Scientia Horticulturae 321 (2023) 112324

Contents lists available at ScienceDirect

Scientia Horticulturae

journal homepage: www.elsevier.com/locate/scihorti

ELSEVIER

Check for

Sodium and chloride accumulation and repartition differed between the ol
cultivated tomato (Solanum lycopersicum) and its wild halophyte relative
Solanum chilense under salt stress

Servane Bigot ™, Markéta Fuksova ", Juan-Pablo Martinez ¢, Stanley Lutts*, Muriel Quinet®"

@ Groupe de Recherche en Physiologie végétale (GRPV), Earth and Life Institute — Agronomy (ELI-A), Université catholique de Louvain, Louvain-la-Neuve, Belgium

Y Laboratory of Growth Regulators, Institute of Experimental Botany of the Czech Academy of Sciences and Department of Chemical Biology, Faculty of Science, Palacky
University, Slechtitelii 27, Olomouc, Czech Republic

¢ Instituto de Investigaciones Agropecuarias (INIA — La Cruz), La Cruz, Chile

ARTICLE INFO ABSTRACT

Keywords:
Halophyte
Na and Cl accumulation

Salinity is of growing global concern and affects the yield of several crop species, including tomato (Solanum
lycopersicum). Halophyte wild relatives could be used to improve salt tolerance of crop species. Among wild
tomato relatives, Solanum chilense was shown to be NaCl-tolerant but its strategy for Na' accumulation and
repartition remained poorly understood, and its Cl accumulation was never investigated. In this study, both
species were cultivated under salinity (0, 60 and 120 mM NaCl) during vegetative and reproductive phases. We
investigated the ion (Na™, K*, C17) accumulation and repartition in the different organs (leaves, stems, roots,
inflorescences), the expression of Na™ and Cl~ transporters in vegetative organs and the role of these ions in
osmotic management. Solanum chilense accumulated mainly Na™ in the shoots while S. lycopersicum accumulated
it mainly in the roots so that the Na* shoot/root ratio was 10 times higher in S. chilense than in S. lycopersicum.
This suggests that S. chilense had an includer strategy while S. lycopersicum had an excluder strategy towards Na™.
The excluder behavior of S. lycopersicum was linked to the high expression of HKT1;2 and SOS pathway genes in
roots. In contrast to Na™, both species accumulated CI™~ in a similar way and Cl~ content was higher in the shoots
than in the roots in both species. In addition, both species limited the entry of Na™ and Cl~ in the inflorescences.
The Na* and CI~ concentrations were respectively about 3 and 2 times lower in the inflorescences than in the
leaves. Ions also contributed to osmotic adjustment, mainly Cl~ in S. lycopersicum and Na* and K in S. chilense.
Overall, our results highlight the salt-tolerance characteristics of S. chilense compared to the cultivated tomato.

Salt stress
tomato
wild relative

1. Introduction water uptake while accumulation of non-essential ions leads to toxicity

by affecting cellular structures and plant metabolism (Munns and Tester

Salinity affects the yield of several plant species and is a growing
global concern in the world (Costan et al., 2020; Yadav et al., 2020).
According to FAO, 2.1% of the dryland agriculture and 19.5% of the
irrigated lands are affected by salinity (FAO 2021). Soil salinity is
described as an increase in soluble salts (mainly NaCl) concentrations in
the soil caused by excessive evaporation compared to precipitations
(Yadav et al., 2020). Soils are classified as saline when their electrical
conductivity is equal to or higher than 4 dS.m ~ ! which is equivalent to
40 mM NaCl (Munns and Tester 2008). Most crop species are glyco-
phytes and their growth and development are strongly hampered by
salinity. Salt stress induces both osmotic and ionic constraints on plants.
A decrease in osmotic potential of the soil solution compromises plant
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2008; Nieves-Cordones et al., 2016). Improving the tolerance of glyco-
phyte crops to salinity is a complex task. Salinity tolerance is a polygenic
trait which is influenced by genetic and environmental factors (Assaha
et al., 2017; Zsogon et al., 2017). Conventional breeding by introgres-
sion of traits of interest is thus difficult because of the risk of loss of
polygenic traits during backcrossing (Frank 2003). Moreover, domesti-
cated plant species have been selected mainly for their high yields,
resulting in low variation in salinity tolerance within species. Another
strategy to develop tolerant crops is de novo selection from wild species
(Zsogon et al., 2017; Li et al., 2018). Crop wild relatives have in general
a higher level of tolerance to abiotic and biotic stress than cultivated
plants.
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The cultivated tomato (Solanum lycopersicum) is a glycophyte spe-
cies, but the tomato clade also includes 12 related wild species growing
in the Andean region of South America. These wild relatives constitute a
potential high source of genetic diversity, especially for stress resistance
(Chetelat et al., 2009; Rothan et al., 2019). Among them, Solanum chi-
lense is a halophyte species originating from Atacama and Peruvian
deserts and different populations have been identified in a variety of
environments (Peralta et al., 2008; Chetelat et al., 2009; Bondel et al.,
2015). Although some studies investigated the response of S. chilense to
salinity (Zhou et al., 2011; Martinez et al., 2014, 2020; Gharbi et al.,
2016, 2017a, 2017b, 2018; Martin-Davison et al., 2017; Kashyap et al.,
2020), its salt tolerance mechanisms remain largely unknown.

Halophytes adopt a wide range of strategies to cope with salt. As far
as Na' accumulation is concerned, some halophyte species (especially
plants from the Poaceae or Amaranthaceae families), are able to accu-
mulate Na™ in specialized papillae or trichomes (Smaoui et al., 2011;
Yuan et al., 2016). Many halophyte species thus behave as « includer »
species, i.e. they accumulate high amount of Na™ in the shoots. Among
wild tomato species S. cheesmaniae, S. peruvianum and S. pennellii are
capable of such a mechanism (Tal et al., 1979; Tal and Shannon 1983;
Almeida et al., 2014). Gharbi et al. (2017a) showed that S. chilense
behaved similarly when subjected to short-term salt stress during
vegetative growth, unlike S. lycopersicum. Sodium is translocated to the
aerial parts of the plant via the transpiration flow in the xylem, but some
transporters are known to mitigate Na™ accumulation in the shoot.
Genes from the SOS (Salt Overly Sensitive) pathway, SOS1, SOS2 and
S0S3, are involved in Na™ exclusion from the cell in several glycophyte
crop species, including tomato (Asins et al., 2013; Assaha et al., 2017;
Basu et al., 2020). The tomato HKT1;2, which belongs to class I-HKT
transporters, is known to play a role in Na™ transport from root to shoot
since it removes Na™ from xylem sap (Almeida et al., 2014; Romer-
o-Aranda et al., 2020).

Most studies investigating the impact of salinity on plants focused on
the accumulation and the toxicity of Na' and neglected the impact of
Cl™. Nevertheless, a few studies investigated the impact of Na* and Cl~
separately in Poaceae by adding a mixture of Na'or Cl salts in culture
media (Tavakkoli et al., 2011; Khare et al., 2020; Prodjinoto et al.,
2021). Those studies showed that barley and rice reacted differently to
the two types of ion, particularly in terms of oxidative stress manage-
ment and photosynthesis-related parameters. However, their results
suggested that the toxic effect of these ions was additive. Although a few
studies investigated the response of S. lycopersicum to Cl™, nothing is
known about Cl™ regulation in S. chilense. Kafkafi et al. (1982) suggested
that Cl™ toxicity could be related to nitrate deficiency in S. lycopersicum
and Estan et al. (2005) observed that NaCl induced an increase in leaf
Na™ and Cl~ contents in this species. Rush and Epstein (1981) observed
that the salt-tolerant S. cheesmaniae was able to accumulate more Cl~ in
shoots than S. lycopersicum. Chloride is a nutrient required for many
functions, such as regulation of leaf size or involvement in the
oxygen-evolving complex in photosystem II (Kawakami et al., 2009;
Franco-Navarro et al., 2016). Chloride can even be necessary for osmotic
adjustment (Chen et al., 2016; Cui et al., 2020). However, the toxicity of
high Cl~ concentration is less well understood than that of high Na*
concentration. Chloride tolerant species seem to accumulate less C1~ in
leaves than sensitive species, although the opposite is sometimes
observed (Teakle and Tyerman 2010; Li et al., 2017). As for Na™, few
species are able to excrete Cl™ in salt glands or in trichomes (Litalien
et al., 2020). Chloride entry into the cell is active (Teakle and Tyerman
2010); some transporters are involved in Cl™ transport, such as NPF2.4
(NRT1/PTR family transporter). Indeed, a loss of function of NPF2.4
induced a decrease of Cl™ in Arabidopsis thaliana shoots (Li et al., 2016).

In this study, we compared the response of S. chilense and
S. lycopersicum to salinity (0, 60, 120 mM NaCl) during both vegetative
and reproductive stages with a special focus on osmotic and ionic (Na™,
K", CI") management. As previously indicated, the physiological
response of S. chilense to NaCl and its Na™ management has mainly been
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studied in response to short-term salt stress during vegetative growth
(Gharbi et al., 2016, 2017a, 2017b, 2018). Furthermore, CI~ accumu-
lation and distribution has never been investigated in this species. This
study will show whether the mechanisms put in place in the short term
remain valid when the plant is subjected to salinity during both vege-
tative and reproductive stages. It aims to answer the following ques-
tions: 1) How Na't, K™ and Cl™ are distributed in the different plant
organs of both species and especially what is the management of these
ions in the inflorescences? Do these species behave as “includer” or
“excluder” towards these elements and especially towards Cl™? 2) Is the
expression of Na® and Cl~ transporters genes linked to Na™ and Cl~
distribution in the plant? 3) Do Na™, K and Cl~ contribute to osmotic
adjustment?

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

Seeds of S. lycopersicum L. cv Ailsa Craig (accession LA2838A) and S.
chilense Dunal (accession LA4107) were obtained from the Tomato Ge-
netics Resource Center (TGRC, University of California, Davis, CA, USA)
and INIA-La Cruz (La Cruz, Chile), respectively. After 6 days pre-
germination in Petri dishes on moistened Whatman filter paper
(25 °C, 12 h photoperiod), seeds of S. chilense were sown in peat compost
(DCM, Amsterdam, The Netherlands) in a temperate greenhouse. Seeds
of Solanum lycopersicum were sown in the same peat compost and in the
same greenhouse 13 days after the sowing of S. chilense, so that the same
developmental stage was reached at the start of stress application for the
two species. Environmental conditions in the greenhouse were as
following: 24 °C + 1.5 °C / 21 °C + 0.8 °C day/night temperature, 63%
+ 8% / 67% + 5% day/night relative humidity, 16h-photoperiod pro-
vided by LED LumiGrow lights (650 W, red-blue) additional lighting
(minimum mean light in the middle of the day 180 pmol m ~ 25 ~ 1). At
the two-leaf stage, plants were individually transplanted in pots (2.5 L)
in perlite/vermiculite (50% v/v) and watered three times a week with a
half strength Hoagland’s nutrient solution according to Bigot et al.
(2022). After four days of acclimation, plants were randomly divided
into three groups receiving 0, 60 or 120 mM NaCl (respectively, 0.96,
7.33 and 9.38 mS cm1). In total, there were 25 plants per treatment and
per species. The plants were arranged in a split-plot design with 5 plants
per tray (each plant in a tray receiving the same treatment) but the
treatments varied between neighboring trays. The NaCl was added in the
nutrient solution and the plants were watered with the solutions three
times a week according to Bigot et al. (2022). The NaCl concentrations
were selected based on previous experiments to simulate a moderate and
a strong salt stress.

