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Abstract: Salt stress is considered as one of the most frequent factors limiting plant growth and
productivity of crops worldwide. The aim of the study was to evaluate physiological and biochemical
responses of nine diverse tomato genotypes exposed to salt stress. In this regard, four-week-old
seedlings of one modern variety, five landraces, the salt-sensitive accession of ‘Ailsa Craig’, the
salt-tolerant wild accession of S. pimpinellifolium "LA1579’, as well as the vitamin C-rich S. pennellii
introgression line ‘IL12-4’, were exposed to moderate salt stress (200 mM NaCl) for 10 days. At the
end of the stress treatment, agronomical traits and stress indices were evaluated, while gas exchange-
related parameters, root electrolyte leakage, malondialdehyde content and ascorbic acid were also
determined. All parameters were significantly affected by salt stress, but to a different extent,
verifying the diverse degree of tolerance within the selected genotypes, and further highlighting the
different stress-induced mechanisms. The landrace originated from ‘Santorini” island, as well as the
modern variety, which originated from traditional cultivars, demonstrated a better performance and
adaptivity under moderate salt stress, accompanied by reduced lipid peroxidation and enhanced
ascorbic acid content, indicating that they could be potential promising genetic material for breeding
programs or as grafting rootstocks/scions.
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1. Introduction

Salinity is an important abiotic stress factor threatening agricultural productivity
worldwide. There are more than 800 million hectares (434 and 397 million hectares under
the categories of sodic soils and saline soils, respectively), including 19.5% of total irrigated
lands, affected by salt [1]. In the forthcoming years, changes in soil salinization due to the
foreseeable effects of climate change are expected to significantly impact soil properties,
rapidly declining cultivable area [2,3], imposing detrimental effects on plant growth and
physiological responses [4,5]. Although many technologies have been implicated in the
improvement of salt tolerance, the development of salt-tolerant cultivars through breeding
represents a key cost-efficient and sustainable strategy to increase field crop production in
the era of climate change.

Plants can adapt to high Na* concentrations by triggering various physiological and
biochemical adjustments, including the effective compartmentalization of Na* in vacuoles
by specific transporters, the control of ion uptake by roots and transport into leaves,
modifications in leaf or root anatomical structures, alterations in the photosynthetic rate
and membrane structure, induction of plant hormones, and adjustment of the osmotic
balance of the cells by synthesizing osmoprotectants [4,6-8]. At excess NaCl, tolerant
plants maintain a high cytosolic K*/Na* ratio by active transport, mainly operated by
Na*/H* antiporters [9]. In this regard, the salt overly sensitive (SOS) signaling pathway
has been proposed to mediate the signaling cascades to achieve ion homeostasis, enabling
plants to withstand Na* toxicity during salt stress [10,11]. High levels of Na* or CI~
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alter normal cellular redox homeostasis, leading to an increased production of reactive
oxygen species (ROS). As a general consensus, ROS generation, causing oxidative damage,
is stimulated at exposure to salt, leading to lipid peroxidation and membrane damage
inter alia. Conceptually, their tight regulation by antioxidant mechanism is crucial to
reduce oxidative stress-mediated damage in plant cells and membranes. Among viable
indicators of the ability of plant cellular membranes to maintain integrity and/or recover
from imposed stresses is root electrolyte leakage (REL) [12]. Furthermore, malondialdehyde
(MDA) content can be also employed to assess the degree of membrane damage induced
by lipid peroxidation at exposure to abiotic stress, as previously highlighted in tobacco [7]
or walnut [13].

