on fruits at a uni-
form ripening stage, selected using a portable colourimeter (Minolta
Camera Co. Ltd., Osaka, Japan). Fruit sampling was carried out at time
point T3, corresponding to 62 days after the onset of salinisation.
Organoleptic quality parameters were assessed, including the fresh
weight of ten fruits (g) and pulp firmness (kg/cm?). Fruit firmness was
measured on five fruits per accession/cultivar per treatment using a
digital penetrometer (mod. 53205 TR, Turoni & Co., Forli, Italy) fitted
with an 8 mm diameter tip. The maximum force (kg) required to
penetrate the pulp was recorded (Cela et al., 2024).

After firmness analysis, the same fruits were cut into pieces and
homogenised. A part of the puree was dried in an oven to obtain the dry
matter content (DMC %). This was achieved by placing almost 25 g of
fresh tomato puree in a laboratory oven (Memmert GmbH + Co. KG
Universal Oven UN30, Schwabach, Germany) at 70 °C until a constant
weight was reached. Another portion of puree was centrifuged at 1500
RCEF for 15 min to extract the supernatant for chemical characterisation
(Cela et al., 2024).

Total soluble solids (TSSs) were assessed using a refractometer
(model ABBEREF 1, PCE Instruments, Meschede, Germany) and
expressed as °Brix. Titratable acidity (TA) was determined by titrating
against 0.1 M NaOH solution using phenolphthalein as an indicator and
expressed as grams of citric acid per 100 g-1 fresh weight (FW) (Cela
et al., 2024).

B carotene and lycopene, two major carotenoids in fruits, were also
quantified to assess nutritional quality as described in paragraph 2.3.

2.5. Mineral analysis

Fully expanded leaves and roots sampled at the end of the experi-
ment were dried at 70°C until constant weight. Then, a representative
sub-sample of each tissue were ground using a laboratory mill. For the
determination of mineral contents, a microwave-assisted acid digestion
was performed following the protocol described by Fidalgo-Illesca et al.
(2025). For each sample, 0.3 g of dry material was accurately weighed
and digested with 8.0 mL of 65 % nitric acid in 70 mL Teflon vessels
using the COOLPEX Smart Microwave Reaction System (Yiyao Instru-
ment Technology Development Co., Ltd., Shanghai, China). After
digestion, solutions were cooled to room temperature and diluted to a
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final volume of 30 mL with deionised water.

Potassium (K), sodium (Na'), calcium (Ca®") and magnesium
(Mg%") were quantified by atomic absorption spectrometry (Varian
Model Spectra AA240 FS, Melbourne, Australia) as described by Car-
massi et al. (2025). The analyses were performed in triplicate, and the
results are expressed in g Kg~'dry weight sample The accuracy of the
measurements was tested using a tomato leaf, Certified Reference Ma-
terial® 1573a (CRM 1573a), from the National Institute of Standards
and Technology (Gaithersburg, MD, USA).

Selective transport (ST) of ion (K*, Mg?", and Ca?") over Na* from
root to leaf was estimated as follows (Hussain et al., 2023):

ion/(ion+ Na).

ST =
ion/(ion+ Na")

Root
2.6. Membrane leakiness

To assess membrane integrity, twenty leaf discs (1 cm?® each) per
replicate were excised from three fully expanded leaves. The discs were
first rinsed in distilled water for 10 min to eliminate surface-bound
electrolytes and those released from injured cells. After gently blotting
dry, the discs were transferred into 25 mL of distilled water in Petri
dishes and shaken at ambient temperature for four hours. Electrical
conductivity (EC) of the bathing solution was then recorded (M1) using
a conductivity meter (Basic 30, Crison, Barcelona, Spain). The same leaf
discs were subsequently frozen at —20 °C overnight to ensure complete
cell death. After thawing, a second EC reading (M2) was taken. Mem-
brane permeability was calculated through electrolyte leakage, as the
percentage ratio (M1/M2) x 100, representing the extent of ion leakage
(Nali et al., 2004).

2.7. Osmolytes concentration

Leaf discs (1 cm? each), excised from three fully expanded leaves,
were homogenised in distilled water at a ratio of 1 disc per 3 mL of
water. The resulting homogenate was stored overnight at —20 °C to
ensure complete extraction, then thawed and centrifuged at 1200 RCF
for 15 min at room temperature. The osmolarity of the resulting su-
pernatant was measured using an automatic freezing point osmometer
(Osmomat 030, Gonotec, Berlin, Germany), previously calibrated with
standard 300 mM sodium chloride solutions (Franzoni et al., 2021).

2.8. Relative water content

Relative water content (RWC%) was determined from three 1 cm?
leaf discs per replicate, sampled from interveinal areas of three fully
expanded leaves. RWC was calculated using the formula: [(FW — DW) /
(SW — DW)] x 100, where FW is fresh weight, SW is saturated weight,
and DW is dry weight. Saturated weight was measured after rehydrating
the discs overnight on water-saturated filter paper in Petri dishes, while
dry weight was obtained after oven-drying the samples at 80 °C for 24 h
(Meucci et al., 2024).

2.9. Stomatal conductance

Stomatal conductance was measured using a portable porometer
(AP4, Delta-T Devices Ltd., Cambridge, UK). The measurements were
taken between 8.00 a.m. and 11.00 a.m.; in each treatment, 2 leaves
were sampled from 3 to 6 individual plants, sampling three fully
expanded leaves (Carmassi et al., 2013).

2.10. Chlorophyll a fluorescence
Measurements were carried out during the experiment utilizing a

portable chlorophyll fluorometer (Handy Pea, Hansatech Instruments
Ltd., UK) (Strasser et al., 2004). Three fully expanded leaves were
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dark-adapted using leaf clips (4 mm diameter) for 30 min and then
exposed to an excitation light intensity (ultra-bright red LEDs with a
peak at 650 nm) of 3000 pmol m~2 s~! provided by three high-intensity
light-emitting diodes. The parameter measured was the maximum
quantum yield efficiency of primary PSII photochemistry (Fv/Fm)
(Trivellini et al., 2023).

2.11. Total flavonoids content and antioxidant capacity

Frozen tomato leaf tissue (0.1 g) from three fully expanded leaves
was homogenised in 5 mL of methanol, sonicated at low temperature for
one hour, and subsequently left overnight under constant extraction
conditions. After extraction, samples were centrifuged at 12,000 RCF for
15 min at 4 °C. For the determination of total flavonoid content, 0.1 mL
of the resulting methanolic extract was mixed sequentially with 60 pL of
5 % sodium nitrite (NaNOz2), 40 pL of 10 % aluminium chloride (AlCls),
followed by the addition of 0.4 mL of sodium hydroxide (NaOH) and
0.2 mL of distilled water after 5 min. Absorbance was measured at
510 nm using a spectrophotometer, and flavonoid content was
expressed as mg of catechin equivalents (CAE) per gram of fresh weight
(FW) (Kim et al., 2003).