2.2. Growth measurements

The number of leaves and inflorescences on the main stem was
counted once a week on 6 plants per treatment and per species
throughout the experiment. Three plants per treatment and per species
were harvested at two developmental stages: i) 35 days after stress
imposition (DASt) at early flowering stage, and ii) 85 DASt, at full
bloom. These plants were used to determine the total number of leaves
per plant (excluding falling leaves), the total leaf area per plant, and the
plant fresh (FW) and dry (DW) weights. Each leaf was photographed
(Lumix, Panasonic DMC SZ-10) and the pictures were analysed with
ImageJ (v1.53a) to determine the leaf area of each leaf. The total leaf
area per plant was calculated by adding up the individual area of each
leaf. For each plant, the different organs (leaves, stems and roots) were
separated and the FW of each organ was measured separately. The DW
of each organ was measured after drying 72 h in an oven at 70 °C.
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2.3. Plant water status and photosynthesis-related parameters

Based on the FW and DW measurements, the water content (WC) of
the different organs (leaves, stems, roots) was calculated for plants
harvested at 35 and 85 DASt, using the formula WC=(FW-DW)/FW)
*100). Leaf osmotic potential (¥s) was quantified on the extracted
tissular sap from the first fully expanded leaf (counted from the apex) of
three plants per treatment and per species (plants harvested at 85 DASt),
using a vapor pressure osmometer (Wescor 5500, Oceanside, CA, USA),
as previously described (Prodjinoto et al., 2021).

Physiological parameters were measured on the fourth fully
expanded leaf (counted from the apex) of six plants per treatment and
per species at early flowering stage and during full bloom. The instan-
taneous COs assimilation under ambient conditions (400 ppm CO53) (A),
the instantaneous transpiration (E) and intercellular CO, concentration
(Ci) were quantified using an infrared gas analyzer (ADC BioScientific
LCI-SD System Serial 33,413, Hoddesdon, UK). Gas exchanges were
measured using a Parkinson leaf cuvette on intact leaves for 1 min (20
records min~?) with an air flow of 300 mL min~". Chlorophyll fluores-
cence parameters (maximum quantum yield of photosystem II, F,/Fy,,
non-photochemical quenching, NPQ, photochemical quenching, qP, ef-
ficiency of photosystem II, ®pg;) were measured using a fluorimeter
(FMS II, Hansatech Instruments, Norfolf, UK) according to Prodjinoto
et al. (2021). Chlorophyll content index (CCI) was measured using a
chlorophyllometer (Opti-Sciences, CCM-200, Hudson, USA) on the same
leaves (fourth fully expanded leaf of six plants per treatment and per
species). Three measurements were taken per leaf and averaged to avoid
heterogeneity due to the leaf portion.

2.4. Leaf anatomy

Transversal sections of leaflets were performed on the first expanded
leaf (from the top) of three plants per treatment and per species har-
vested at 85 DASt. Samples were fixed in FAA (70% ethanol:acetic
acid:35% formaldehyde 18:1:1 vol.), dehydrated in a graded ethanol
series, embedded in paraffin and sectioned at 7 um according to Quinet
et al. (2006). Serial transversal sections were stained with safranin/fast
green and observed with a light microscope (Polyvar Reichert-Jung)
equipped with camera (sSCMEX-6, Euromex). The thickness of the leaf
blade, palisade parenchyma and spongy parenchyma, as well as the
diameter of the xylem vessel elements were measured using Image-
FocusAlpha software. The ratio between the thickness of the spongy
parenchyma and the mesophyll (palisade + spongy parenchyma) was
calculated.

2.5. Soluble sugars and proline quantification

Leaves of three plants per treatment and per species were harvested
at 85 DASt and grounded separately in liquid nitrogen. Total soluble
sugars were spectrophotometrically quantified from 100 mg fresh ma-
terial using anthrone method (Yemm and Willis 1954) after extraction
with ethanol 70% (v/v). The absorbance was measured at 625 nm using
a UV-1800 spectrophotometer (Shimadzu, ‘s-Hertogenbosch, the
Netherlands) and soluble sugars quantification was determined using a
standard curve of glucose.

Proline was quantified according to Bates et al. (1973) from 200 mg
of frozen fresh grounded material. Briefly, proline was extracted in 3%
(w/v) sulfosalicylic acid with incubation 30 min at 70 °C. After filtration
(Whatman, 11 um), 2 mL of ninhydrin solution (1.25 g of ninhydrin in
30 mL glacial acetic acid and 20 mL of H3PO4 6 M) were added to the
same volume of supernatant and kept at 100 °C for 1 hour. Reaction was
stopped on ice then 2 mL toluene were added. Absorbance was read at
520 nm after strong vortex of the samples.
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2.6. Mineral quantification

Na™, K™ and Cl~ were quantified on stems, leaves and roots of three
plants per treatment and per species (harvested at 35 and 85 DASt) and
on inflorescences harvested throughout the experiment. Mineralization
and quantification were performed according to Prodjinoto et al. (2021).
Material was oven-dried at 70 °C for 72 h. For Na* and K* determina-
tion, 50 to 100 mg DW were weighted and digested in 4 mL of warm 68%
(v/v) HNOs. After complete dissolution, minerals were dissolved in aqua
regia (HCl 37%: HNO3 68% 3:1), filtered (Whatman, 11 um) and
quantified by flame atomic absorption spectrophotometry (ICE 3300,
Thermo Scientificc Waltham, MA) wusing standards (Spec-
tracer-CPACHEM; accredited through ISO/IEC17025). For Cl™ deter-
mination, 20 mg DW were stirred during 48 h in 40 mL HNO3 0.05%
(v/v) according to Hamrouni et al. (2011). After filtration (Whatman,
11 pm), samples were quantified by liquid chromatography
(HPLC-Dionex ICS2000, Dionex Corporation, Sunnyvale, Calif., USA)
according to Irakoze et al. (2019). The ion concentrations were
expressed on DW basis. To calculate the ratio of the ion quantities be-
tween organs, the ion quantity for a specific organ was calculated as
followed: ion concentration of the organ x DW of the same organ.

2.7. SEM-EDX

The first fully expanded leaf of 3 plants grown at 0 and 120 mM NaCl
of both species was harvested at 85 DASt. The elemental composition
(Na™, CI", K) of the epidermis surface (0.5 cm? leaf squares) was
analyzed by scanning electron microscopy and energy dispersive X-Ray
spectroscopy (SEM-EDX, Jeol 7500F Field Emission SEM) (Luyckx,
2021). Samples were freeze-dried, mounted on slides with double-sided
carbon tape before coating with gold. Back-scattered electron SEM im-
ages were acquired at an accelerating voltage of 5 - 15 kV and EDX
spectra acquisition time was 983 s. General views of 600x800 um were
taken, as well as spot analyses on the most basal cell of a trichome and on
an epidermal cell. ZAF correction was applied to convert ray peak in-
tensity into semi-quantitative concentrations. Semi-quantitative results
were given by the ratio between the mass percentage of each element
and the sum of the C and O percentages (% mass element / (% mass C
+% mass 0)).

2.8. Expression of genes coding for Na* and Cl~ transporters

The expression of six genes coding for Na* and Cl~ transporters was
analyzed by qRT-PCR (quantitative real-time polymerase chain reac-
tion). Genes were selected according to literature: SOS1 (Sol-
yc01g005020), SOS2 (Solyc012g009570) and SOS3 (Solyc06g051970)
(Olias et al., 2009; Belver et al., 2012; Ji et al., 2013), HKT1;2 (Sol-
yc07g014680) (Almeida et al., 2014), and NPF2.4 (Solyc11g072580)
(Lietal., 2016). In order to verify that the primers allowed amplification
in both tomato species, the sequences of the different tomato species
were identified by nucleotide BLAST in the databases of the national
center for biotechnology information (NCBI) and the solanaceae geno-
mics network (SGN) and the identified sequences were aligned using
BioEdit (Hall 1999). Primers were selected from the literature (Asins
etal., 2013; Romero-Aranda et al., 2020) or designed using Primer3Plus
(Untergasser et al., 2007). The analyzed genes, reference IDs in
S. lycopersicum and S. chilense and primer sequences are available in
Table S1.

The sixth youngest leaf, the part of stem in front of this leaf and the
secondary root from the first node of 3 plants per treatment and per
species were collected in liquid nitrogen at 85 DASt for RNA extraction
(RNA extractions were performed separately for each plant and organ).
RNA extraction was performed using TRI Reagent Solution (Ambion,
Austin, TX, USA) with DNase treatment (RQ1 DNase 1 U/ug Promega,
Leiden, The Netherlands) according to the manufacturer’s instructions.
First-strand cDNA was synthesized from 1 pg RNA using the Revertaid H



S. Bigot et al.

Minus First Strand cDNA Synthesis Kit (ThermoFischer). The concen-
tration and purity of the RNA were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Scientific, Villebon-sur-Yvette,
France). The quality of cDNA was checked by semi quantitative PCR
using the tomato housekeeping genes LeEFI1-a (Solyc06g005060) and
checked on gel prior qPCR analysis. Transcript levels were quantified in
two independent qPCR (in triplicates for each of the three biological
replicates) using the GoTaq qPCR Master Mix (Promega) in a StepOne-
Plus Real-Time PCR system (Applied Biosystems, Foster City, CA, USA).
Cycling conditions were initial denaturation 10 min at 95 °C, then 40
cycles of 15 s at 95 °C and 1 min at 60 °C. Results were expressed ac-
cording to calibration curve method using the tomato housekeeping
genes LeEF1-a (Elongation factor 1-alpha, Solyc06g005060) and TIP41
(TIP41-like protein, Solyc10g049850) as reference genes (Leelatanawit
etal., 2017) and the leaves of S. lycopersicum under control conditions as
control. A melt-curve analysis was performed to check the specific
amplification of each primer.

2.9. Statistical treatments

All statistical treatments were analyzed using RStudio (R Core Team,
2017). Normality distribution and homoscedasticity were verified using
respectively Shapiro-Wilk and Levene’s test and data were transformed
when required. When possible, two-ways analysis of variance (ANOVA
II) was used to compare species, NaCl treatments and their interactions.
Comparisons between the two species were analyzed using Student’s
test, permutation Student’s t-test (if normality was not met) or Wilcoxon
test (if homoscedasticity was not met). For a same species, comparisons
between NaCl treatments were analyzed using one-way analysis of
variance (ANOVA I), ANOVA I using permutation test (if normality was
not met) or Kruskal-Wallis test (if homoscedasticity was not met) fol-
lowed by appropriate post-hoc tests. To compare the evolution of pa-
rameters between the two dates of measurements, a Student’s test was
applied. If normality or homoscedasticity were not met, a permutation
Student’s test or a Wilcoxon test were respectively applied. Data were
represented by the means =+ standard deviation. Statistical results are
presented in Table S2.
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3. Results
3.1. Impact of salinity on plant growth

Plant DW was recorded higher in S. lycopersicum than in S. chilense,
even under salt conditions (Fig. 1A, Table S2). However, the distribution
of DW between organs differed little between species with the exception
of roots (Fig. 1B, Table S2). The total leaf area per plant was also higher
in S. lycopersicum compared to S. chilense, despite a smaller number of
leaves per plant at the end of the experiment (Fig. 1C, D, Table S2).
Solanum lycopersicum produced also more inflorescences but less rami-
fications on the main stem than S. chilense (Fig. 1E, F, Table S2).