Tomato is among the most important vegetable crops worldwide, whereas the ad-
verse effects of salinity have been extensively studied on both seed germination, biomass
allocation and fruit yield [14,15]. Generally, tomato is a moderately sensitive crop which
can withstand a salinity level between 1.5 to 3 dS/m [16]. Based on the electrical con-
ductivity (EC) of the saturation extract, the maximum soil salinity tolerated by tomato is
2.5dS m~1, with a reduction of approximately 10% in the production for each unit increase
in salinity above this limit [17], although the threshold level for salt tolerance is primarily
dependent on individual genotypes and on environmental conditions [18]. Tomato plants
have developed defense mechanisms either to alleviate salt from their sensitive tissues, or
to tolerate salinity through anatomical adjustments (i.e., alterations in root length, shoot
length, number of leaves, leaf area, leaf senescence, flower abscission) and modifications in
physiological-biochemical processes (i.e., photosynthesis, respiration, synthesis of proteins,
lipids, vitamins and carotenoids, energy metabolism, hormone production, water equi-
librium and ionic flux from membrane) [19]. In particular, at the seedling stage, tomato
is sensitive to high levels of salt, which inhibits plant growth and significantly reduces
yield [19,20]. Vegetative biomass allocation has been considered as one of the best indica-
tors to assess the water uptake of tomato plants under saline conditions [21]. According
to Raza et al. [19], some salt tolerant tomato genotypes try to mitigate the deleterious
effects of salt stress through reducing physiological processes, whereas some others use
their root development to avoid salty root zones. Seed-priming, treatments with bene-
ficial microorganisms or salicylic acid, as well as the application of fertilizers at levels
marginally above the optimum, have been widely employed to ameliorate the detrimental
effects of salinity soils on tomato plants [22,23]. Nevertheless, the most cost-efficient and
sustainable strategy to improve plant performance at abiotic stress conditions remains the
development of breeding schemes for tolerant cultivars. In this regard, landraces and wild
species represent a valuable genetic resource to enhance yield stability and production
under adverse growth conditions.

The present study outlines the effect of salt stress on different tomato germplasm,
consisted of modern cultivars, landraces and wild accessions. Growth, physiological
and biochemical changes, including REL, MDA and ascorbic acid (AsA) content, that are
considered as valuable stress indicators to assess the degree of genotypic tolerance [7,12,13],
were determined in nine tomato genotypes exposed to 200 mM NaCl for 10 days. Results
could provide a useful basis for the selection of suitable tolerant genotypes that can be
used to direct breeding programs.

2. Results
2.1. Growth Parameters

The collection of tomato germplasm (Solanum lycopersicum) used to study seedling re-
sponses to salt stress included five landraces (cvs ‘Santorini’, ‘Zakynthos’, ‘Paxoi’, ‘HL073’,
‘Agiou Orous’, named V1 to V5, respectively), one modern variety (cv ‘Makedonia™—V6),
the salt-sensitive cv “Ailsa Craig’ (AC), the salt-tolerant accession LA1579 (a wild species of
Solanum pimpinellifolium), as well as the Solanum pennellii introgression line IL12-4 (LA4120),
rich in vitamin C content (Table S1). Generally, the statistical analysis of the growth pa-
rameters showed significant effects due to genotype (G), salt stress (S) and, in some cases,
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their interactions (G x S) (Table S2). Based on the results, in several genotypes, significant
reductions took place in shoot length (SL), shoot thickness (ST), and leaf number (LN),
at exposure to salt stress. In particular, seedlings of AC, V2, V4 and V5, grown under
salt stress, were by 17.5 to 24.3% smaller than the corresponding controls (Table 1). ST
was reduced about 13.7 to 27.7% in all genotypes except V1, whereas LN was reduced
only at V4 and V2 by 14.6 and 15.7%, respectively. Among genotypes, V1 was almost
the most resistant, displaying no remarkable differences under salt stress in SL, LN and
ST, whereas among the other genotypes, V3, V6, IL12-4 and the wild accession were less
affected concerning SL and LN. Furthermore, all tomato genotypes showed a reduction
in relative growth rate (RGR) at salt treatments compared to controls. The reduction in
RGR due to salt stress ranged from 25.2 to 70.5% compared to control plants. The most
remarkable inhibition of RGR was observed at IL12-4 (70.5%), followed by V5 and AC
(64%). The obtained RGR values of AC and LA1579 confirmed their salt sensitivity and salt
tolerance, respectively.

Table 1. Effect of salt stress on shoot length (SL), leaf number (LN), shoot thickness (ST), and relative growth rate (RGR) of nine tomato
genotypes subjected to 200 mM NaCl for 10 days, compared to control plants (0 mM NaCl). Each value indicates the mean value of

20 biological replicates. Statistically significant values are indicated by dissimilar letters according to Tukey’s multiple comparison test

at significance level 0.05. Asterisks indicate significant % changes.