Antioxidant activity was evaluated using the Ferric Reducing Anti-
oxidant Power (FRAP) assay. In this procedure, 0.1 mL of the methanolic
extract was added to 2 mL of sodium acetate buffer 0.25 M (pH3.6) and
0.9 mL of FRAP reagent, which consisted of 1 mM 2,4,6-tripyridyl-s-
triazine (TPTZ) and 2 mM ferric chloride (FeCls) in 250 mM sodium
acetate buffer (pH 3.6). The mixture was incubated at 20 °C for 4 min
before absorbance was recorded at 593 nm. Ferrous ammonium sulfate
[(NH4)2Fe(SO4)2-6 HoO] was used for calibration and results were
expressed as micromoles of ferrous ion equivalents [Fe*] per gram of
fresh weight (umol Fe** g-! FW) (Maggini et al., 2021).

2.12. Hormone concentration in leaves

For hormone profiling, leaf tissues from three fully expanded leaves
were ground in liquid nitrogen with a mortar and stored at —80 °C until
extraction. For each sample, 500 mg of frozen powder were incubated
overnight (=24 h) at 4 °C in 5 mL of extraction solution (methanol:
Milli-Q water: formic acid = 75: 20: 5, v/v/v) under gentle agitation.
After the incubation, samples were sonicated for 10 min in a chilled
ultrasonic bath, followed by an additional 10 min of cold ultrasonic
bath. Extracts were centrifuged at 2000 RCF for 15 min and filtered
through 0.2 um Chromafil® Xtra PET-45/25 syringe filters (Macher-
ey-Nagel, Diiren, Germany) before analysis.

Quantification was performed by LC-MS/MS using a Sciex 5500
QTrap+ mass spectrometer (AB Sciex LLC, Framingham, MA, USA),
equipped with a Turbo V ion-spray source and coupled to an ExionLC AC
System custom-made by Shimadzu (Shimadzu Corporation, Kyoto,
Japan) which includes ExionLC Controller, ExionLC Degasser, 2 ExionLC
AC Pumps, ExionLC AC Autosampler. The UHPLC chromatographic
separation for targeted quantification of hormones was performed on a
Phenomenex Kinetex F5 LC column (2.6 um, 100 x 2.1 mm, 100 A;
Phenomenex, Torrance, CA, USA). Chromatographic separation was
conducted using a gradient elution system with solvent A (acetonitrile +
0.1 % formic acid) and solvent B (Milli-Q water + 0.1 % formic acid).
The gradient programme was as follows: 5 % A at 0 min; linear increase
to 95 % A from 0 to 10 min; maintained at 95 % A until 12 min, followed
by re-equilibration at 5% A for 4 min. The flow rate was set to
400 pL min~!, with an injection volume of 20 pL and column oven
temperature maintained at 40 °C.

The following phytohormones were analysed: salicylic acid (SA),
indole-3-acetic acid (IAA), abscisic acid (ABA), zeatin (Z), gibberellic
acids (GA4), jasmonic acid (JA), melatonin (MEL), and metatopolin
(MET). MS/MS detection was performed using electrospray ionisation
(ESI) in negative mode for SA, IAA, JA, ABA and GAs, and in positive
mode for Z, MEL, and MET, with nitrogen used as the collision gas. MS
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parameters optimization has been carried out as described by Fidal-
go-Illesca et al. (2025).

For phytohormones quantification, individual calibration curves
were obtained by using multicomponent standard mixtures containing
pure commercial standard references (Merck Group, Milan, Italy) for all
the hormones considered. Ten-point calibration curves were prepared
applying serial dilutions in the range 1-512 ppb.

2.13. Statistical analysis

Data were analysed using both PRISM 10.3.1 software (GraphPad
Software, San Diego, CA, USA) and R version 4.4.2 (RStudio, PBC,
Boston, MA, USA). Height (cm), dry weight (g), number of nodes and
leaves of one S. lycopersicum cv and five S. pimpinelluifolium accessions in
Salt and Non Salt conditions were analysed using PCA. Before PCA, the
data were centered by subtracting the mean of each variable and the
analysis was based on the covariance matrix. The number of principal
components (PC) was determined by selecting those that explained at
least 90 % of the total variance. To assess individual differences between
cultivar/accessions under salt stress, unpaired two-tailed t-tests were
conducted for each morphological variable (p < 0.05). Percentage data
were arcsine-transformed to stabilise variance and improve normality.
Two-way ANOVA was performed to assess the effects of treatment and
accession/variety on S. lycopersicum L. and S. pimpinellifolium L., within
the studied sampling time or to evaluate differences across treatments
and species. Mean comparisons was carried out using the Tukey’s HSD
multiple comparison test (p < 0.05).

Hormone data were log-transformed [log(x + 1)] and standardised
(z-score) prior to analysis to normalise distributions. Permutational
multivariate analysis of variance (PERMANOVA) and Canonical Anal-
ysis of Principal Coordinates (CAP) were conducted following Anderson
and Willis (2003), using the vegan (Oksanen, 2022) and BiodiversityR
(Kindt and Coe, 2005) packages in R. CAP analyses were performed
separately at each sampling time to investigate species-specific differ-
ences in hormonal profiles based on Euclidean distances; ordination
plots included 95 % confidence intervals.

Homogeneity of group dispersions was assessed with betadisper.
Pairwise PERMANOVA comparisons with Benjamini-Hochberg correc-
tion was used to identify significant differences between groups. A
heatmap of violaxanthin, lutein, total flavonoids, and antioxidant ca-
pacity was generated using the pheatmap package in R. Data were log-
transformed [log(x + 1)] and z-score standardised prior to plotting.
Principal component analysis (PCA) was performed to reduce the
dimensionality of the dataset and identify patterns between variables.
Values are means of 3 independent biological samples.

3. Results

3.1. Preliminary screening of S. pimpinellifolium accessions under salinity
stress

To identify the most salt-tolerant S. pimpinellifolium genotype, five
accessions (WR2 - LYC2824, WR9 - LYC2794, WR10 - LYC2750, WR11
—LYC2665, and WR14 —LYC2914) were cultivated under 35 % seawater
salinity in semi-controlled greenhouse conditions. Morphological traits
(plant height, dry biomass, number of nodes, and number of leaves)
were evaluated at the final sampling point. WR2, previously identified as
the most salt-tolerant genotype in an in vitro screening (Cialli et al.,
2025), confirmed its superior performance under in vivo conditions.
Principal Component Analysis (PCA) based on morphological traits
revealed a separation of WR2 from the other genotypes, highlighting its
distinct growth profile under salinity stress (Fig. S1). Statistical com-
parisons further supported WR2’s consistently higher tolerance (Tab.
S1). Based on this combined in vitro and in vivo evidence, WR2 was
selected for detailed physiological and hormonal analyses, in direct
comparison with the salt-sensitive S. Ilycopersicum cv. ‘Principe
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Borghese’. All results presented in the following sections refer specif-
ically to the WR2 accession of S. pimpinellifolium.