The negative impact of salt on plant development significantly
increased with time in both species (Fig. 1). At 35 DASt, salt had only a
slight effect on plant DW at 120 mM NaCl in S. lycopersicum, whereas at
85 DASt, plant DW significantly decreased with NaCl concentrations in
both species although more drastically in S. lycopersicum than in
S. chilense (Fig. 1A, Table S2). Moreover, salt affected the DW distribu-
tion among organ only in S. lycopersicum at 85 DASt (Fig. 1B, Table S3).
On the same way, salt reduced the total leaf area per plant in
S. lycopersicum at 35 DASt and in both species at 85 DASt (Fig. 1C).
However, the total number of leaves per plant was only reduced by salt
at 85 DASt in S. chilense (Fig. 1D, Table S2). The number of in-
florescences on the main stem slightly increased with salt in S. chilense at
35 DASt but decreased with NaCl concentrations in both species at 85
DASt (Fig. 1E, Table S2). In contrast to the other parameters, the number
of ramifications on the main stem decreased with NaCl in both species as
early as 35 DASt (Fig. 1F, Table S2).

3.2. Impact of salinity on mineral concentrations

3.2.1. Sodium

Both species differed by their accumulation and repartition of Na™.
NaCl increased Na* concentrations in both species, irrespective of date
and organ (Fig. 2A - D, Table S2). Solanum chilense accumulated more
Na™' than S. lycopersicum at the plant level, with greater Na* accumu-
lation at root level in S. lycopersicum and at shoot level in S. chilense.
Consequently, the highest Na™ concentration in S. lycopersicum was
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Fig. 2. Effect of salt stress (0, 60 and 120 mM NaCl) on mineral (Na*, K¥, C17) concentrations in Solanum lycopersicum and Solanum chilense at 35 and 85 days after
stress imposition (DASt). (A-D) Na'concentrations, (E-H) K concentrations, (I-L) Cl concentrations in the roots (A, E, I), stems (B, F, J), leaves (C, G, K) and in-
florescences (D, H, L). Data are means + SD. Different letters indicate significant differences (p < 0.05) between treatments for a same species on the same date.
Asterisks indicate significant differences (p < 0.05) between species for a same treatment on the same date.

observed in roots and the highest Na® concentration in S. chilense was
observed in stems (Fig. 2A, B). The ratio of Na* quantities between
shoots and roots was 10 times higher in S. chilense than in S. lycopersicum
at any date (Fig. 3A, Table S2). However, the ratio of Na™ quantities
between leaves and stems was 2 times higher in S. lycopersicum than in
S. chilense at 85 DASt (Fig. 3D, Table S2). The Na' concentration in the
inflorescences was lower than in the other organs in both species but it
was higher in S. chilense than in S. lycopersicum under salinity (Fig. 2D,
Table S2). The ratio of Na™ quantities between leaves and inflorescences
increased significantly with salt in S. lycopersicum but not in S. chilense
(Tables 1, S2).

3.2.2. Potassium

Regardless the date, and considering all NaCl conditions, the K"
concentration was higher in the shoots than in the roots in both species
(S. lycopersicum, F = 27.653, p < 0.001, S. chilense, F = 18.82, p < 0.001,
Fig. 2E, F, G). Differences between species for K™ concentration was only
observed in stems at 35 DASt (Fig. 2F, Table S2). The K concentration
in the inflorescences was lower than in the other aerial organs

(S. lycopersicum, F = 2.855, p < 0.05, S. chilense, F = 12.895, p < 0.001),
and higher in S. chilense than in S. lycopersicum (Fig. 2H, Table S2). NaCl
affected the K* concentration in the different organs, following a
different pattern depending on species, date and organ (Fig. 2E, F, G,
Table S2). It decreased K' concentration in stems of both species at all
dates, in roots of S. lycopersicum at 35 DASt, in leaves of S. lycopersicum at
35 DASt, and in leaves of S. chilense at 85 DASt. However, the K con-
centration in the inflorescences was only slightly affected by salinity
(Fig. 2H, Table S2). Regarding organ ratios, salinity only decreased the
ratio of K™ quantities between shoots and roots in S. lycopersicum at 85
DASt (Fig. 3B, Table S2).

Regarding the Na*/K' ratio, it was higher in S. chilense than in
S. Lycopersicum for leaves and stems at 35 DASt while it was higher in
S. lycopersicum than in S. chilense for the roots at both dates (Tables 1,
$2). In inflorescences, Na™ /K" ratio was similar between species (Ta-
bles 1, S2). NaCl increased the Na*/K ' ratio in all organs of both species,
except in inflorescences of S. lycopersicum and in roots of S. chilense
(Tables 1, S2).
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3.2.3. Chloride

Regardless of the date, and considering all the conditions, the Cl~
concentration was similar among vegetative organs (F = 0.398, p =
0.672, Fig. 21, J, K). However, the Cl™ concentration was lower in the
inflorescences than in the other organs (Fig. 2L). NaCl increased Cl™
concentration in all organs of both species regardless of the date (Fig. 21-
L, Table S2). At 120 mM NaCl, the Cl™ concentration was higher in the
roots and the stems of S. chilense 85 DASt while it was lower in their
inflorescences compared to S. lycopersicum. Salinity did not affect CI™
ratios between shoots and roots, leaves and stems, or leaves and in-
florescences in any species (Fig. 3C, F, Table 1, Table S2).

The Na*/Cl™ ratio was higher in S. chilense stems at 35 DASt and in
leaves at 85 DASt compared to S. lycopersicum while it was higher in the
roots of S. lycopersicum than in those of S. chilense (Tables 1, S2). NaCl
increased the Na*/Cl™ ratio in leaves and stems of S. lycopersicum at 35
DASt and in leaves of S. chilense at 85 DASt (Tables 1, S2). This ratio also
increased with NaCl in S. chilense inflorescences but decreased in
S. chilense roots at 85 DASt (Tables 1, S2).

3.3. Impact of salinity on elemental composition of epidermal cells and
trichomes

SEM-EDX was used to quantify elements (Na*, K, C17) on the leaf
surface (Figure S1, Table 2). The ratio of CI~ content between epidermal
cells and trichomes was higher in S. chilense than in S. lycopersicum
(Tables 2, S2). This ratio was only increased by salt in S. chilense. In this
species, Cl “content was more than 3 times higher in epidermal cells
than in trichomes (Tables 2, S2). However, salinity did not affect the
ratio between epidermal and trichome cells for any other element (Ta-
bles 2, S2).

3.4. Impact of salinity on the expression of Na™ and Cl~ transporters

The expression of four genes coding for Na™ transporters (SOSI,
SOS2, SOS3, HKT1,;2) and a gene coding for Cl~ transporter (NPF2.4)
was compared in the different organs (roots, stems, leaves) of
S. lycopersicum and S. chilense (Fig. 4).

Regarding the SOS pathway, SOS genes were expressed in all organs
in both species although some differences were observed among organs
and species (Fig. 4A-C, Table S2). Their expression was affected by
salinity, particularly in S. lycopersicum (Fig. 4A-C). Indeed, NaCl
increased the expression of SOS1 in all organs of S. lycopersicum but not
in S. chilense (Fig. 4A, Table S2). NaCl increased the expression of SOS2
in stems of both species and in leaves of S. lycopersicum while it
decreased it in leaves of S. chilense (Fig. 4B, Table S2). NaCl also
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Table 2

Effect of salt stress (0 and 120 mM NaCl) on the ratio of element content between
trichome basal cells and epidermal cells measured by scanning electron micro-
scopy and energy dispersive X-Ray spectroscopy.

S. lycopersicum S. chilense
ratio ion 0 mM 120 mM 0 mM 120 mM
epidermal cell/ Na 1.20 1.17 0.72 0.71
trichome +1.42° +0.17° +0.90* +0.67%
epidermal cell/ K 1.26 1.08 1.07 1.90
trichome +0.27° +0.18° +0.05" +1.10%
epidermal cell/ Cl 1.27 1.53 1.51 3.12
trichome +0.28° +0.36 +0.39° +0.57%

Data are means +SD. Different letters indicate significant differences (p < 0.05)
between treatments for a same species.

increased SOS3 expression in roots and leaves of S. lycopersicum and
decreased the expression of SOS3 in the leaves of S. chilense (Fig. 4C,
Table S2).

In contrast to the SOS pathway, the expression of HKT1;2 was almost
not affected by salinity but its expression strongly depended on the or-
gans (Fig. 4D). HKT1;2 was mainly expressed in the roots regardless of
the species.

Regarding Cl™ transport, the expression of NPF2.4 was higher in
roots than in the other organs in S. chilense, (F = 8.679, p < 0.001) but
was similar in all organs in S. lycopersicum (F = 0.626, p = 0.538,
Fig. 4E). Its expression was not affected by salinity except in the leaves of
S. chilense (Fig. 4E, Table S2).

3.5. Impact of salinity on physiological parameters

3.5.1. Photosynthesis-related parameters

The chlorophyll content (CCI) was higher in S. lycopersicum than in
S. chilense at all dates (Tables 3, S2). It was not affected by salinity except
for S. lycopersicum where it increased with salt at 70 DASt (Tables 3, S2).

Some chlorophyll fluorescence parameters differed between species
(Table 3, S2): Fy/Fy, was lower in S. lycopersicum than in S. chilense at all
dates, NPQ was lower in S. lycopersicum than in S. chilense at 27 DASt,
and qP was higher in S. lycopersicum than in S. chilense at 27 DASt.
Salinity did not affect chlorophyll fluorescence parameters except Fy/Fpy,
that decreased under salt stress in S. lycopersicum at 70 DASt (Table 3,
S2).