Genotypes
Trait NaCl Level LA1579 AC 1L12-4 \%! V2 V3 V4 V5 V6
SL (cm) 0mM 28.3 b 28.4 b 23.7 cdefg 97 g fghi 23.7cdefg o5 gbedef 93 7 defgh 26.8 abe 2922
200 mM 26.5 abed 22.3 fghi 20.7 8hi 20.9 8hi 19.6 N 22.6 ©fgh 1891 20.3 ghi 26.0 abede
% Change —6.5 —216* -10.9 —46 —175* -10.7 —182*% —243*% -11
LN 0 mM 6.6 ab¢ 742 5.1¢f8 7.0 5.1¢f8 5.3 defg 5.9 cdef 49 fg 5.2 ¢fg
200 mM 6.2 bede 6.3 abed 5.3 defg 6.2 bede 438 478 5.0 448 4878
% Change —-5.3 —14.4 2.8 —114 —15.7 -11.3 —14.6 -85 -7.7
ST (mm) 0mM 3.89f8 479b 4.67 be 4.70 be 478" 477" 4852b 4912b 5072
200 mM 3151 3.70 8h 3.49h 449 346N 4.12 ¢ 3.718h 3.8718 4.25de
% Change ~189* —227% —253% —45 —27.7% —13.7* —235% —21.2% —162*
RGR 0 mM 0.1192 0.042h 0.087 ¢ 0.0508 0.076 © 0.0824 0.081 4 0.067 f 0.091°
200 mM 0.089 be 0.015& 0.0261 0.0237 0.0421 0.050 8 0.043h 0.024 1 0.066 £
% Change —252% —63.7% —70.5* —528% —45.1 % —39* —46.1% —63.7% —27*

Excluding RGR, fresh weight of shoot (SFW), and root (RFW), as well as dry matter
content (%) of shoot (SDMC) and root (RDMC), were also significantly affected by both
salt stress and tomato genotype—in some cases from their interactions too (Table S2).
Particularly, SFW was reduced by 30.3 to 34.5% in V2, V3 and V4 seedlings exposed to salt
stress, whereas in IL12-4, by 41.2%, compared to unstressed controls (Table 2). The RFW
of seedlings declined as a result of salt stress in LA1579, IL12-4, V1, V2 and V6 genotypes
(Table 2). However, there were clear differences among genotypes, with reductions ranging
from 31.9 to 48.7% due to salt treatments in all genotypes. It is noteworthy that the most
pronounced decrease in RFW (48.7%) was recorded in the salt tolerant LA1579, followed by
1L12-4 (42.2%). Concerning SDMC and RDMC, no differences were observed at exposure
to salt stress, except for LA1579 and V2, in which RDMC was higher by 42% and 28.8%
in plants grown under salt stress compared to control plants, respectively (Table 2). This
increase in RDMC was observed as a trend in nearly all genotypes but to a lesser and not
statistically significant degree.
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Table 2. Effect of salt stress on fresh weight of shoot (SFW) and root (RFW), as well as on dry matter content (%) of shoot (SDMC)
and root (RDMC) of nine tomato genotypes subjected to 200 mM NaCl for 10 days, compared to control plants (0 mM NaCl). Each
value indicates the mean value of 20 biological replicates. Statistically significant values are indicated by dissimilar letters according to
Tukey’s multiple comparison test at significance level 0.05. Asterisks indicate significant % changes.

Genotypes
Trait NaCl Level LA1579 AC IL12-4 \%! V2 V3 V4 V5 V6
SFW (g) 0 mM 4.29 bede 5.58 ab 4,77 abed 6.26 2 5.16 2b¢ 6.112 5.63 2b 5.35 abe 6.122
200 mM 3.82 cde 4.14 bede 2.81¢ 4,89 abed 343 de 4.6 bede 3.69 cde 407bede 573 abed
% Change -109 —2538 —412% -218 —335* —303*% —345*% —24 —-16.3
% SDMC 0mM 14.18 2b 11.93 cde 14.70 2 12,52 bede 1D 48 bede 11.68 de 13,01 abed 1 pp cde 11.96 cde
200 mM 1244 bede 12 gg bede 14.07 @b 12.65 bede 13.48 abe 12.49 bede 14.07 @b 11.13¢ 11.66 de
% Change -12.3 8 —43 1 8 7 8.1 -9 —2.6
RFW (g) 0mM 1.18 cdef 1.38 bed 1.36 bed 1.962 1.2] cde 1.59 abe 1.63 abc 1.33 bed 1.722b
200 mM 0.618 1.04 defg 0.75 ©f8 1.18 cdef 0.70 f8 1.19 cdef 1.18 cdef 0.99 defg 1.17 cdef
% Change —48.7% —245 —449*% —39.6 % —422% —25.1 —27.6 —26 —319*
% RDMC 0mM 10.38 bedef g gp defg () 73 bedef 8.53 °fg 9.70 cdefg 7.89 8 9.46 cdefg 8.55 ©fg 8431
200 mM 14.752 10.88bede 11, 01bed 10,09 cdefg 12.50 ab 9.35 cdefg 11.53 be 8.75defg 10 43 bedef
% Change 42% 22 26 182 28.8* 185 21.8 23 23.8