3.2. Growth and yield reflect divergent stress response strategies

Morphological and yield parameters were initially evaluated to
determine the impact of salinity on plant performance and productivity
in the two tomato species under Salt and Non Salt conditions. Under
salinity stress, both species exhibited a significant reduction in plant
height (Fig. 1a) and fresh weight (Fig. 1b); however, S. pimpinellifolium
L. showed a less pronounced decrease compared with S. lycopersicum L.
A contrasting trend was observed in dry weight (Fig. 1c), where only
S. lycopersicum exhibit significant reduction under salinity stress.

Full two-way ANOVA statistics (p-values for treatment, species, and
their interaction) for all parameters studied in this work are provided in
Supplementary Table S2.

Salinity also affected reproductive development, reducing the num-
ber of inflorescences per plant (Fig. 2a). Ten days after the onset of salt
treatment, S. pimpinellifolium L. had initiated flowering under both
experimental conditions, whereas S. lycopersicum L. had not yet devel-
oped inflorescences. S. lycopersicum L. showed an increase over time but
produced consistently fewer inflorescences under salinity compared
with control conditions. By the final time point, the commercial species
under salt stress displayed a significantly lower number of inflorescences
compared to the same species under control conditions, as well as to the
wild species under both treatments. Solanum lycopersicum L. also showed
a significant decrease in the weight of ten fruits per plant under salinity,
whereas dry matter content (%) increased under salt stress in both
species (Fig. 2b; Tab. S3). All fruits were harvested at the same ripening
stage, selected using a portable colourimeter, to ensure consistency
across treatments and genotypes. The corresponding colourimetric
values are reported in Table S4. This trend was also evident from fruit
images (Fig. 2c), where S. pimpinellifolium L. fruits appeared similar in
size under both conditions, while S. lycopersicum L. fruits grown under
saline irrigation were visibly smaller than those grown under optimal
conditions. Salt reduced fruit firmness in S. lycopersicum L., while
S. pimpinellifolium L. maintained stable values across treatments
(Fig. 2d). As expected, salt stress increased total soluble solids (TSS) only
in S. lycopersicum L. (Fig. 2e). In contrast, fruit acidity (Fig. 2f) remained
stable in S. lycopersicum L. but declined under salinity in
S. pimpinellifolium L. Regarding pigments (Fig. S2), S. lycopersicum L.
accumulated significantly more lycopene under salt, with p carotene
showing a non-significant upward trend. Conversely, S. pimpinellifolium
L. maintained stable lycopene but exhibited a significant decrease in p
carotene under stress.

3.3. Osmotic adjustment and ion regulation are involved in water status
under salt stress

Osmolyte content (Fig. 3a) did not differ between species under
control conditions. Under salinity, however, S. pimpinellifolium L. accu-
mulated significantly higher osmolyte levels than S. lycopersicum L. at all
time points. While S. pimpinellifolium L. maintained consistently elevated
concentrations throughout the experiment, S. lycopersicum L. showed
significant increases only at T3 and T4.

Electrolyte leakage (EL) (Fig. 3b) also differed between species.
Under control conditions, S. lycopersicum L. exhibited significantly
higher EL than S. pimpinellifolium L. from T1 to T3, with no difference at
T4. Salinity increased EL in both species compared with their respective
controls, but values were consistently higher in S. lycopersicum L., except
at T3 where no significant differences were observed.

Ion ratios measured in leaves and roots and selective transport of ions
over Na' at the end of the experiment (T4) are reported in Table 2.
Under control conditions, both species exhibited low Na*/K* and Na*/
Ca? ratios in leaves and roots, with no major differences between
S. lycopersicum L. and S. pimpinellifolium L.. Salt treatment markedly
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Fig. 1. Effect of salinity on growth parameters in S. lycopersicum L. and S. pimpinellifolium L.. (a) Plant height (cm), (b) fresh weight (g) and (c) dry weight (g)
measured at the end of the experimental period (T4) in plants grown under control (Non Salt) and salinity stress (Salt) conditions. Data represent means + SEM
(n = 3). Different lowercase letters indicate significant differences between treatments and species (p < 0.05). Statistical significance was assessed using two-way

ANOVA followed by Tukey’s HSD test.
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Fig. 2. Effect of salinity on yield and fruit quality parameters in S. lycopersicum L. and S. pimpinellifolium L.. (a) Progression of inflorescence number over time (days
after transplanting), (b) fresh weight of ten fruits measured at harvest, (c) representative images of fruits from both species grown under control (Non Salt) and
salinity stress (Salt) conditions — scale bar = 1 cm, (e) total soluble solids (°Brix) and (f) titratable acidity (g citric acid 100 g™ fresh weight). Data represent means +
SEM (n = 3). Different lowercase letters indicate significant differences between treatments and species (p < 0.05). Statistical significance was assessed using two-
way ANOVA followed by Tukey’s HSD test; in (a) letters indicate differences within each sampling time, whereas in (b-e) they reflect differences across all treatments

and species.
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Fig. 3. Effect of salinity on osmotic, membrane damage and ionic parameters in Solanum lycopersicum L. and S. pimpinellifolium L.. (a) Osmolyte content (osM/kg) and
(b) electrolyte leakage (percentage) measured at four time points (T1-T4) during the experimental period. Statistical significance was assessed using two-way
ANOVA followed by Tukey’s HSD test. Different lowercase letters indicate significant differences between treatments and species within each sampling

time (p < 0.05).

increased these ratios in both species, but with distinct patterns between
organs and genotypes. In leaves, S. lycopersicum L. showed the highest
Na*/K* and Na*/Ca** ratios under salinity, significantly exceeding those
of S. pimpinellifolium L., conversely, in roots, S. pimpinellifolium L. dis-
played significantly higher Na*/K* and Na*/Ca®* ratios compared with
S. lycopersicum L. Selective transport of ions over Na* was significantly
reduced under salt stress, with the lowest values recorded in
S. lycopersicum L.

RWC was measured at the final sampling point (T4) (Fig. S3). No
significant differences were observed between Salt and Non Salt con-
ditions in S. pimpinellifolium L.. In S. lycopersicum L., RWC values were
significantly lower under Salt compared to Non Salt conditions.