Regarding gas exchanges, A was higher in S. chilense than in
S. lycopersicum at 27 DASt but this difference was not observed at 70
DASt (Fig. 5A, Table S2). However, Ci was similar in both species at all
dates (Fig. 5B, Table S2). Salinity decreased Ci in S. lycopersicum 27 DASt

Table 1
Effect of salt stress (0, 60 and 120 mM NacCl) on ratios of ion concentrations between organs at 35 and 85 days after stress imposition (DASt).
S. lycopersicum S. chilense
organs ion DASt 0 mM 60 mM 120 mM 0 mM 60 mM 120 mM
leaves/inflorescences Na 85 2.04+1.26° 4.49+1.417 2.37+2.40%° 1.14+0.46% 2.13+2.00% 6.03+3.17*
cl 85 1.7041.972 3.23+0.49° 1.2840.172 1.344+0.53% 1.1540.92% 3.87+1.77%
K 85 1.52:+0.10% 1.51+0.472 1.18+0.172 1.61:+£0.09* 1.21+0.18* 1.34:+0.33%
leaves Na/K 35 0.02+0.01° 0.20+0.02° 0.29+0.05° 0.05+0.02°¢ 0.31+0.03% 0.45+0.12"
85 0.03+0.02° 0.31+0.04% 0.32+0.08° 0.03+0.028 0.31+0.12% 0.55+0.13"
stems Na/K 35 0.02+0.00° 0.19+0.01° 0.28+0.06° 0.06+0.02¢ 0.43+0.04% 0.94+0.074
85 0.04+0.02° 0.33+0.05° 0.39+0.09° 0.06+0.05% 0.59+0.0248 2.20+1.26"
roots Na/K 35 0.1240.03° 0.8140.12° 0.8940.04° 0.06+0.01°¢ 0.2740.08% 0.78+0.12"
85 0.37+0.16° 0.81+0.13% 1.1040.08? 0.15+0.14" 0.51+0.20% 0.60+0.20"
inflorescences Na/K 85 0.03+0.02° 0.10+0.02° 0.27+0.18° 0.01+0.01% 0.27+0.18* 0.13+0.0248
leaves Na/Cl 35 0.1240.04¢ 0.2540.01° 0.3540.02° 0.2440.25" 0.56+0.39" 0.4240.06"
85 0.17+0.08? 0.35+0.03% 0.38+0.17° 0.29+0.118 0.73+0.08* 0.57+0.06"
stems Na/Cl 35 0.09+0.02° 0.3740.04° 0.3740.04° 0.7240.47% 0.64+0.374 0.81+0.13*
85 0.75+0.69° 0.57+0.05° 0.48+0.09° 0.66+0.17* 0.64+0.06" 0.8140.09"
roots Na/Cl 35 0.49+0.322 0.50+0.22? 0.5440.14° 0.16+0.06" 0.2640.07* 0.30+0.18"
85 3.37+2.71% 0.58+0.06° 0.69+0.08° 0.65+0.23" 0.29+0.08%8 0.19+0.08%
inflorescences Na/Cl 85 0.13+0.14° 0.27+0.09° 0.28+0.12° 0.09+0.06® 0.91+0.61% 0.41+0.25"8

Data are means +SD. Different letters indicate significant differences (p < 0.05) between treatments for a same species on the same date.
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Fig. 4. Effect of salt stress (0 and 120 mM NaCl) on the relative expression of
genes coding for Na* or Cl~ transporters in roots, stems and leaves of Solanum
lycopersicum and Solanum chilense. (A) SOS1 (Salt Overly Sensitive 1, Sol-
yc01g005020), (B) SOS2 (Salt Overly Sensitive 2, Solyc12g009570), (C) SOS3
(Salt Overly Sensitive 3, Solyc06g051970), (D) HKT1,2 (class I - High affinity K+
transporter 2, Solyc07g014680), (E) NPF2.4 (NRT1/PTR 2.4, Solyc11g072580).
The tomato elongation factor gene (LeEF-1a, Solyc06g005060) and TIP41-like
protein (TIP41, Solyc10g04985) were used as reference genes. Gene expres-
sion was expressed relative to expression is the leaves of S. lycopersicum grown
at 0 mM NacCl, to which a value of 1 was assigned. Data are means +SD.
Different letters indicate significant differences (p < 0.05) between treatments
for a same species and organ. Asterisks indicate significant differences (p <
0.05) between species for a same treatment and organ.

and A in both species at 120 mM NaCl 70 DASt (Fig. 5A, B, Table S2).

3.5.2. Plant water status

Instantaneous transpiration (E) and stomatal conductance (g;) were
about 2 times higher in S. chilense than in S. lycopersicum whatever the
date (Fig. 5C, D, Table S2). Both parameters decreased with salinity in
the two species whatever the date (Fig. 5C, D, Table S2).

The WC varied between species depending on the organs (Fig. 6A-C,
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Table S2) and it decreased with time in both species whatever the organ
(Fig. 6, Table S4). The effect of salt on WC depended on the organ and
the species (Fig. 6A-C, Table S2). Salinity decreased root WC 35 DASt in
S. chilense and 85 DASt in S. lycopersicum (Fig. 6A), stem WC 35 DASt in
S. lycopersicum (Fig. 6B), but did not affect leaf WC whatever the species
(Fig. 6C).

Osmotic potential was lower in S. lycopersicum than in S. chilense and
decreased progressively with salinity in both species (Fig. 6D, Table S2).
In response to osmotic stress, proline concentration increased with salt
in both species (Fig. 6E, Table S2). This increase was more gradual in
S. chilense than in S. lycopersicum. In contrast, the concentration of sol-
uble sugars was not affected by salinity (Fig. 6F, Table S2).

3.6. Impact of salinity on mesophyll structure

Histological modifications were observed in response to salinity in
the leaves, but these differed between species (Fig. 7). The leaf blade was
thicker in S. lycopersicum than in S. chilense due to a greater thickness of
the palisade and spongy parenchyma (Fig. 7A-C, Table S2). The xylem
vessels were also wider in S. lycopersicum than in S. chilense (Fig. 7E,
Table S2). Salt increased leaf blade thickness in S. chilense but not in
S. lycopersicum (Fig. 7A, Table S2). While the thickness of spongy pa-
renchyma was not affected, salinity decreased the thickness of palisade
parenchyma in S. lycopersicum and increased it in S. chilense (Fig. 7B-C,
Table S2). The relative importance of the spongy parenchyma thus
increased only in S. lycopersicum (Fig. 7D, Table S2). The diameter of
xylem vessels decreased with salt in both species, although more
markedly in S. lycopersicum (Fig. 7E, Table S2).

4. Discussion

A schematic representation of the response of both species to salinity
regarding ionic and osmotic components is available in Fig. 8.

4.1. Growth is affected differently by NaCl in both species

Our results showed that salinity reduced plant growth in both spe-
cies, although the response differed between species depending on the
stress duration. In accordance with previous results (Gharbi et al., 2016,
2017b; Martinez et al., 2014), no decrease in S. chilense growth was
observed at vegetative stage. However, at reproductive stage, DW was
reduced in both species. This shows that the response of S. chilense to
salinity differed between short- and long-term stress. Even halophyte
plants need to produce osmotic protectants and antioxidants: a reallo-
cation of resources to metabolism at the expense of growth is therefore
inevitable (Flowers et al., 2015; Arbelet-Bonnin et al., 2020).

The present work demonstrates that the reduction of plant growth
induced by salt was related to a reduction in leaf production, but above
all to a reduction in branching and leaf area. Salt decreased plant
branching and leaf area in other plants such as Limonium linifolium or
Lippia gracilis (Tabot and Adams 2014; Oliveira et al., 2019). We could
hypothesize that the reduction of branching could enable to decrease the
strength of Na sinks in order to limit the entry of toxic ions. Indeed, the
entry of Na' ions via the xylem is linked to the transpiration stream
(Munns and Tester 2008). Thus, decreasing the number of Na sinks, or
transpiring leaf area, would limit the entry of Na® in the aerial parts. The
decrease of growth in S. lycopersicum could also be explained by the
strong decrease in the diameter of the xylem vessels which can affect the
transport of water and nutrients and consequently growth (Naz et al.,
2022).

Salt affected reproductive growth in both species, as illustrated by
the decrease in the number of inflorescences on the main stem. The
reproductive phase is affected in numerous plants subjected to salinity,
including true halophytes such as Crithmum maritimum (Ventura et al.,
2014). This could be explained by the competition for assimilates be-
tween reproductive organ development and plant defense mechanisms
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Table 3
Effects of salt stress (0, 60 and 120 mM NaCl) on physiological parameters of Solanum lycopersicum and Solanum chilense at 27 and 70 days after stress imposition
(DASt).

DASt S. lycopersicum S. chilense

parameter 0 mM 60 mM 120 mM 0 mM 60 mM 120 mM

cal 27 9.69+9.572 5.05+6.74% 6.58+10.68% 4.3142.12% 4.66+1.05" 2.05+0.17%
cal 70 20.79+3.06° 37.694+12.3% 29.63+12.34% 7.96+4.54" 5.59+3.44% 8.47+5.73"
Fv/Fm 27 0.881+0.004° 0.883+0.004° 0.878+0.007° 0.908+0.012* 0.893+0.004" 0.894+0.011%
Fv/Fm 70 0.883+0.010%° 0.88840.004° 0.87040.009° 0.897+0.006" 0.88840.013" 0.884+0.010*
GPSII 27 0.818+0.015° 0.82740.02% 0.81+0.015% 0.82240.054" 0.75440.108" 0.75140.104"
¢PSIT 70 0.830+0.011% 0.788+0.066° 0.744+0.092° 0.808£0.048" 0.79740.047% 0.786+0.094"
NPQ 27 0.21+0.06% 0.18+0.03% 0.24+0.06° 0.39+0.16" 0.35+0.14% 0.28+0.05"
NPQ 70 0.19+0.03% 0.23+0.13% 0.27+0.22° 0.17+0.04" 0.3 +0.14* 0.33+0.08"
qP 27 0.96+0.01% 0.96+0.02° 0.96+0.01° 0.9140.06" 0.8840.12% 0.87+0.12*
qP 70 0.97+0.01% 0.91+0.07° 0.86+0.08° 0.9240.06" 0.9340.03* 0.93+0.09"

Data are means +SD. Different letters indicate significant differences (p < 0.05) between treatments for a same species on the same date.
CCI, chlorophyll content index; DASt, days after stress imposition; Fv/Fm, maximum quantum efficiency of PSII photochemistry; NPQ, non-photochemical quenching;

$PSII, quantum efficiency of PSII; gP, photochemical quenching.
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(Venturaetal., 2014; Liu et al., 2019). Another explanation can be found
in water management: the high water cost during anthesis could not be
achieved due to decreased transpiration (Roddy et al., 2016), especially
in S. lycopersicum.

4.2. Ion distribution is differently managed in both species

To limit the negative impact of toxic elements, some species limit
their transfer to the shoot (“excluder” strategy) while other species cope
with the accumulation and sequestration of the toxic elements within
the shoot (“includer” strategy). Here, we observed that S. lycopersicum
and S. chilense differed regarding their accumulation of Na* and Cl~ and
the expression of genes coding for transporters. No salt gland or bladder
were found on the adaxial leaf surface in either species.

4.2.1. S. lycopersicum behaved as an excluder of Na+ and S. chilense as an
includer

Our results showed that Na* was mainly accumulated in the roots in
S. lycopersicum and in the shoots in S. chilense throughout the experi-
ment. Gharbi et al. (2017b) previously observed a similar behavior
under short-term stress (7 days at 125 mM NaCl). This led us to conclude
that S. lycopersicum and S. chilense were “excluder” and “includer” spe-
cies respectively. The two types of strategy require energy and thus have
a metabolic cost. It occurs that a given plant species may shift from one
strategy to the other considering the duration of stress exposure and the
cost of regulation of ion transport and sequestration, especially in rela-
tion to the capacity of Na™ storage in aerial parts (Munns et al., 2020).
Nevertheless, according to our results, excluder and includer strategies
of the two considered species seem to be maintained in long-term stress.