2.2. Physiological Traits

Analysis of variance applied on data obtained from physiological traits of tomato
such as chlorophyll content index (CCI), net photosynthetic rate (Anet), transpiration
rate (TR) and stomatal conductance (SC) showed significant effect due to genotype (G),
salt stress (S) and their interactions (G x S) (Table S2). Specifically, at exposure to salt
stress, CCI of tomato plants displayed no significant fluctuations, with the exception of
LA1579, where CCI was 55.3% lower compared to controls (Figure 1A). By contrast, the
inhibition of Anet, TR and SC induced by salinity was genotype dependent. Particularly,
Anet was significantly lower in stressed compared to non-stressed plants, ranging from
44.6% (AC) up to 67.7% (V1) (Figure 1B). It is noteworthy that Anet of LA1579, IL12-4,
V3, V4 and V6 tomato seedlings was not significantly affected by salt stress. The TR
exhibited a rather comparable tendency to Anet, as tomato seedlings of LA1579, AC, IL
12-4, V1 and V3 genotypes subjected to salt stress had 50.9%—-79.6% lower TR than the
respective controls (Figure 1C). In accordance to Anet, the most pronounced inhibition of TR
compared to non-stressed plants was observed in V1 (79.6%), followed by V3 (65.8%) and
AC (62%). Regarding SC, all genotypes, apart from V6, displayed a remarkable reduction
at exposure to salt stress compared to non-stressed plants, ranging from 45.8% (V4) to
82.4% (V1) (Figure 1D).

2.3. Salt Tolerance Indices

Stress susceptibility index (SSI) and stress tolerance index (STI) are presented in
Table S3. Under salt stress, the highest values of the SSI index for the above-the-ground
biomass were observed in genotypes V4 and V5, and the lowest in LA1579 and V1, followed
by V6. Results of the SSI index on the basis of total plant biomass were similar. High values
of STI for the above-the-ground biomass that are related to stress tolerance, were displayed
in genotypes V1, LA1579 and V6, whilst the lowest were in V2 and V5. On the basis of total
biomass, genotypes V1, V4, V6 and V3 showed the highest STI values, whilst the genotypes
V2 and V5 were the lowest.
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Figure 1. Effect of salt stress on chlorophyll content index (A), photosynthetic rate ((B); pumol CO; m~2 s~ 1), transpiration
rate ((C); mmol H,O m~2 s~ 1) and stomatal conductance ((D); mol CO, m~2 s~ 1) of nine tomato genotypes subjected to
200 mM NacCl for 10 days, compared to control plants (0 mM NaCl). Data means (+) were determined from 10 biological
replicates. Statistically significant values are indicated by dissimilar letters according to Tukey’s multiple comparison test at
significance level 0.05.

2.4. Oxidative Stress

Analysis of variance applied on data obtained from the relevant biochemical markers
of tomato (MDA, REL, ascorbic acid (AsA), total AsA (totAsA) and AsA/totAsA ratio) has
a significant effect due to genotype (G) and salt stress (S), which was also observed, in most
cases, from their interactions (Table S2). Lipid peroxidation, based on leaf MDA content,
was significantly upregulated in all genotypes exposed to 200 mM NaCl, compared to
control plants (Figure 2A). The increase ranged from only 71.0% or 93.6% in tolerant geno-
types (LA1579 and IL12-4, respectively) to 173.9% and 163.8% in V2 and AC, respectively.
Relatively low MDA content was also determined in V1, and to a lesser extent in V5 and
V6, compared to V2 and AC, which are considered to be sensitive genotypes, suggesting
that these genotypes probably also suffered from a lesser degree of membrane injury.