3.4. Changes of photoprotective compounds and antioxidant defences
under salinity

Chlorophyll content and selected photoprotective and antioxidant
compounds were assessed at the final sampling point (T4) (Fig. 4). Total
chlorophyll (Fig. 4a) decreased significantly in S. lycopersicum L. under
Salt compared with Non Salt, whereas S. pimpinellifolium L. showed no
significant change. The heatmap (Fig. 4b) summarises the normalised
levels of violaxanthin, lutein, total flavonoids, and antioxidant capacity,
with statistical significance reported in Table S5. Violaxanthin content
was lowest in S. lycopersicum L. under Non Salt, while all other treat-
ments showed higher, statistically comparable values. Lutein increased
under salinity in both species, reaching the highest concentration in
S. pimpinellifolium L. Antioxidant capacity was lowest in S. lycopersicum
L. under Salt and in S. pimpinellifolium L. under Non Salt, as indicated by
darker blue shades in the heatmap, whereas all other conditions dis-
played higher values. For total flavonoids, the lowest levels occurred in
stressed S. lycopersicum L., while the highest were detected in
S. lycopersicum L. under Non Salt and S. pimpinellifolium L. under Salt,
with intermediate values in S. pimpinellifolium L. under Non Salt.

3.5. Leaf functionality under stress

The maximum quantum efficiency of photosystem II (Fv/Fm) and

stomatal conductance were analysed to evaluate the impact of salinity
on leaf functionality. Fv/Fm (Fig. 5a), assessed at T4, did not show
statistically significant differences between the two species under saline
conditions. Nonetheless, S. lycopersicum displayed a consistent decline in
Fv/Fm across all sampling time points compared with its control,
whereas values in S. pimpinellifolium remained stable (Fig. S4). In
contrast, stomatal conductance (Fig. 5b) significantly decreased in both
species, with a more pronounced reduction in S. pimpinellifolium than in
S. lycopersicum under salt stress. To clearly illustrate the impact of
salinity on leaf functionality, only the final measurement (T4) for both
measurements is presented in the main figure (Fig. 5).

Hormonal dynamics of S. lycopersicum L. and S. pimpinellifolium L.
during Salt Stress

Permutational multivariate analysis of variance (PERMANOVA) and
Canonical Analysis of Principal coordinates (CAP) were used to assess
the effects of species and treatment on the hormonal profiles of
S. lycopersicum L. and S. pimpinellifolium L. across four time points (T1,
T2, T3, T4), (Fig. 6). PERMANOVA revealed a highly significant effect of
treatment at all sampling times (p < 0.001), consistently explaining the
largest proportion of variance in the dataset (Tab. S7). CAP analysis
confirmed a clear separation between species and treatments over time.
Ordination plots of the linear discriminants (LD1 and LD2) showed
distinct clustering of the two species at each time point (Fig. 6a—d).
Within each species, Salt and Non Salt conditions also formed separate
groups with minimal or no overlap. Classification accuracy based on
CAP (Tab. S6) supported these patterns: 100 % of samples were
correctly assigned to species at T1, T3, and T4. At T2, classification
remained complete for S. lycopersicum L., while a slight reduction was
observed in S. pimpinellifolium L. (83.33 %).

To further characterise the hormone profiles underlying the observed
multivariate patterns, individual hormone levels across species, treat-
ments, and time points was taken in consideration. The heatmap (Fig. 7)
describes the normalised levels of all the hormones studied, while sta-
tistical significance reported in Table S. 7. ABA levels (Fig. 7a) at the first
sampling point (T1) were higher in S. pimpinellifolium L. under Salt
condition compared with all other conditions. At T2, no significant
differences were observed between treatments or species. By T3, both
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Table 2

Table shows values of selective transport (ST) of K*, Mg?" and Ca®>* over Na*, Na*/K" and Na*/Ca?" measured on leaves and roots of S. lycopersicum L. and S. pimpinellifolium L. in Salt and Non Salt conditions at the end of
the experiment. Different lowercase letters indicate significant differences between treatments and species (p < 0.05). Statistical significance was assessed using two-way ANOVA followed by Tukey’s HSD test.