The includer strategy was observed in other tomato wild species in

response to salinity (Tal et al., 1979; Tal and Shannon 1983; Almeida
et al., 2014). For example, Solanum pennellii was shown to accumulate
more Na than S. lycopersicum under salt stress, and it was linked to a
different affinity of HKT1;2 in both species toward Na' (Almeida et al.,
2014). In the same way, in S. cheesmaniae, silencing of HKT1,2 led to an
enhanced Na accumulation in shoots (Romero-Aranda et al., 2021). In
our study, HKT1;2 expression was very high in roots of S. lycopersicum
compared to other organs and was also higher than in S. chilense. HKT1;2
is involved in retrieval of Na™ from the xylem sap (Almeida et al., 2014).
Thus, S. lycopersicum would be able to limit Na™ accumulation in shoots,
notably thanks to the high root expression of HKT1;2. Moreover, salt
increased the expression of genes from the SOS pathway in the roots of
S. Lycopersicum but not in the roots of S. chilense. The SOS pathway is
involved in Na™ extrusion (Ji et al., 2013). The increase of SOSI and
S0S3 expression in roots of S. lycopersicum suggests that Na™ was
excluded from the roots by the SOS pathway, in addition to an exclusion
out of aerial parts. However, despite the increase of expression of SOS
pathway genes in roots of S. lycopersicum, Na' concentration increased
in this organ, thus suggesting that the exclusion process ensured by SOS1
might be saturated in the glycophyte species for the considered NaCl
doses (Nieves-Cordones et al., 2016).

As an includer species, S. chilense accumulated more Na™ in the shoot
than S. lycopersicum, particularly in stems. This suggests that S. chilense
protected the photosynthetically active tissues by sequestering Na* in
the stems, a strategy that was not observed in S. lycopersicum in our
study. Olias et al. (2009) however reported that the Na® sensitivity of
SOS1 silenced plants correlated with higher accumulation of Na™ in
leaves and roots, but lower contents in stems. However, despite its role
in the partitioning of the toxic ion between plant organs and the
exclusion of Na™ out of the leaves (Ji et al., 2013), the expression of SOS
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Fig. 6. Effect of salt stress (0, 60 and 120 mM NaCl) on
water status-related parameters in Solanum lycopersi-
cum and Solanum chilense at 35 and 85 days after stress
imposition (DASt). (A-C) Water content in (A) roots, (B)
stems, and (C) leaves. (D) Osmotic potential, (E) con-
centration of proline and (F) concentration of soluble
sugars. Data are means + SD. Different letters indicate
significant differences (p < 0.05) between treatments
for a same species on the same date. Asterisks indicate

significant differences (p < 0.05) between species for a

A same treatment on the same date.

Fig. 7. Effect of salt stress (0, 60 and 120 mM NacCl) on
mesophyll characteristics of Solanum lycopersicum and
Solanum chilense (A) Thickness of the limb, (B) thick-

ness of the palisade parenchyma, (C) thickness of the
+ ‘} spongy parenchyma, (D) ratio between the thickness of
the spongy parenchyma (sp) and the sum of the spongy
and the palisade (pp) parenchyma thickness, (E)
diameter of the xylem vessel elements, (F) transversal

section of a leaflet of S. lycopersicum grown at 0 mM

NaCl. pp, palisade parenchyma, sp, spongy paren-
chyma, xv, xylem vessel elements. Data are means =+
SD. Different letters indicate significant differences (p <
0.05) between treatments for a same species. Asterisks
indicate significant differences (p < 0.05) between
species for a same treatment.
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genes was not significantly increased by salt in S. chilense, except for
SOS2 in the stems. We surprisingly observed that salinity decreased the
expression of SOS2 and SOS3 in the leaves of S. chilense. Sodium uptake
by plant cells is a passive process and its exclusion out of mesophyll cells
occurs through active transporters and require energy (Shabala and
Shabala 2011). Other processes may be involved in the tolerance of
S. chilense leaf tissue: vacuolar sequestration is especially important

considering that it will allow the use of Nat as a cheap osmoticum to
regulate cell turgor. Transporters involved in Na® transfer to the vacuole
(mainly those of the NHX family) still need to be studied in S. chilense. In
S. lycopersicum, the high salt activation of SOS pathway in leaves seem
not to be sufficient to afford tissue tolerance to Na*. The quantification
of total Na™ content at the whole leaf level did not provide us infor-
mation regarding distribution of this element between apoplastic and
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Fig. 8. Schematic representation of the response of Solanum lycopersicum and Solanum chilense to salinity regarding ionic and osmotic components and gene
expression. Plants were grown in a mixture of perlite:vermiculite supplied with 0, 60 and 120 mM NaCl. The relative size of the boxes shows the difference among
organs and species. The size of the arrow shows the size of the increase or decrease due to NaCl. sug: sugar, pro: proline, Ws: osmotic potential, gs: stomatal
conductance, E: transpiration, WC: water content, Cl: chloride, K: potassium, Na: sodium, SOS1: Salt Overly Sensitive 1 (Solyc01g005020), SOS2:Salt Overly Sensitive 2
(Solyc12g009570), SOS3:Salt Overly Sensitive 3 (Solyc06g051970), HKTI1;2:class I - High affinity K'transporter 2 (Solyc07g014680), NPF2.4: NRT1/PTR 2.4

(Solyc11g072580).

symplastic compartments. It could not be excluded that a re-excretion of
high amounts of Na™ to the apoplast at the leaf level is not necessarily
useful if it induces a significant osmotic constraint at the whole cell level
(including vacuoles). The SOS pathway interact with other transporters
to regulate Na™ homeostasis (Xie et al., 2022) and we may not exclude
that some systems are predominant over others depending on the spe-
cies. Moreover, regulatory proteins (SOS2, SOS3,...) may have addi-
tional functions that interactions with SOS1 and SOS2. For example,
they were shown to be involved in ROS signaling and HoO metabolism
(Kumar et al., 2022).

4.2.2. Sdlinity decreased the K*/Na" ratio in both species

Under salt stress, avoidance of K deficiency is of paramount
importance. Potassium concentration decreased with salinity mainly in
the stems and the K™/Na™ ratio decreased in both species. In contrast to
Na®, K is an essential element used in different functions, such as in
various steps of cell metabolism, photosynthesis and turgor pressure
maintenance (Nieves-Cordones et al., 2016). Maintaining a high K'/Na™
ratio in shoots is thus necessary. Total exclusion of both Na* and K"
from the shoots would be deleterious to K nutrition, but managing
sufficient K+ transfer to the shoots may also contribute to increase Na*
since both ions could be transported by the same ion channels and
transporters with low ionic selectivity. For example, class 1 HKT trans-
porters are usually Na™ selective, even if some of them have been shown
to transport also K* (Nieves-Cordones et al., 2016). Another example is
the CNGC (cyclic nucleotide-gated channels) which contribute to cations
transport across the plasma membrane (Ghorbani et al., 2019).
Non-selective cation channels, and consequently CNGC genes are
up-regulated under salinity treatments, which can lead to an increase of
K" uptake but also of Na' uptake, because of their poor selectivity to-
wards KT (Jin et al., 2015; Nieves-Cordones et al., 2016; Ghorbani et al.,
2019). Under salinity, competition between Na™ and K™ for transporters
could be in favor of Na™ and thus explain the decrease in K™ concen-
tration we observed. It has however to be mentioned that in both spe-
cies, the decrease of K' concentration due to salinity was mainly
observed in the stems and remained limited in the leaves. It can there-
fore be hypothesized that selective K transporters favor K™ accumu-
lation in the leaves rather than in the stems in response to salinity in our
experiment.
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4.2.3. Chloride accumulated more in shoots than in roots in both species
under salinity

In the context of salt stress, the impact of excess Cl™ is less studied
than the impact of Na™ excess or K™ deficiency (Tavakkoli et al., 2011;
Franco-Navarro et al., 2016; Li et al., 2017). We observed that salinity
increased Cl™ concentrations in all organs of both species and that CI™
accumulated more in shoots than in roots. This contrasts with the results
of Rush and Epstein (1981) who observed that S. lycopersicum accumu-
lated CI” mainly in roots in response to a short-term stress. We never-
theless observed that, under salinity, the Cl~ shoot/root ratio was higher
in S. chilense than in S. lycopersicum, meaning that S. chilense transferred
more Cl™ in the shoot than S. lycopersicum. This could be explained by
the higher expression of NPF2.4 in the roots of S. chilense than in those of
S. lycopersicum. It was indeed reported that the NPF2.4 transporter is
involved in Cl™ loading in root xylem sap and is specific to this anion in
Arabidopsis (Li et al., 2016). However, the expression of NPF2.4 was not
affected by salinity in our study, in contrast to what was observed in
roots of Arabidopsis thaliana grown under salt stress (down-regulation by
salt in roots).

As observed for Na™, Cl~ was present at a higher concentration in the
stems than in the leaves of S. chilense and the Cl~ leaves/stems ratio
decreased with time. Chloride avoidance in the photosynthesis active
organs could be a strategy of the wild species to limit Cl™ toxicity.
Indeed, despite the need for Cl™ in several metabolic processes, such as
in the oxygen transformation complex in PSII, it has been shown in
barley that excess Cl™ has a deleterious effect, especially on photosyn-
thetic capacity (Kawakami et al., 2009; Tavakkoli et al., 2011). How-
ever, S. lycopersicum does not seem to be capable of such an exclusion
mechanism, as Cl~ concentration was higher or similar in leaves than in
stems. Although NPF2.4 could be involved in the Cl™ transfer from root
to shoot in S. chilense, it seems not involved in the exclusion of C1~ out of
the leaves in S. Llycopersicum since its expression was increased by salinity
only in S. chilense. Other transporters are involved in CI™ homeostasis in
plants (Li et al., 2017) and their involvement in salt tolerance of culti-
vated and wild tomato species require further investigation.

4.2.4. Both species limited the accumulation of Na+ and Cl- in the
inflorescences

Regardless of the ’includer’ or ’excluder’ strategy of the studied
species, both limited Na® and Cl~ accumulation in the inflorescences
compared to the other organs. To the best of our knowledge, it is the first
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time that the concentration of Cl~ was investigated in the reproductive
organs of tomato. Regarding Na+, our results contrast with the results of
Ghanem et al. (2009) who showed a high Na™ concentration in tomato
inflorescences in response to salinity compared to the other organs in
S. lycopersicum. However, they confirm our previous results showing
that S. lycopersicum accumulated less Na™ in the flowers than S. chilense
(Bigot et al., 2022). Such discrepancy could be explained by the timing
of stress application. Indeed, in the experiment of Ghanem et al. (2009),
salt was applied specifically at the flowering stage for 10 days, when the
inflorescence developed while in our experiment salt was applied since
seedling stage and maintained for 85 days. The response of the plant
may therefore differ depending on the stage of development at which the
stress is applied.