Furthermore, V1, LA1579 and IL12-4 exhibited lower REL due to the exposure to salt
stress, these being 45.3%, 49.4% and 71.1%, respectively, compared to unstressed plants
(Figure 2B). By contrast, the highest REL was recorded in V4, V2, V5 and AC, with a
decrease of 111%, 97.1%, 95.6% and 92.2%, compared to unstressed plants, respectively,
indicating that the roots of these genotypes were more sensitive to salt-mediated injury
caused by NaCl.
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Figure 2. Effect of salt stress on malonyldialdehyde (MDA) content ((A); pmols gFWfl) and root
electrolyte leakage (%) (B) of nine tomato genotypes subjected to 200 mM NaCl for 10 days, compared
to control plants (0 mM NaCl). Data means (+) were determined from five biological replicates.
Statistically significant values are indicated by dissimilar letters, according to Tukey’s multiple
comparison test at significance level 0.05.

A significant reduction in AsA content, and a concomitant increase in its oxidized form
(dehydroascorbate), were evident in response to salt stress in AC, V2 and V3, compared
to control plants, while no change was observed in the rest of the genotypes (Figure 3A).
Salt stress reduced totAsA content in a similar manner, with the highest decrease being
observed in AC (34.2%) and V2 (31.9%) (Figure 3B). The AsA/totAsA ratio, which serves
as an indicator of oxidative stress, revealed that the greater oxidation in the AsA pool
occurred in V2, followed by V3 and AC (Figure 3C).

2.5. Principal Component Analysis and Hierarchical Clustering

The principal component analysis (PCA) was carried out for a total of 13 variables
in the nine tomato genotypes subjected to 200 mM NaCl. Based on eigenvalue >1, we
extracted a total of two principal components (PCs) with a cumulative distribution of
68.8% (Figure 4A). Generally, stressed and unstressed plants formed two distinct groups,
although some outliers, including LA1579 and V5 at exposure to 200 mM NaCl, as well as
unstressed LA1579, were also identified. Interestingly, V1 and V6 exposed to salt stress
were placed close to the cross-section of the axes, and relatively closer to the group of
unstressed genotypes, indicating that these genotypes had the lowest influence on total
variation within the collection.
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Figure 3. Effect of salt stress on ascorbic acid (AsA) content ((A); pmol gFW_l), total ascorbic
acid (totAsA) content ((B); pmol gFWfl), and the ratio AsA/totAsA (C) of nine tomato genotypes
subjected to 200 mM NaCl for 10 days, compared to control plants (0 mM NaCl). Data means (+)
were determined from five biological replicates. Statistically significant values are indicated by
dissimilar letters according to Tukey’s multiple comparison test at significance level 0.05.

As a further step to investigate salt stress responses in the different genotypes, agglom-
erative hierarchical clustering (AHC) analysis on combined growth, physiological, and
oxidative-related traits was employed to enable the grouping of genotypes into clusters
of similar stress responses, using the Euclidean distance and Ward’s method for agglom-
eration (Figure 4B). The resulting dendrogram based on fold change variants between
stressed and unstressed plants revealed three distinct groups: Group I is comprised of
two genotypes, Group II of four genotypes and Group III of three genotypes. Cluster I
contained IL12-4 and V5, demonstrating moderate tolerance to salt stress, whilst Cluster II
contained the majority of landraces (V2 to V5), exhibiting salt sensitivity. Notably, Group III
contained the salt-tolerant accession of S. pimpinnelifolium, which also included V1 and V6,
indicating that these genotypes are also salt-tolerant. These results are in accordance with
salt-tolerance indices (Table S3).
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Figure 4. (A) 2-D PCA plot of the first two components of the nine tomato genotypes subjected to salt stress (0 mM and

200 mM NaCl) based on 13 agronomical, physiological and stress-related traits; (B) heat map showing fold changes of

different agronomical, physiological and stress-related traits of nine tomato genotypes subjected to 200 mM NaCl for

10 days, as compared to control plants (0 mM NaCl).