Na'/Ca®*
roots

Na*/Ca?" leaves

Na't/K"
roots

Na'/K" leaves

Treatment

Species

0,35
0,21
0,21
0,16

1,81
5,58
0,85
6,49

0,08
0,16
0,03
0,07

0,46
2,42
0,23
1,36

0,04
0,09
0,01
0,05

0,27
0,69
0,17
0,96

0,01
0,22
0,00
0,02

0,06
2,24
0,09
0,81

0,02
0,01
0,01
0,03

1,16
0,82
1,07
1,23

Non Salt
Salt

S. lycopersicum L.

S. lycopersicum L.

Non Salt
Salt

S. pimpinellifolium L.
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species showed higher ABA concentrations under Non Salt condition. By
the end of the experiment (T4), S. lycopersicum L. under Non Salt
recorded the highest ABA level, significantly exceeding all other treat-
ments, which did not differ from each other. At T1, salicylic acid (SA)
content (Fig. 7b) did not differ between species under Non Salt condi-
tions. Under salt stress, both species exhibited increased SA levels, with
S. lycopersicum L. initially displaying significantly higher values than
S. pimpinellifolium L.. At T2, no differences were observed between
species under control conditions; however, salt treatment induced a
significant increase in both species, with S. pimpinellifolium L. exhibiting
higher SA levels than S. lycopersicum L. This pattern persisted at T3,
although S. pimpinellifolium L. under control conditions and
S. lycopersicum L. under salt stress exhibited comparable SA levels. At the
final time point (T4), S. pimpinellifolium L. under salt stress displayed the
highest SA concentration. Intermediate levels were observed in
S. pimpinellifolium L. under control and S. lycopersicum L. under salt, with
no significant differences between them. The lowest SA levels were
recorded in S. lycopersicum L. under control, which did not differ
significantly from the same species under salt stress. Z levels (Fig. 7c) did
not differ significantly between species under Non-Salt conditions
throughout the experiment. At T1 and T2, S. lycopersicum showed higher
concentrations of this hormone than S. pimpinellifolium, although the
differences were not statistically significant. In the second part of the
experiment (T3 and T4), both species exhibited increased Z levels
compared with their respective controls. At T3, S. pimpinellifolium dis-
played higher values than S. lycopersicum, without significant differ-
ences, while at T4 S. pimpinellifolium showed a marked rise in Z
concentration, reaching levels higher than those observed under the
other conditions. Metatopolin levels (Fig. 7d) did not differ significantly
between species under Non Salt conditions at any time point. In
S. lycopersicum L., Salt treatment generally resulted in lower metatopolin
concentrations compared to Non Salt, except at the final sampling time
(T4), when levels increased significantly. In contrast, S. pimpinellifolium
L. showed significantly higher metatopolin levels under Salt compared
to Non Salt at both T3 and T4. IAA levels were reported in Fig. 7e. At the
first sampling point (T1), S. pimpinellifolium L. under salt stress exhibited
lower IAA levels than under control, whereas no differences were
observed in S. lycopersicum L. At T2, S. lycopersicum L. under salt dis-
played higher IAA levels compared with control, while
S. pimpinellifolium L. showed no significant changes. At T3, no treatment
differences were detected within each species, but S. lycopersicum L.
maintained higher IAA levels than S. pimpinellifolium L. under both
conditions. By the end of the experiment, S. lycopersicum L. exhibited a
reduction in IAA under salt stress relative to control, whereas no sig-
nificant differences were observed in S. pimpinellifolium L.. GA4 levels
(Fig. 7f) didn’t show differences between treatments or species at the
beginning of the experiment. At T2, no significant differences were
detected between the two species under Non Salt conditions. Both
control treatments demonstrated higher GA4 levels than the Salt treat-
ments, which did not differ significantly from each other. At T3,
S. lycopersicum L. reduced GA4 levels in the presence of salt compared to
the absence of salt, while in S. pimpinellifolium L. no significant differ-
ences were observed between treatments. At T4, S. lycopersicum L. under
Salt condition decreased GA4 levels compared to the Non Salt condition,
whereas S. pimpinellifolium L. maintained similar levels across treat-
ments. JA levels are shown in Fig. 7g. At T1, both species showed
significantly higher JA concentrations under Non Salt conditions
compared to Salt, with no differences between species within the same
treatment. At T2, S. lycopersicum showed an increase in JA content
compared with its control, whereas in S. pimpinellifolium no significant
differences were detected between salinity-stressed and control condi-
tions. At T3 and T4, both species again recorded higher JA levels under
Non Salt conditions compared to Salt, and within each time point, no
significant differences were observed between species under the same
treatment. Melatonin levels (Fig. 7h) did not differ between species at
T1, although both exhibited higher concentrations under salt stress
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Fig. 4. Effect of salinity on chlorophyll content, photoprotective compounds and antioxidant defences in Solanum lycopersicum L. and S. pimpinellifolium L.. (a) Total
chlorophyll content (ug g™ fresh weight) measured at the end of the experimental period in plants grown under control (Non Salt) and salinity stress (Salt) conditions.
Data represent means = SEM (n = 3). Different lowercase letters indicate significant differences between treatments and species (p < 0.05). Statistical significance
was assessed using two-way ANOVA followed by Tukey’s HSD test. (b) Heatmap shows relative levels of violaxanthin, lutein, total flavonoids and antioxidant ca-
pacity in the two species under control and salinity stress. The heatmap colour scale represents relative concentration values, with red indicating higher levels and
blue lower levels. Statistical significance was assessed using two-way ANOVA followed by Tukey’s HSD test, as reported in Supplementary Table S5.
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Fig. 5. Effect of salinity on stomatal conductance and photosystem II efficiency in Solanum lycopersicum L. and S. pimpinellifolium L.. (a) maximum quantum efficiency
of photosystem II (Fv/Fm) and (b) Stomatal conductance (mmol m2 s™!) measured at the end of the experimental period in plants grown under control (Non Salt) and
salinity stress (Salt) conditions. Data represent means = SEM (n = 3). Different lowercase letters indicate significant differences between treatments and species
(p < 0.05). Statistical significance was assessed using two-way ANOVA followed by Tukey’s HSD test.

compared with control. At T2, salt treatment continued to increase
melatonin levels in both species, with S. pimpinellifolium L. under control
displaying intermediate values not significantly different from the salt-
treated groups. At T3, S. pimpinellifolium L. under salt showed the
highest melatonin concentration, significantly exceeding all other con-
ditions, while S. lycopersicum L. also exhibited elevated levels under salt
compared to control. This pattern persisted at T4, with salt-treated
S. pimpinellifolium L. further increasing melatonin content, whereas all
other treatments remained significantly lower.

4. Discussion

This comparative study revealed distinct physiological and
morphological  strategies underlying salinity tolerance in
S. pimpinellifolium and S. lycopersicum, highlighting traits that contrib-
utes to the wild species’ superior tolerance. Among the mechanisms
contributing to the resilience of S. pimpinellifolium, hormonal regulation
emerged as a major physiological component, coordinating growth,
osmotic adjustment, and stress protection within a broader regulatory
network. Given that salinity tolerance relies on maintaining both
vegetative (Munns and Tester, 2008) and reproductive performance
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Fig. 6. Effect of salinity on hormonal profile in Solanum lycopersicum L. and S. pimpinellifolium L.. Linear discriminant (LD) plots from Canonical Analysis of Principal
coordinates (CAP) based on all hormones analysed measured at (a) T1, (b) T2, (c) T3 and (d) T4. (a). The ellipses identify the clustering of the two species
(S. lycopersicum L., in grey and S. pimpinellifolium L., in purple), while the coloured dots identify the two treatments (Non Salt, in dark blue and Salt, in light green).

Each ellipse represents the 95 % confidence interval.

(Agius et al., 2022), morphological and yield traits were examined,
revealing clear differences under identical stress conditions.

Under salinity, S. lycopersicum L. showed strong growth inhibition
and reduced biomass (Fig. 1) and fruit yield (Fig. 2) (Maggio et al.,
2007), whereas S. pimpinellifolium L. was more resilient, with smaller
reductions in weight and height (Rao et al., 2013) and no decline in dry
weight (Fig. 1), a key indicator of tolerance (Morton et al., 2024).

Salinity also affected reproductive development (Fig. 2), particularly
flowering. In S. lycopersicum, stress delayed flowering and reduced the
number of inflorescences, whereas S. pimpinellifolium maintained both
onset and progression. This divergence reflects a phenological shift
adopted by S. lycopersicum and commonly observed under salt stress,
enabling plants to complete reproduction before excessive salt accu-
mulation (Takeno, 2011; Sun et al, 2024). The ability of
S. pimpinellifolium to preserve its flowering schedule indicates a plastic
and adaptive phenological programme (Monforte, 2020) that supports
reproductive stability and yield maintenance under saline conditions.

These differences extended to fruit production (Fig. 2): salinity
reduced fruit number, size, and firmness more in S. lycopersicum L. than
in the wild species (Martinez-Cuenca et al., 2020). Fruit fresh weight

10

decreased in S. lycopersicum L. but remained stable in S. pimpinellifolium
L., despite both showing higher dry matter. In the cultivated species, this
was coupled with increased sugars and acids, driving a typical rise in
total soluble solids (TSS) under salt stress (Agius et al., 2022). In
S. pimpinellifolium L., however, dry matter accumulation was not
accompanied by higher sugars or acids, and TSS even declined, a pattern
also observed in S. chilense (Martinez et al., 2012). This could suggest
that carbon in the wild species was redirected from fruits towards
osmoprotectants and stress-related metabolites in vegetative tissues,
supporting adaptation rather than fruit-centred osmotic adjustment. In
cultivated tomatoes, the classical increase in TSS under salinity (often
with stable acidity) can enhance the perception of sweetness and overall
flavour intensity (Cela et al., 2024; Agius et al., 2022). Conversely, the
decline in both TSS and acidity in S. pimpinellifolium may reflect carbon
diversion towards protective metabolites in leaves, potentially attenu-
ating fruit flavour (Martinez-Cuenca et al., 2020). Fruit parameters were
analysed as indicators of carbon allocation, sink strength and repro-
ductive resilience under prolonged salinity, since variations in TSS,
acidity and pigment reflect source-sink rebalancing and metabolic
adjustment supporting osmotic regulation (Agius et al., 2022; Song
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Fig. 7. Effect of salinity on leaf hormonal content in Solanum lycopersicum L. and S. pimpinellifolium L measured at four time points (T1-T4) during the experimental
period in plants under control (Non Salt) and salinity stress (Salt) conditions. Heatmap shows relative levels of (a) Abscisic acid, (b) Salicylic acid, (c) Zeatin, (d)
Metatopolin, (e) Indole —3-acetic acid, (f) Gibberellic acid 4, (g) Jasmonic acid, (h) Melatonin. Statistical significance was assessed using two-way ANOVA followed

by Tukey’s HSD test, as reported in Supplementary Table S8.

et al., 2022).