4.3. Osmotic balance is differently adjusted in both species

We observed that S. lycopersicum and S. chilense differed in their
physiological responses, especially concerning gas exchanges and
mesophyll structure. Solanum chilense is reported to be a drought
tolerant species and has developed several adaptations to arid habitat
(Tapia et al., 2016; Beddows et al., 2017; Blanchard-Gros et al., 2021).
We observed that S. chilense had a smaller leaf area than S. lycopersicum
but a higher transpiration rate, photosynthesis rate and stomatal
conductance even under control conditions. Leaf anatomy also differed
between both species as S. chilense had thinner leaves with smaller
xylem vessels than S. lycopersicum. Small xylem vessels were reported to
be an adaptation to saline sites in halophytes species such as Suaeda vera
(Naz et al., 2022). Salinity decreased diameter of xylem vessels in both
tomato species but more drastically in S. lycopersicum. Change in xylem
anatomy affect xylem hydraulic conductance and determine its relevant
ability to regulate water loss (Jerszurki et al., 2020). A decrease in xylem
vessel diameter is a long-term plant response to environmental stress
such as salinity that will decrease transpiration rate, as observed in our
experiment. Water losses are also regulated at the stomata level and we
observed that stomatal conductance decreased with salinity in both
species. The decrease in stomatal conductance via stomatal closure is
one of the earliest and most important plant responses to stress condi-
tions, but it also affect photosynthesis by limiting CO, uptake (Jerszurki
et al., 2020), which was observed in both species at 70 DASt at 120 mM
NaCl. It was suggested that the combination of a decrease in stomatal
conductance with a same parenchyma thickness could lead the plant to
use less efficiently the CO, under salt stress (Delfine et al., 1998).
Intercellular CO;y (Ci) decreased with salt and time in S. lycopersicum
although the thickness of the spongy parenchyma was not affected, and
therefore probably the volume of intercellular spaces as well. Delfine
et al. (1998) observed that both mesophyll and stomatal conductance
decreased in salt-stressed spinach leaves, which contrasts with our re-
sults for S. lycopersicum but agrees with our data in S. chilense. However,
we observed a difference in the proportion of spongy and palisade
mesophyll in S. lycopersicum which could also affect mesophyll
conductance. Measuring the mesophyll conductance in both species
would improve our understanding of CO» diffusion in the leaves under
salinity.

Despite a higher transpiration rate, the WC was higher in the aerial
organs of S. chilense than in those of S. lycopersicum. Leaves of S. chilense
have been described as succulent by Martinez et al. (2014). Succulence
enables to protect plants against NaCl stress, especially by diluting toxic
ions (Martinez et al., 2014). Moreover, an increase in the leaf thickness
under salinity was reported to contribute to the succulence of leaves in
saline sites (Naz et al., 2022). We observed that salinity increased leaf
and palisade parenchyma thickness in S. chilense, confirming this
hypothesis.

Despite anatomical differences between S. Llycopersicum and
S. chilense, both species maintain their leaf WC under salt stress condi-
tions. Another strategy to maintain water content under salinity is os-
motic adjustment (Munns and Tester 2008; Munns et al., 2020). In
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tomato, osmotic adjustment is usually achieved by synthesis of proline
and soluble sugars (Balibrea et al., 1997; Kashyap et al., 2021). We
observed that salinity decreased osmotic potential in both species, as
previously observed (Gharbi et al., 2017c). Surprisingly, in our experi-
ment, soluble sugars concentration did not increase with NaCl in either
species, whereas Gharbi et al. (2017c) observed an increase in soluble
sugars in S. chilense submitted to a short-term salt stress. It is not
excluded that in our long-term stress, sugars contributed mainly to plant
growth and development and not to osmotic adjustment. However,
proline concentration increased in leaves of both species, and especially
in S. lycopersicum, underlying the importance of this amino acid in os-
motic response to salt stress (Gharsallah et al., 2016). Accumulation of
inorganic ions are energetically cheaper than the synthesis of organic
osmolytes and may also contribute to osmotic adjustment (Flowers et al.,
2015). Gharbi et al. (2017c) observed that inorganic ions (Na™ and K™)
were the main contributors to osmotic adjustment in S. chilense exposed
for a short-term salt stress. The 3 major inorganic ions contributing to
osmotic adjustment are K™, Na* and Cl~ (Shabala and Shabala 2011).
We observed that Cl~ contributed to 45% and 32% of the osmotic
adjustment while Na'contributed to 30% and 41% of the osmotic
adjustment in S. lycopersicum and S. chilense, respectively. However,
because of its high toxicity to cytosolic enzymes, Na™ must be com-
partmented inside vacuoles. Active transport of Na+ to this compart-
ment has a metabolic cost since it requires the contribution of V-ATPase
(EC 3.6.1.3) or V-PPase (EC 3.6.1.1) (Mohammed et al., 2012). Potas-
sium is the most cytosolically abundant ion and is thus suitable for os-
motic adjustment although its concentration often decreases under
salinity (Shabala and Shabala 2011). In our experiment, K contributed
to 15.1% of the osmotic adjustment in S. chilense and only to 2.1% in
S. lycopersicum, It should be noted that the calculations of the contri-
bution of the different compounds to the osmotic adjustment should be
interpreted with caution, since they assume a vacuolar volume corre-
sponding to 90% of the cell and that the toxic elements are sequestered
in the vacuole. In barley, Na* and Cl~ contribution to osmotic adjust-
ment were similar between salt tolerant and sensitive genotypes while
K" and organic compounds mainly contributed to osmotic adjustment in
tolerant and sensitive genotypes, respectively (Chen et al., 2007). We
observed a similar situation regarding the contribution of K+ and proline
in our tomato species.

Author contribution statement

SB, SL, JPM and MQ conceived and designed research. SB and MF
conducted experiments. SB, SL and MQ analyzed data. SB and MQ wrote
the manuscript. All authors read and approved the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This research was funded by the Belgian “Fonds National de la
Recherche” Scientifique (FRS-FNRS), grant number CDR J.0136.19, the
FSR-UCLouvain 2018-2020, and by the WBI/Chili project number 17.
We thank the Electron Microscopy Service, member of the "Plateforme
Technologique Morphologie-Imagerie" located at the University of
Namur.



S. Bigot et al.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.scienta.2023.112324.

References

Almeida, P., de Boer, G.-J., de Boer, A.H., 2014. Differences in shoot Na+ accumulation
between two tomato species are due to differences in ion affinity of HKT1;2. J. Plant.
Physiol 171, 438-447.

Arbelet-Bonnin, D., Blasselle, C., Palm, E.R., Redwan, M., Ponnaiah, M., Laurenti, P.,
Meimoun, P., Gilard, F., Gakiere, B., Mancuso, S., et al., 2020. Metabolism regulation
during salt exposure in the halophyte Cakile maritima. Environ. Exp. Bot. 177.

Asins, M.J., Villalta, I., Aly, M.M., Olias, R., Alvarez De Morales, P., Huertas, R., Li, J.,
Jaime-Pérez, N., Haro, R., Raga, V., et al., 2013. Two closely linked tomato HKT
coding genes are positional candidates for the major tomato QTL involved in Na+/K
+ homeostasis: HKT genes likely to underlie a major tomato QTL. Plant. Cell.
Environ 36, 1171-1191.

Assaha, D.V.M., Ueda, A., Saneoka, H., Al-Yahyai, R., Yaish, M.W., 2017. The role of Na+
and K+ transporters in salt stress adaptation in glycophytes. Front. Physiol 8, 509.

Balibrea, M.E., Rus-Alvarez, A.M., Bolarin, M.C., Pérez-Alfocea, F., 1997. Fast changes in
soluble carbohydrates and proline contents in tomato seedlings in response to ionic
and non-ionic iso-osmotic stresses. J. Plant. Physiol 151, 221-226.

Basu, S., Kumar, A., Benazir, 1., Kumar, G., 2020. Reassessing the role of ion homeostasis
for improving salinity tolerance in crop plants. Physiol. Plantarum ppl.13112.

Bates, L.S., Waldren, R.P., Teare, 1.D., 1973. Rapid determination of free proline for
water-stress studies. Plant. Soil 39, 205-207.

Beddows, 1., Reddy, A., Kloesges, T., Rose, L.E., 2017. Population Genomics in Wild
Tomatoes—The Interplay of Divergence and Admixture. GBE 9, 3023-3038.

Belver, A., Olias, R., Huertas, R., Rodriguez-Rosales, M.P., 2012. Involvement of SISOS2
in tomato salt tolerance. Bioengineered 3, 298-302.

Bigot, S., Pongrac, P., Sala, M., van Elteren, J.T., Martinez, J.-P., Lutts, S., Quinet, M.,
2022. The halophyte species Solanum chilense Dun. maintains its reproduction
despite sodium accumulation in its floral organs. Plants 11, 672.

Blanchard-Gros, R., Bigot, S., Martinez, J.-P., Lutts, S., Guerriero, G., Quinet, M., 2021.
Comparison of drought and heat resistance strategies among six populations of
Solanum chilense and two cultivars of Solanum lycopersicum. Plants 10, 1720.

Bondel, K.B., Lainer, H., Nosenko, T., Mboup, M., Tellier, A., Stephan, W., 2015.
North-South colonization associated with local adaptation of the wild tomato
species Solanum chilense. Mol. Biol. Evol 32, 2932-2943.

Chen, Z., Yamaji, N., Fujii-Kashino, M., Ma, J., 2016. A cation-chloride cotransporter
gene is required for cell elongation and osmoregulation in rice. Plant. Physiol 171,
494-507.

Chen, Z., Zhou, M., Newman, I.A., Mendham, N.J., Zhang, G., Shabala, S., 2007.
Potassium and sodium relations in salinised barley tissues as a basis of differential
salt tolerance. Funct. Plant. Biol 34, 150.

Chetelat, R.T., Pertuzé, R.A., Fatindez, L., Graham, E.B., Jones, C.M., 2009. Distribution,
ecology and reproductive biology of wild tomatoes and related nightshades from the
Atacama Desert region of northern Chile. Euphytica 167, 77-93.

Costan, A., Stamatakis, A., Chrysargyris, A., Petropoulos, S.A., Tzortzakis, N., 2020.
Interactive effects of salinity and silicon application on Solanum lycopersicum growth,
physiology and shelf-life of fruit produced hydroponically. J. Sci. Food. Agric 100,
732-743.

Cui, Y.-N., Li, X.-T., Yuan, J.-Z., Wang, F.-Z., Guo, H., Xia, Z.-R., Wang, S.-M., Ma, Q.,
2020. Chloride is beneficial for growth of the xerophyte Pugionium cornutum by
enhancing osmotic adjustment capacity under salt and drought stresses. J. Exp. Bot
eraal58.

Delfine, S., Alvino, A., Zacchini, M., Loreto, F., 1998. Consequences of salt stress on
conductance to CO diffusion, Rubisco characteristics and anatomy of spinach
leaves. Functional. Plant. Biol 25, 395.

Estan, M.T., Martinez-Rodriguez, M.M., Pérez-Alfocea, F., Flowers, T.J., Bolarin, M.C.,
2005. Grafting raises the salt tolerance of tomato through limiting the transport of
sodium and chloride to the shoot. J. Exp. Bot. 56, 703-712.

FAO (2021) Food and Agricultural Organization (FAO) of the united nations. http:
//www.fao.org/soils-portal/soil-management/management-of-some-problem-soi
1s/salt-affected-soils/more-information-on-salt-affected-soils/en/.

Flowers, T.J., Munns, R., Colmer, T.D., 2015. Sodium chloride toxicity and the cellular
basis of salt tolerance in halophytes. Ann. Bot 115, 419-431.

Franco-Navarro, J.D., Brumds, J., Rosales, M.A., Cubero-Font, P., Talon, M., Colmenero-
Flores, J.M., 2016. Chloride regulates leaf cell size and water relations in tobacco
plants. J. Exp. Bot 67, 873-891.