3. Discussion

Salinity is a popular and extremely important problem for the majority of plant species
due to its effects on plant growth as well as crop yield [24]. Salt stress causes intensive
root ion toxicity which can further result in growth reduction in the entire plant [25]. In
order to cope with enriched salt conditions, plants implement a plethora of morphological,
physiological and biochemical adaptations, with the effect of developmental stage and
salt levels being critical in the efficiency of the activated defense mechanism to mitigate
stress injury [26]. The adaptability of seedlings under salt stress may also reflect higher salt
tolerance at advanced growth stages [27].

Tomato wild species and landraces have been widely employed to improve the salt
tolerance of modern cultivars [15,28], but the level of tolerance is different among tomato
genotypes and/or within genotypes [27]. In this work, the responses of a collection of nine
tomato genotypes exposed to salt stress were evaluated using morphological, physiological
and biochemical markers. Based on our results, the tomato genotypes varied remarkably
in their response to salt stress. There are several similar studies dealing with genotype
selection for salt tolerance at the seedling stage in tomato [27], chicory [29], cotton [30],
and rice [31,32]. According Zaki and Yokoi [27], the salt adaptability of seedlings at this
stage may reflect higher salinity tolerance at advanced plant stages. All growth parame-
ters examined in this study, including SL, LN, and ST, as well as RGR, were significantly
decreased, owing to salt stress, notwithstanding to a different extent between genotypes
(Table 1). Based on the above-the-ground morphological collection screening, the salt-
tolerant LA1579, V1, V3 and V6 were less affected, as indicated by a lesser reduction in
SL, LN, ST and SFW (Tables 1 and 2), suggesting that these cultivars exerted a similar
adaptation response. Previously, SFW and SL have also been identified as efficient agro-
nomical indicators for the evaluation of salt tolerance of different crop species, including
tomato [27,33], chicory [29], potato [34], rapeseed [35], barley [36], and sorghum [37]. One
of the most critical responses of plants to stress conditions is the inhibition of the growth
rate. The observed reductions in RGR (25.2-70.5%) in the selected tomato genotypes ex-
posed to salt stress compared to control plants (Table 1) are in accordance with previous
reports [38—-40]. In agreement with other agronomical traits, the higher the reduction in
growth rate was observed in AC, IL12-4, and V5, whilst the smaller reduction in LA1579,
V3 and V6, indicate that these genotypes are salt sensitive or salt tolerant, respectively.
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When considering the below-the-ground-parts, since the primary response of plants
towards salt stress is perceived by roots [27], RFW declined in all genotypes as a result of
NaCl treatment (Table 2). The observed reduction in RFW could not only be due to the
effect of growth inhibition, but also due to the dehydration of the plants in the presence
of high salt concentration, an aspect that is in line with previous reports in rice [32]. It is,
however, noteworthy that the effects of salt stress on the roots of some salt-tolerant geno-
types (assigned based on shoot-related traits), i.e., LA1579, V1 and V6, were more drastic,
displaying the greater decrease in RFW, compared to other, considered as salt-sensitive (AC
and V5). This observation suggests the diverse adaptation responses employed by different
genotypes to cope with salt stress. In particular, under salt stress, LA1579, V1 and V6
may have inhibited root growth in an attempt to take up less salt quantity [22], in order to
support photosynthesis. In other words, the interplay of limitations of different tissue sites
is critical for plant survival under harsh environmental conditions. Nevertheless, LA1579
exhibited increased RDMC values, demonstrating its ability to create more efficient RDMC
per unit of water absorbed, so they take up less salt [22]. The high values of RDMC in salt-
treated plants could be induced by the milder effect of salt stress on dry biomass than that
imposed on fresh biomass, which has been previously reported by other researchers [29].
Concerning the differentiation of salt’s impact on roots and shoot, a possible explanation
must be accompanied by changes in the allocation of assimilates between roots and shoots.

As a further step, two tolerance indices (SSI and STI) were evaluated to determine
salt-tolerant genotypes, based on high yield potential under stress (Table S3), similar
to other studies in sorghum [37]. The results support findings on morphological traits,
demonstrating that, apart from LA1579, genotypes V1 and V6 had also the highest stability
and yield potential under salt stress. Therefore, these genotypes, the landrace originated
from ‘Santorini’ island (V1), and one breeding line, obtained from traditional cultivars too
(V6), can be considered as relatively salt tolerant.