Reduced acidity in S. pimpinellifolium L. under salinity may reflect
carbon diversion from citrate/malate pools to stress metabolism (Song
et al., 2022; Yin et al., 2010). Pigment profiles followed a similar trend
(Fig. S2): salinity increased lycopene in S. lycopersicum L. (Massaretto
et al., 2018), whereas S. pimpinellifolium L. maintained stable lycopene
but reduced p carotene, suggesting a shift from pigment synthesis to
stress-responsive pathways.

Salt stress, driven by excessive sodium in the soil solution, imposes
osmotic stress and ionic imbalance, impairing water uptake and cellular
homeostasis (Guo et al., 2022). Species responses were assessed through
osmolyte content, electrolyte leakage (EL%) (Fig. 3), and relative water
content (RWC%) (Fig. S3) as indicators of osmotic adjustment and
membrane stability. Both species increased osmolytes under stress
(Anjum et al., 2023), but in S. pimpinellifolium L. this occurred from the
start, sustaining RWC% (Patane et al., 2022), whereas in S. lycopersicum
L. reduced RWC% was coupled with higher EL% (Hnilickova et al.,
2019). As the plasma membrane is a primary target of salt-induced
damage, EL is a common indicator of membrane stability, typically
rising in sensitive species (Singh et al, 2023). Consistently,
S. pimpinellifolium L. showed lower EL under both control and stress,
indicating greater cellular integrity and effective osmotic adjustment.

Ion homeostasis further distinguished the two species (Table 1).
Under salinity, S. lycopersicum L. showed higher Na*/K* and Na*/Ca®
ratios in leaves—hallmarks of ionic toxicity and poor sodium exclusion
(Wu, 2018). Solanum pimpinellifolium L., by contrast, maintained low leaf
ratios while accumulating Na* mainly in roots, suggesting efficient
vacuolar sequestration via Na*/H* antiporters to preserve K*-dependent
metabolism (Apse et al., 1999; Rahnama et al., 2011). This pattern,
possibly supported by phloem-mediated Na* recirculation (Tester,
Davenport, 2003), was accompanied by lower root Na*/Ca®* under Salt,
indicating greater Ca®* availability for SOS-mediated Na* extrusion
(Hadi and Karimi, 2012). Moreover, S. pimpinellifolium L. displayed more
efficient selective transport of K*, Ca®* and Mg* over Na*, ensuring
retention of essential ions in leaves while restricting sodium to roots,
thereby protecting photosynthetic tissues (Liang et al., 2024).

Leaf functional traits at T4, including PSII efficiency (Fv/Fm) and
stomatal conductance (Fig. 5), confirmed contrasting strategies (Zhang
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et al., 2022b). S. pimpinellifolium L. preserved high PSII efficiency under
stress, linked to strong stomatal closure, increased chlorophyll and
lutein, and stable violaxanthin, maintaining a robust carotenoid pool
(Fig. 4) (Young, 1991). Together with elevated flavonoids and antioxi-
dant capacity, these traits form an integrated defence system that miti-
gates oxidative stress and supports photosynthesis, likely reinforced by
early osmolyte synthesis and hormonal regulation (Hussain et al., 2024).
By contrast, S. lycopersicum L. showed declines in chlorophyll and PSII
efficiency, only modest carotenoid and flavonoid increases, and
decreased antioxidant capacity. Weaker stomatal regulation and anti-
oxidant defences likely contributed to greater water loss and membrane
damage (Hedrich and Shabala, 2018).

Together, these morphological and physiological adjustments
demonstrate the capacity of S. pimpinellifolium to maintain growth and
reproductive functioning under prolonged salinity through coordinated
phenological and osmotic responses. These results indicate that its su-
perior tolerance is closely associated with efficient osmotic adjustment
and ion homeostasis that preserve water balance and cellular integrity.
Given the pronounced differences in physiological and morphological
responses, it was important to determine whether these traits were
underpinned by distinct hormonal dynamics. No previous work has
provided a comprehensive, multi-faceted characterisation of hormonal
regulation in S. pimpinellifolium under salt stress, making this compari-
son particularly relevant for understanding the hormonal basis of its
superior tolerance.

Hormones act as central integrators of environmental signals, coor-
dinating rapid stress perception with longer-term adjustments in growth
and metabolism (Peleg and Blumwald, 2011; Verma et al., 2016).
Analysis of the hormonal profiles of the two species revealed distinct
patterns that may account for the ability of S. pimpinellifolium L. to
sustain leaf functionality under salt stress, in contrast to the decline
observed in S. lycopersicum L. multivariate analyses (Fig. 6; Tab S7)
confirmed that salt stress exerted a strong influence on hormone profiles
in both species, with ordination plots showing a clear separation be-
tween them, indicating that each follows a distinct strategy maintained
throughout the experimental period (Zhang et al., 2022c¢).

The contrasting temporal profiles of ABA and cytokinins (zeatin and
metatopolin) described in Fig. 7 between S. pimpinellifolium L. and
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S. lycopersicum L. point to a coordinated hormonal strategy underpin-
ning the wild species’ superior salt tolerance. In S. pimpinellifolium L.,
salt stress triggered marked accumulation and sustained accumulation
of abscisic acid (ABA), significantly higher than in S. lycopersicum L. at
the onset of stress measurement (T1). ABA is a central regulator of plant
salinity responses, promoting stomatal closure to limit water loss via
transpiration and coordinating downstream gene expression to support
osmotic adjustment and broader stress tolerance (Yoshida et al., 2014a,
2014b,2014c; Pardo-Hernandez et al., 2024). Consistent with previous
studies, sustained ABA accumulation under prolonged salinity contrib-
utes to maintaining water balance and photosynthetic stability (Sah
et al., 2016; Yoshida et al., 2019). This hormonal activation in the wild
species likely underpins the stable relative water content (Fig. S3) and
stomatal regulation (Fig. 5b) recorded in our physiological measure-
ments at the end of the experiment, helping to preserve leaf function-
ality. Similar associations between timely ABA signalling and increased
tolerance to abiotic stresses have been documented in other tomato
genotypes and in several crop species (Soma et al., 2021; Holsteens
et al., 2022). These associations are mechanistically coherent with ge-
netic evidence showing that overexpression of the tomato of
ABA-responsive element SIAREB] transcription factor, have been shown
to enhance tolerance to salinity and drought by maintaining PSII effi-
ciency, membrane integrity, and tissue water content (Hsieh et al.,
2010). Conversely, loss or inhibition of ABA-dependent
SnRK2-AREB/ABF signalling disrupted stomatal control and osmotic
adjustment through downstream repression of ABA-responsive gene
expression (Yoshida et al., 2014a,2014b,2014c). In addition to leaf level
regulation, grafting studies have shown that root-derived ABA can
strongly influence shoot physiology through root-shoot signalling. In
tomato, constitutive overproduction of ABA in rootstocks enhances ABA
transport to scion reproductive tissues and modifies leaf ABA catabolism
and phloem ABA levels, demonstrating that ABA acts both locally and
systemically to support performance under salinity (Martinez-Andujar
et al., 2021).