Frank, S.A., 2003. Genetic variation of polygenic characters and the evolution of genetic
degeneracy. J. Evol. Biol 16, 138-142.

Ghanem, M.E., van Elteren, J., Albacete, A., Quinet, M., Martinez-Anddjar, C., Kinet, J.-
M., Pérez-Alfocea, F., Lutts, S., 2009. Impact of salinity on early reproductive
physiology of tomato (Solanum lycopersicum) in relation to a heterogeneous
distribution of toxic ions in flower organs. Funct. Plant. Biol 36, 125.

Gharbi, E., Lutts, S., Dailly, H., Quinet, M., 2018. Comparison between the impacts of
two different modes of salicylic acid application on tomato (Solanum lycopersicum)
responses to salinity. Plant. Signal. Behav 13, e1469361.

Gharbi, E., Martinez, J., Benahmed, H., Lepoint, G., Vanpee, B., Quinet, M., Lutts, S.,
2017a. Inhibition of ethylene synthesis reduces salt-tolerance in tomato wild relative
species Solanum chilense. J. Plant. Physiol 210, 24-37.

12

Scientia Horticulturae 321 (2023) 112324

Gharbi, E., Martinez, J.P., Benahmed, H., Dailly, H., Quinet, M., Lutts, S., 2017b. The
salicylic acid analog 2,6-dichloroisonicotinic acid has specific impact on the
response of the halophyte plant species Solanum chilense to salinity. Plant. Growth.
Regul 82, 517-525.

Gharbi, E., Martinez, J.-P., Benahmed, H., Hichri, I., Dobrev, P.1., Motyka, V., Quinet, M.,
Lutts, S., 2017c. Phytohormone profiling in relation to osmotic adjustment in NaCl-
treated plants of the halophyte tomato wild relative species Solanum chilense
comparatively to the cultivated glycophyte Solanum lycopersicum. Plant. Sci 258,
77-89.

Gharbi, E., Martinez, J.-P., Benahmed, H., Fauconnier, M.-L., Lutts, S., Quinet, M., 2016.
Salicylic acid differently impacts ethylene and polyamine synthesis in the glycophyte
Solanum lycopersicum and the wild-related halophyte Solanum chilense exposed to
mild salt stress. Physiol. Plant 158, 152-167.

Gharsallah, C., Fakhfakh, H., Grubb, D., Gorsane, F., 2016. Effect of salt stress on ion
concentration, proline content, antioxidant enzyme activities and gene expression in
tomato cultivars. AoB. Plants 8, plw055.

Ghorbani, A., Omran, V.0.G., Razavi, S.M., Pirdashti, H., Ranjbar, M., 2019.
Piriformospora indica confers salinity tolerance on tomato (Lycopersicon esculentum
Mill.) through amelioration of nutrient accumulation, K+/Na+ homeostasis and
water status. Plant. Cell. Rep 38, 1151-1163.

Hall, T., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucl. Acids. Symp. Ser 95-98.

Hamrouni, L., Hanana, M., Abdelly, C., Ghorbel, A., 2011. Exclusion du chlorure et
inclusion du sodium : deux mécanismes concomitants de tolérance a la salinité chez
la vigne sauvage Vitis vinifera subsp. sylvestris (var. ‘Séjnene’). Biotechnol. Agron.
Soc. Environ 14.

Irakoze, W., Vanpee, B., Rufyikiri, G., Dailly, H., Nijimbere, S., Lutts, S., 2019.
Comparative effects of chloride and sulfate salinities on two contrasting rice
cultivars (Oryza sativa L.) at the seedling stage. J. Plant. Nutr 42, 1001-1015.

Jerszurki, D., Sperling, O., Parthasarathi, T., Lichston, J.E., Yaaran, A., Moshelion, M.,
Rachmilevitch, S., Lazarovitch, N., 2020. Wide vessels sustain marginal transpiration
flux and do not optimize inefficient gas exchange activity under impaired hydraulic
control and salinity. Physiol. Plant 170, 60-74.

Ji, H., Pardo, J.M., Batelli, G., Van Oosten, M.J., Bressan, R.A., Li, X., 2013. The Salt
Overly Sensitive (SOS) pathway: established and emerging roles. Mol. Plant 6,
275-286.

Jin, Y., Jing, W., Zhang, Q., Zhang, W., 2015. Cyclic nucleotide gated channel 10
negatively regulates salt tolerance by mediating Na+ transport in Arabidopsis.

J. Plant. Res 128, 211-220.

Kafkafi, U., Valoras, N., Letey, J., 1982. Chloride interaction with nitrate and phosphate
nutrition in tomato (Lycopersicon esculentum L.). J. Plant. Nutr 5, 1369-1385.

Kashyap, S.P., Kumari, N., Mishra, P., Moharana, D.P., Aamir, M., 2021. Tapping the
potential of Solanum lycopersicum L. pertaining to salinity tolerance: perspectives and
challenges. Genet. Resour. Crop. Evol 68, 2207-2233. https://doi.org/10.1007/
510722-021-01174-9.

Kashyap, S.P., Prasanna, H.C., Kumari, N., Mishra, P., Singh, B., 2020. Understanding salt
tolerance mechanism using transcriptome profiling and de novo assembly of wild
tomato Solanum chilense. Sci. Rep 10, 15835.

Kawakami, K., Umena, Y., Kamiya, N., Shen, J.-R., 2009. Location of chloride and its
possible functions in oxygen-evolving photosystem II revealed by X-ray
crystallography. Proceed. Nat. Acad. Sci. 106, 8567-8572.

Khare, T., Srivastava, A., Suprasanna, P., Kumar, V., 2020. Individual and additive stress
impacts of Na+ and Cl— on proline metabolism and nitrosative responses in rice.
Plant. Physiol. Biochem 44-52.

Kumar, G., Basu, S., Singla-Pareek, S.L., Pareek, A., 2022. Unraveling the contribution of
0SS0S2 in conferring salinity and drought tolerance in a high-yielding rice. Physiol.
Plant 174, 13638.

Leelatanawit, R., Saetung, T., Phuengwas, S., Karoonuthaisiri, N., Devahastin, S., 2017.
Selection of reference genes for quantitative real-time PCR in postharvest tomatoes
(Lycopersicon esculentum) treated by continuous low-voltage direct current electricity
to increase secondary metabolites. Int. J. Food. Sci. Technol 52, 1942-1950.

Li, B., Byrt, C., Qiu, J., Baumann, U., Hrmova, M., Evrard, A., Johnson, A.A.T.,
Birnbaum, K.D., Mayo, G.M., Jha, D., et al., 2016. Identification of a stelar-localized
transport protein that facilitates root-to-shoot transfer of chloride in Arabidopsis.
Plant. Physiol 170, 1014-1029.

Li, B., Tester, M., Gilliham, M., 2017. Chloride on the move. Trends. Plant. Sci 22,
236-248.

Li, T., Yang, X., Yu, Y., Si, X., Zhai, X., Zhang, H., Dong, W., Gao, C., Xu, C., 2018.
Domestication of wild tomato is accelerated by genome editing. Nat. Biotechnol 36,
1160-1163.

Litalien, A.A.S., Rutter, A., Zeeb, B.A., 2020. The impact of soil chloride concentration
and salt type on the excretions of four recretohalophytes with different excretion
mechanisms. Int. J. Phytoremediation 22, 1122-1128.

Liu, H., Wang, C., Chen, H., Zhou, B., 2019. Genome-wide transcriptome analysis reveals
the molecular mechanism of high temperature-induced floral abortion in Litchi
chinensis. BMC. Genom 20, 127.

Luyckx, M., 2021. Interest of Hemp For Phytomanagement of Heavy Metal Contaminated
Agricultural soil: Putative Impact of Silicon in Relation to Fibre Production (Doctoral
Thesis). UCLouvain, Louvain-la-Neuve, Belgium.

Martin-Davison, A.S., Pérez-Diaz, R., Soto, F., Madrid-Espinoza, J., Gonzdlez-
Villanueva, E., Pizarro, L., Norambuena, L., Tapia, J., Tajima, H., Blumwald, E.,
et al., 2017. Involvement of SchRabGDI1 from Solanum chilense in endocytic
trafficking and tolerance to salt stress. Plant. Sci 263, 1-11.

Martinez, J.P., Anttnez, A., Araya, H., Pertuzé, R., Fuentes, L., Lizana, X.C., Lutts, S.,
2014. Salt stress differently affects growth, water status and antioxidant enzyme


https://doi.org/10.1016/j.scienta.2023.112324
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0001
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0002
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0003
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0004
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0005
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0006
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0006
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0007
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0008
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0009
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0010
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0010
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0010
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0011
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0012
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0013
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0014
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0015
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0015
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0015
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0016
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0017
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0018
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0018
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0018
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0019
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0019
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0019
http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/salt-affected-soils/more-information-on-salt-affected-soils/en/
http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/salt-affected-soils/more-information-on-salt-affected-soils/en/
http://www.fao.org/soils-portal/soil-management/management-of-some-problem-soils/salt-affected-soils/more-information-on-salt-affected-soils/en/
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0021
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0021
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0022
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0022
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0022
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0023
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0024
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0025
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0026
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0026
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0026
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0027
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0028
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0029
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0030
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0030
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0030
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0031
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0032
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0032
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0033
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0033
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0033
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0033
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0034
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0034
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0034
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0035
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0036
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0037
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0038
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0038
https://doi.org/10.1007/s10722-021-01174-9
https://doi.org/10.1007/s10722-021-01174-9
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0040
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0041
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0041
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0041
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0042
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0042
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0042
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0043
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0043
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0043
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0044
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0044
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0044
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0044
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0045
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0046
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0046
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0047
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0047
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0047
http://refhub.elsevier.com/S0304-4238(23)00495-8/optSkaGy0qUEq
http://refhub.elsevier.com/S0304-4238(23)00495-8/optSkaGy0qUEq
http://refhub.elsevier.com/S0304-4238(23)00495-8/optSkaGy0qUEq
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0048
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0048
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0048
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0049
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0049
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0049
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0050
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0050
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0050
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0050
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0051
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0051

S. Bigot et al.

activities in Solanum lycopersicum and its wild relative Solanum chilense. Aust. J. Bot
62, 359.

Martinez, J.P., Fuentes, R., Farias, K., Lizana, C., Alfaro, J.F., Fuentes, L., Calabrese, N.,
Bigot, S., Quinet, M., Lutts, S., 2020. Effects of salt stress on fruit antioxidant
capacity of wild (Solanum chilense) and domesticated (Solanum lycopersicum var.
cerasiforme) tomatoes. Agronomy 10, 1-17.

Mohammed, S.A., Nishio, S., Takahashi, H., Shiratake, K., Ikeda, H., Kanahama, K.,
Kanayama, Y., 2012. Role of vacuolar H+-inorganic pyrophosphatase in tomato fruit
development. J. Exp. Bot 63, 5613-5621.

Munns, R., Day, D.A., Fricke, W., Wyatt, M., Arsova, B., Barka, B.J., Bose, J., Byrt, C.S.,
Chen, Z.H., Foster, K.J., Gilliham, M., Henderson, S.W., Jenkins, C.D.,

Kronzucker, H.J., Miklavcic, S.J., Plett, S., Roy, S.J., Shabala, S., Shelden, M.C.,
Soole, K.L., Taylor, N.L., Tester, M., Wege, S., Wegner, L.H., 2020. Energu costs of
salt tolerancein crop plants. New. Phytol 225, 1043-1396.