Photosynthetic response at adverse environmental conditions is an intricate physi-
ological process that is directly connected to plant growth and performance [4,40]. Salt
stress provokes photosynthesis reduction by stomatal closure, decreasing CO; absorption
and changes in stress-related genes expression [41]. Modifications in various photosyn-
thesis parameters due to disruptions in water relations and ROS generation leading to
cellular damage, have been observed in numerous studies [42—45]. In this study, several
genotypes, such as LA1579, IL12-4, V3, V4 and V6, maintained at control, level their net
photosynthetic rates under salt stress (Figure 1). Interestingly, although V1 was designated
a salt-tolerant genotype, based on morphological traits, a profound decrease in Anet was
evident (Figure 1B), indicating a possible trade-off between growth, physiological and
tolerance responses, as previously reported in tobacco plants with reduced polyamine
content [4]. In order to save water under salt stress, plants provoke stomata closure, con-
sulting to stomatal conductance and photosynthesis reduction [46]. However, similar to
previous reports [4], the remarkable decrease in Anet was not accompanied by ST or TR in
a similar pattern (Figure 1), i.e., genotype V3. In addition, the observed decrease in Anet
of tomato genotypes under salt stress cannot be attributed to the decrease in chlorophyll
content either, as CCI of almost all genotypes was not affected by salt stress, due to the
high standard deviation. It is worth noticing that, according to previous studies [4,47],
CCI was not a reliable indicator of NaCl tolerance. The observed physiological responses
of tomato seedlings to salt stress may be included to the first level of plant responses
where the shoot ion-independent response occurs within minutes to days [48], whereas
Roy et al. [49] related this situation to Na* sensing and signaling. In this first phase of
responses, the significant inhibitions of SC, TR and Anet, which were observed in this study,
are in accordance with previous studies [48,50], which referred that the primary effects
of salinity on water relations can cause stomatal closure, the inhibition of transpiration
and of leaf expansion. The observed decrease in biomass (expressed as SFW and RFW)
under salt stress in the majority of genotypes (Table 2) might be related to reduced stomatal
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conductance leading to less efficient photosynthesis, and suppression of cell expansion
under low turgor pressure due to osmotically induced water loss [51,52].

ROS-mediated oxidative damage is stimulated at exposure to salt, leading to lipid
peroxidation and membrane damage inter alia [53]. Oxidative-induced yield penalties,
probably owing to the crosstalk between developmental and stress-responsive networks
at exposure of plants to excessive salt, have been reported in a broad number of plant
species, including maize, wheat, bean, tomato and sugarcane [54]. The product of fatty acid
peroxidation, MDA, is widely employed as a sign of oxidative damage under stress [55,56].
As a general consensus, salt acclimated plants have lower MDA content [57,58]. In agree-
ment with these findings, the salt tolerant genotypes, LA1579 and V1, as well as IL12-4,
had lower leaf MDA contents compared to some salt sensitive genotypes, such as V2 and
AC (Figure 2A), suggesting that these genotypes were better protected against oxidative
damage under salt stress. Similarly, our results also support the notion that V5 and V6
probably suffered from less membrane injury, while V3 and V4 cannot efficiently protect
membranes from peroxidation.

Electrolyte leakage from plasma membranes in roots has been considered as another
critical factor for the identification of salt-tolerant genotypes [58]. Our results highlighted
that REL increased progressively with respect to control values with decreasing salt tol-
erance, in agreement with leaf MDA contents (Figure 2). Combined with physiological
measurements, lower leaf MDA and REL, as well as high SC, TR, and Anet, suggested that
the salt-tolerant V6 was able to maintain higher water status under salt stress to alleviate
cell damage and protect the photosynthetic apparatus. By contrast, in the salt-sensitive V3,
the remarkable reduction in TR and SC helped maintain the water status and protected, to
a certain extent, photosynthesis at exposure to salt stress, but it was not enough to protect
from lipid peroxidation or electrolyte leakage.