This was followed by a subsequent increase in cytokinins, which
exerted an opposite regulatory influence and coincided with stable
chlorophyll content, enhanced photoprotective and antioxidant traits
and reproductive development in S. pimpinellifolium, consistent with
cytokinin-mediated maintenance of photosynthetic competence. In the
present study, cytokinins—specifically zeatin and metatopolin (Fig. 7c,
d)—exhibited distinct patterns between the two species under abiotic
stress, with zeatin showing pronounced increases under salt stress,
particularly in S. pimpinellifolium L. toward the end of the experiment. At
T1 and T2, however, S. lycopersicum showed slightly higher zeatin levels
than S. pimpinellifolium in stress condition, though not significantly. This
transient rise may reflect a short-lived cytokinin response typical of
sensitive genotypes (Zwack and Rashotte, 2015), contrasting with the
later sustained increase in the wild species that supported pigment sta-
bility and photosynthetic maintenance. Metatopolin, in particular, has
gained attention for its ability to delay leaf senescence, stabilise
photosynthetic pigments, and modulate antioxidant responses under
abiotic stress (Dobranszki, Mendler-Drienyovszki, 2014). These prop-
erties, together with the documented ability of cytokinins to sustain sink
strength and meristem activity, could provide a strategic advantage in
maintaining leaf functionality and reproductive output under salinity.
Beyond their classical role in cell division and sink strength, cytokinins
are increasingly recognised as modulators of photosynthetic capacity
and pigment stability under stress. Their accumulation in the wild spe-
cies under prolonged salinity may therefore help sustain chlorophyll
content (Talla et al., 2016), enhance carotenoid and flavonoid levels
(Kurepa et al., 2023), and preserve the functionality of the photosyn-
thetic machinery even under extended stress conditions (Hudecek et al.,
2023). In tomato, the constitutive overexpression of the iso-
pentenyltransferase 3 (SIPT3) gene (35S::SUPT3), a key enzyme
involved in cytokinin biosynthesis, enhanced salt tolerance by main-
taining chlorophyll and carotenoid levels, increasing K*/Na* ratios, and
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enhancing growth under salinity (Zizkova et al., 2015). Similarly,
root-localized IPT expression elevates cytokinin fluxes, leading to
improved ion homeostasis and yield in salinized tomato plants (Ghanem
et al., 2011).

This sequential and opposing regulation between ABA and cytoki-
nins in S. pimpinellifolium L. might contribute to balancing initial stress
protection with the maintenance of photosynthetic performance and
yield under salinity conditions (Zwack and Rashotte, 2015). In contrast,
the delayed increase in ABA and the weaker cytokinin response observed
in S. lycopersicum L. may have contributed to suboptimal stomatal
regulation, premature pigment loss, and reduced reproductive perfor-
mance. This was reflected in greater reductions in plant height and
biomass, delayed flowering onset, and fewer inflorescences compared
with S. pimpinellifolium L., which maintained more stable growth, initi-
ated flowering earlier, and sustained reproductive development
throughout the experiment.

Auxin (IAA) and gibberellin (GA4) (Fig. 7e, f), both central to cell
elongation, organ development, and reproductive progression (Yu et al.,
2020), exhibited clear species-specific patterns under salinity. Even
under control conditions, baseline IAA levels differed between species,
reflecting the strong genotype-dependence of auxin homeostasis re-
ported in tomato and other crops (Salehin, 2024). In S. lycopersicum, IAA
levels fluctuated markedly across sampling points and treatments, sug-
gesting instability in developmental signalling under stress. By contrast,
S. pimpinellifolium L. maintained more stable auxin levels, with a mod-
erate reduction under salinity that aligns with literature indicating that
salt-tolerant genotypes often down-regulate IAA to balance growth re-
straint with stress acclimation (Gonzales and Kelley, 2025). This mod-
ulation may help limit excessive elongation while preserving essential
developmental processes. At the transcriptional level, salt stress re-
presses key IAA signalling genes (ARF, SAUR) and modulates auxin
biosynthetic enzymes (CYP83B1, UGT74B1), could be consistent with
the hormonal fluctuations observed in S. lycopersicum (Wang et al.,
2023). Instead, a more buffered transcriptional control of auxin syn-
thesis and transport could support the stable IAA pattern recorded in
S. pimpinellifolium under stress.

GA4 profiles followed a similar divergence. In S. lycopersicum L.,
concentrations declined suddenly under salinity, particularly at later
stages, corresponding with reduced plant height and biomass (Fig. 1)
and the inability to sustain flowering (Fig. 2) (Serrani et al., 2007).
Conversely, S. pimpinellifolium L. sustained relatively stable GA4 levels
across treatments, consistent with its earlier flowering, sustained inflo-
rescence production, and reduced growth penalties under stress as re-
ported for Arabidopsis thaliana by Mutasa-Gottgens and Hedden (2009).
Comparable patterns, where stable GA supply supports reproductive
resilience in salt-tolerant species, have been documented in rice and
wheat (Colebrook et al., 2014).

In the wider hormonal context, the stability of IAA and GA4 in
S. pimpinellifolium L. complements the initial peak of ABA and the sub-
sequent increase in cytokinin, forming a coordinated network that bal-
ances growth regulation with stress protection (Verma et al., 2016). This
integration appears to safeguard both vegetative and reproductive
development, whereas in S. lycopersicum L. the combined effects of un-
stable auxin signalling and declining GA4 may exacerbate the impacts of
suboptimal ABA-cytokinin regulation, leading to more severe growth
and yield penalties observed under salinity conditions (Fahad et al.,
2015).