Munns, R., Tester, M., 2008. Mechanisms of salinity tolerance. Annu. Rev. Plant. Biol 59,
651-681.

Naz, N., Fatima, S., Hameed, M., Ashraf, M., Ahmad, M.S.A., Ahmad, F., Shah, S.M.R.,
Islam, F., Ahmad, ., Ejaz, F., et al., 2022. Contribution of structural and functional
adaptations of hyper-accumulator Suaeda vera Forssk. ex J.F. Gmel. for adaptability
across salinity gradients in hot desert. Environ. Sci. Pollut. Res.

Nieves-Cordones, M., Al Shiblawi, F.R., Sentenac, H., 2016. Roles and transport of
sodium and potassium in plants. In: Sigel, A, Sigel, H, Sigel, RKO (Eds.), The Alkali
Metal ions: Their role For life. Vol. 16. Metal Ions in Life Sciences. Springer
International Publishing, Cham, pp. 291-324.

Olias, R., Eljakaoui, Z., Li, J., De Morales, P.A., Marin-Manzano, M.C., Pardo, J.M.,
Belver, A., 2009. The plasma membrane Na+/H+ antiporter SOS1 is essential for
salt tolerance in tomato and affects the partitioning of Na+ between plant organs.
Plant. Cell. Environ 32, 904-916.

Oliveira, F.F.M., de Morais, M.B., Silva, ME de S, Saraiva, Y.K.F., Arruda, MV de M, e
Silva, J.N.C., de Albuquerque, C.C., 2019. Ecophysiological response of Lippia gracilis
(Verbanaceae) to duration of salt stress. Ecotoxicol. Environ. Saf 178, 202-210.

Peralta, L.E., Spooner, D.M., Knapp, S., 2008. Taxonomy of wild tomatoes and their
relatives (Solanum sect. Lycopersicoides, sect. Juglandifolia, sect. Lycopersicon;
Solanaceae). Syst. Bot. Monogr 84, 1-186.

Prodjinoto, H., Irakoze, W., Gandonou, C., Lepoint, G., Lutts, S., 2021. Discriminating the
impact of Na+ and Cl- in the deleterious effects of salt stress on the African rice
species (Oryza glaberrima Steud.). Plant. Growth. Regul 94, 201-219.

Quinet, M., Dubois, C., Goffin, M.C., Chao, J., Dielen, V., Batoko, H., Boutry, M., Kinet, J.
M., 2006. Characterization of tomato (Solanum lycopersicum L.) mutants affected in
their flowering time and in the morphogenesis of their reproductive structure.

J. Exp. Bot 57, 1381-1390.

R Core Team (2017). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.
org/.

Roddy, A.B., Brodersen, C.R., Dawson, T.E., 2016. Hydraulic conductance and the
maintenance of water balance in flowers: hydraulic structure-function of flowers.
Plant. Cell. Environ 39, 2123-2132.

Romero-Aranda, M.R., Espinosa, J., Gonzalez-Fernandez, P., Jaime-Fernandez, E.,
Traverso, J.A., Asins, M.J., Belver, A., 2021. Role of Na+ transporters HKT1;1 and
HKT1;2 in tomato salt tolerance. I. Function loss of cheesmaniae alleles in roots and
aerial parts. Plant. Physiol. Biochem 168, 282-293.

Romero-Aranda, M.R., Gonzdlez-Fernandez, P., Pérez-Tienda, J.R., Lopez-Diaz, M.R.,
Espinosa, J., Granum, E., Traverso, J.A., Pineda, B., Garcia-Sogo, B., Moreno, V.,
et al., 2020. Na+ transporter HKT1;2 reduces flower Na+ content and considerably

13

Scientia Horticulturae 321 (2023) 112324

mitigates the decline in tomato fruit yields under saline conditions. Plant. Physiol.
Biochem 154, 341-352.

Rothan, C., Diouf, L., Causse, M., 2019. Trait discovery and editing in tomato. Plant. J 97,
73-90.

Rush, D.W., Epstein, E., 1981. Comparative studies on the sodium, potassium, and
chloride relations of a wild halophytic and a domestic salt-sensitive tomato species.
Plant. Physiol 68, 1308-1313.

Shabala, S., Shabala, L., 2011. Ion transport and osmotic adjustment in plants and
bacteria. Biomol. Concepts 2, 407-419.

Smaoui, A., Barhoumi, Z., Rabhi, M., Abdelly, C., 2011. Localization of potential ion
transport pathways in vesicular trichome cells of Atriplex halimus L. Protoplasma
248, 363-372.

Tabot, P.T., Adams, J.B., 2014. Salt secretion, proline accumulation and increased
branching confer tolerance to drought and salinity in the endemic halophyte
Limonium linifolium. S. Afr. J. Bot 94, 64-73.

Tal, M., Katz, A., Heikin, H., Dehan, K., 1979. Salt tolerance in the wild relatives of the
cultivated tomato: proline accumulation in Lycopersicon esculentum Mill.,

L. peruvianum Mill. and Solanum pennelli Cor. treated with NaCl and Polyethylene
glycol. New. Phytol 82, 349-355.

Tal, M., Shannon, M., 1983. Salt tolerance in the wild relatives of the cultivated tomato:
responses of Lycopersicon esculentum, L. cheesmanii, L. peruvianum, Solanum pennellii
and F1 hybrids to high salinity. Funct. Plant. Biol 10, 109.

Tapia, G., Méndez, J., Inostroza, L., 2016. Different combinations of morpho-
physiological traits are responsible for tolerance to drought in wild tomatoes
Solanum chilense and Solanum peruvianum. Plant. Biol 18, 406-416.

Tavakkoli, E., Fatehi, F., Coventry, S., Rengasamy, P., McDonald, G.K., 2011. Additive
effects of Na+ and Cl- ions on barley growth under salinity stress. J. Exp. Bot 62,
2189-2203.

Teakle, N.L., Tyerman, S.D., 2010. Mechanisms of Cl- transport contributing to salt
tolerance. Plant. Cell. Environ 33, 566-589.

Untergasser, A., Nijveen, H., Rao, X., Bisseling, T., Geurts, R., Leunissen, J.A.M., 2007.
Primer3Plus, an enhanced web interface to Primer3. Nucleic. Acids. Res 35,
W71-W74.

Ventura, Y., Myrzabayeva, M., Alikulov, Z., Omarov, R., Khozin-Goldberg, 1., Sagi, M.,
2014. Effects of salinity on flowering, morphology, biomass accumulation and leaf
metabolites in an edible halophyte. AoB. Plants 6. https://doi.org/10.1093/aobpla/
plu053 plu053.

Xie, Q., Zhou, Y., Jiang, X., 2022. Structure, function, and regulation of the plasma
membrane Na+/H+ antiporter Salt Overly Sensitive 1 in plants. Front. Plant. Sci 13,
62-65.

Yadav, S., Modi, P., Dave, A., Vijapura, A., Patel, D., Patel, M., 2020. Effect of abiotic
stress on crops. In: Hasanuzzaman, M, Carvalho Minhoto Teixeira Filho, M,

Fujita, M, Assis Rodrigues Nogueira, T (Eds.), Sustainable Crop Production.
IntechOpen. https://doi.org/10.5772/intechopen.88434.

Yemm, E.-W., Willis, A.J., 1954. The estimation of carbohydrates in plant extracts by
anthrone. Biochem. J. 57, 508-514.

Yuan, F., Leng, B., Wang, B., 2016. Progress in studying salt secretion from the salt glands
in recretohalophytes: how do plants secrete salt? Front. Plant. Sci 7, 977. https://doi.
org/10.3389/fpls.2016.00977.

Zhou, S., Sauve, R.J., Liu, Z., Reddy, S., Bhatti, S., Hucko, S.D., Fish, T., Thannhauser, T.
W., 2011. Identification of salt-induced changes in leaf and root proteomes of the
wild tomato. J. Amer. Soc. Hort. Sci 136, 288-302.

Zs0gon, A., Cermak, T., Voytas, D., Peres, L.E.P., 2017. Genome editing as a tool to
achieve the crop ideotype and de novo domestication of wild relatives: case study in
tomato. Plant. Sci 256, 120-130.


http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0051
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0051
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0052
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0052
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0052
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0052
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0053
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0053
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0053
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0054
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0054
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0054
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0054
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0054
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0055
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0055
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0056
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0056
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0056
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0056
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0057
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0057
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0057
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0057
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0058
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0058
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0058
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0058
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0059
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0059
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0059
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0060
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0060
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0060
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0061
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0061
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0061
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0062
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0062
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0062
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0062
http://www.R-project.org/
http://www.R-project.org/
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0063
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0063
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0063
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0064
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0064
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0064
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0064
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0065
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0065
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0065
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0065
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0065
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0066
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0066
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0067
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0067
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0067
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0068
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0068
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0069
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0069
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0069
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0070
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0070
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0070
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0071
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0071
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0071
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0071
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0072
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0072
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0072
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0073
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0073
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0073
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0074
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0074
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0074
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0075
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0075
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0076
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0076
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0076
https://doi.org/10.1093/aobpla/plu053
https://doi.org/10.1093/aobpla/plu053
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0079
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0079
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0079
https://doi.org/10.5772/intechopen.88434
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0081
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0081
https://doi.org/10.3389/fpls.2016.00977
https://doi.org/10.3389/fpls.2016.00977
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0083
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0083
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0083
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0084
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0084
http://refhub.elsevier.com/S0304-4238(23)00495-8/sbref0084

	Sodium and chloride accumulation and repartition differed between the cultivated tomato (Solanum lycopersicum) and its wild ...
	1 Introduction
	2 Material and methods
	2.1 Plant material and growth conditions
	2.2 Growth measurements
	2.3 Plant water status and photosynthesis-related parameters
	2.4 Leaf anatomy
	2.5 Soluble sugars and proline quantification
	2.6 Mineral quantification
	2.7 SEM-EDX
	2.8 Expression of genes coding for Na+ and Cl− transporters
	2.9 Statistical treatments

	3 Results
	3.1 Impact of salinity on plant growth
	3.2 Impact of salinity on mineral concentrations
	3.2.1 Sodium
	3.2.2 Potassium
	3.2.3 Chloride

	3.3 Impact of salinity on elemental composition of epidermal cells and trichomes
	3.4 Impact of salinity on the expression of Na+ and Cl− transporters
	3.5 Impact of salinity on physiological parameters
	3.5.1 Photosynthesis-related parameters
	3.5.2 Plant water status

	3.6 Impact of salinity on mesophyll structure

	4 Discussion
	4.1 Growth is affected differently by NaCl in both species
	4.2 Ion distribution is differently managed in both species
	4.2.1 S. lycopersicum behaved as an excluder of Na+ and S. chilense as an includer
	4.2.2 Salinity decreased the K+/Na+ ratio in both species
	4.2.3 Chloride accumulated more in shoots than in roots in both species under salinity
	4.2.4 Both species limited the accumulation of Na+ and Cl- in the inflorescences

	4.3 Osmotic balance is differently adjusted in both species

	Author contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	Supplementary materials
	References