Although not a classical phytohormone, melatonin has emerged as a
key regulator of plant stress responses, displaying signalling functions
comparable to hormonal pathways (Yang et al., 2022). In tomato,
overexpression of SICOMTI1 enhances melatonin accumulation and salt
stress resistance, while genetic manipulation of COMT and GSNOR
demonstrates that boosting melatonin-nitric oxide crosstalk improves
saline-alkali tolerance (Liu et al., 2019). These genetic findings support
the view that melatonin functions as both a signal and effector molecule
in stress acclimation, a concept consistent with its physiological roles
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observed in the present study. Notably, melatonin directly scavenges
ROS and helps maintain ionic homeostasis under salt stress by modu-
lating ion transporters (Liu et al., 2020). Melatonin also promotes the
accumulation of osmoprotectants, thereby helping to stabilise osmotic
balance and protecting cells from oxidative damage (Yusuf et al., 2024).
In addition to its antioxidant activity (Siddiqui et al., 2020), melatonin
has been shown to support plant growth and chlorophyll biosynthesis
under stress conditions and to enhance photosynthetic capacity and
photoprotection, thereby improving salt tolerance (Chen and Arnao,
2022). Moreover, phytomelatonin can regulate primary and secondary
metabolism, influencing pigment biosynthesis and phenolic accumula-
tion (Tan et al., 2012). In S. pimpinellifolium L., the highest concentration
of melatonin was recorded at the end of the experiment (Fig. 7h),
coinciding with sustained leaf functionality (Fig. 5) and an increase in
antioxidant compounds and activity (Fig. 4). These multifaceted actions
of melatonin are consistent with the physiological traits described
above, suggesting an important role for this phytoregulator. In wild
tomatoes, melatonin might not only directly protect the photosynthetic
machinery but also support pigment stability, ion homeostasis, and
osmoprotectant synthesis, indicating a potential basis for the superior
capacity of this species to cope with salt stress.

Regarding SA, S. lycopersicum exhibited a sharper increase in its

IAA

GA
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endogenous content than S. pimpinellifolium only at T1, suggesting a
possibly transient activation of defence signalling (Fig. 7b). In contrast,
the progressive and sustained SA accumulation observed in the wild
species over time points (T2-T4) likely reflects a more controlled and
enduring regulatory response to salinity. This result is consistent with
the well-known role of SA as a stress-signalling hormone that enhances
salt tolerance (El-Esawi et al., 2017). Under saline stress conditions, this
phytohormone can ameliorate photosynthetic inhibition by improving
CO-, fixation and preserving Rubisco carboxylation (Lee et al., 2014).
Additionally, SA mitigated oxidative damage, as demonstrated by Kar-
imi et al. (2025), who observed lower malondialdehyde (MDA) levels in
SA-treated plants, indicating reduced lipid peroxidation. These dy-
namics were consistent with the maintenance of photosynthetic effi-
ciency observed in S. pimpinellifolium L. under stress conditions (Fig. 5).
Consistent with recent transcriptomic evidence in Brassica spp. (Gulzar
et al., 2025), SA enhances the transcription of Na*/H* antiporter (NHX)
genes and antioxidant pathways, strengthening ionic homeostasis and
ROS detoxification under salinity. Such transcriptional activation may
underlie the greater physiological stability observed in the wild species.

JA exhibited a distinctive pattern (Fig. 7g), with concentrations
generally higher under control conditions at most sampling points and
only a transient increase under salt stress at T2. This observation is
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Fig. 8. Schematic representation of hormonal coordination in Solanum pimpinellifolium during the experiment. The arrows indicate modulation or activation of
endogenous hormone levels and the associated promotion of specific physiological or developmental processes.
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consistent with previous reports indicating that JA typically acts as a
short-lived stress signal, showing transient accumulation during the
initial phase of abiotic stress before returning to basal levels to trigger
downstream protective responses, rather than representing a sustained
hormonal adjustment (Munoz-Espinoza et al., 2015). Functionally, both
genetic and physiological evidence demonstrated that JA contributed to
salt tolerance primarily by activating antioxidant defences and coun-
teracting reactive oxygen species (ROS) accumulation (Ahmad et al.,
2018).

In summary, hormonal regulation emerged as a unifying component
linking morphological, physiological, and biochemical resilience in
S. pimpinellifolium L.. The coordinated and timely interplay of ABA, cy-
tokinins, auxin, gibberellins, melatonin, SA, and JA appeared to balance
stress protection with the sustained maintenance of photosynthetic
performance and reproductive development. A schematic representa-
tion of the hormonal coordination proposed for S. pimpinellifolium is
described in Fig. 8. In contrast, S. lycopersicum L. exhibited weaker and
less synchronised hormonal adjustments, which may have limited its
capacity to achieve similar resilience, suggesting that the superior salt
tolerance of the wild species relies on a more integrated and temporally
coordinated hormonal network.

The consistency between our previous in vitro studies (Cialli et al.,
2024; Cialli et al., 2025) and the present in vivo findings confirms the
robustness of the selection strategy adopted in this work. The WR2
accession, which had the highest salt tolerance under controlled in vitro
conditions (Cialli et al., 2025), also maintained superior growth,
biomass accumulation, and reproductive stability in the greenhouse.
This coherence across independent experiments indicates that WR2’s
tolerance is not an artefact of experimental conditions but rather a sta-
ble, genotype-dependent trait (Foolad, 2004). Such validation supports
its use as a reliable model for detailed physiological and hormonal in-
vestigations, demonstrating the effectiveness of multi-step screening
approaches in identifying truly salt-tolerant genotypes.

Finally, the use of 35 % synthetic seawater in a closed-loop hydro-
ponic system provides a proof of concept to explore plant responses to
seawater-derived salinity under controlled conditions. While not an
agronomic recommendation, this approach supports research on circu-
lar water management and highlights the need for future validation
under graded salinity levels and across genotypes (Tomlin et al., 2025).

5. Conclusions

This study integrated morphological, physiological and yield-related
traits with detailed hormonal profiling to investigate the physiological
processes underlying salt stress responses in S. pimpinellifolium L. and
S. lycopersicum L. The wild species mounted a more temporally coordi-
nated response, combining the activation of protective pathways with
sustained support for photosynthesis and reproduction, thereby
achieving superior tolerance compared with the cultivated tomato.
Hormonal regulation emerged as major physiological component link-
ing adaptive traits and this work provides the first physiological
comprehensive evidence that S. pimpinellifolium relies on a synchronised
network of ABA, cytokinins, auxins, gibberellins, melatonin, salicylic
acid and jasmonic acid to sustain its resilience under salinity. The
consistent performance of WR2 across in vitro and in vivo screenings
confirm its stable, genotype-dependent salt tolerance and validates the
multi-step selection strategy used in this work. The experiment, con-
ducted in a greenhouse system closely resembling commercial closed-
loop rockwool cultivation, provided insights under conditions relevant
to horticultural practice that could be deepen in future works. In
particular, the use of 35 % synthetic seawater in a closed-loop hydro-
ponic system represents a proof of concept to explore plant adaptation to
seawater-derived salinity under controlled conditions. Future work
should expand this framework through transcriptomic and metabolomic
analyses to disentangle the genetic and metabolic coordination under-
lying these multi-level responses.
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