Although AsA has been known to improve plant defense antioxidant system against
salt enriched conditions, little is known about the physiological and biochemical responses
of AsA-mediated alleviation of salt stress in tomatoes. It has been previously reported that
AsA is able to reverse the adverse effects of salt stress on plant growth through enhancing
stress-responsive proteins [59]; thus, it has been employed as a priming agent to alleviate
the deleterious effects of salt in tomatoes [60]. Our results demonstrated that salt tolerant
genotypes, such as LA1579, V1 and V6, exposed to salt stress, maintained their leaf AsA
content at control levels, while V2 and AC showed a significant decrease (Figure 3). In
some other genotypes, such as IL12-4, V4 and V5, AsA content was not affected by salt
stress, but this was not enough to protect plants from cellular oxidative damage.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

The collection of tomato germplasm (Solanum lycopersicum) used to study seedling re-
sponses to salt stress included five landraces (cvs ‘Santorini’, ‘Zakynthos’, ‘Paxoi’, "HL073’,
‘Agiou Orous’, named V1 to V5, respectively), one modern variety (cv ‘Makedonia™—V6),
the salt-sensitive cv “Ailsa Craig’ (AC), the salt-tolerant accession LA1579 (a wild species of
Solanum pimpinellifolium), as well as the Solanum pennellii introgression line IL12-4 (LA4120),
rich in vitamin C content (Table S1). More details on the origin and the phenotypic charac-
terization of the selected landraces can be found elsewhere [61]. Seeds were obtained either
from the vegetable collection preserved at the Hellenic Agricultural Organization (HAO)
Demeter, originated from different districts in Greece (Makedonia, Ionian Sea, Aegean
Sea, Crete), or from the Tomato Genetics Resource Center (TGRC). The experiments were
conducted in the greenhouse of Institute of Plant Breeding and Genetic Resources (IPGRB)
of HAO-Demeter (Thessaloniki, North Greece, 40°32/11.69" N and 22°59'58.08"" E) during
September 2020. Seeds were sown in individual 10 cm diameter pots filled with peat
and grown under the following conditions: 60-70% relative humidity, 14/10 h light/dark
photoperiod, and 26/18 °C day/night temperatures. Three weeks after germination,
200 mM NaCl was applied through irrigation on 20 plants per genotype, while control



Stresses 2021, 1

248

plants were watered regularly with tap water, essentially as previously described [4]. Salt
treatments were applied every second day for a total of 10 days, in pots placed over
flat discs. A completely randomized design with twenty replicates per treatment per
genotype was used. Soil water content was regularly measured with a ProCheck meter
(Decagon Devices, Pullman, WA, USA) equipped with TEROS10 sensor (METER Group
AG, Miinchen, Germany), to ensure a comparable volumetric soil moisture between control
and salt-treated plants.

4.2. Plant Growth and Developmental Characteristics

At the end of stress treatment, several growth, agronomical and physiological parame-
ters were evaluated on 20 plants per treatment. SL was measured using a graduated ruler,
ST was evaluated with an electronic caliper at the point just beneath the third expandable
leaf, whereas LN per plant was also counted. Afterwards, plants were removed from
pots, gently rinsed to eliminate the soil from the roots with deionized water, separated
into leaves and roots, blotted carefully with tissue paper, and weighed to determine the
corresponding SFW and RFW. Tissues were then dried in an oven at 70 °C for 48 h to
determine shoot and root dry weights and calculate the percentage of shoot and root dry
matter content (SDMC and RDMC, respectively). Furthermore, in order to examine the
shoot growth response to salt stress, RGR of shoot growth were determined destructively
over two harvests, the first just prior salinity application (t1), and the second (t2) at the end
of salt treatment, according to Stevens et al. [34]. RGR expressed as g g~ ! day~! was based
on dry mass and calculated using the following formula [57]:

RGR = (ln Wt2 —In th)/(tz — tl)/

where Wy and Wy, corresponded to dry weight at first and second harvest, respectively,
while t2 and t1 referred to the age of seedlings at initial and second harvest.

Moreover, in order to assess salt tolerance of each genotype, we determined the
stress indices, SSI and STI, based on the above-the-ground and total biomass using the
following equations [38]:

SSS=[1 — (Ys/Yp)l/[1 — (Ys/Yp)]

and
STI=(Yp x Ys)/(Yp)?,

where Yp, and Y; were the average seedling dry weight of a given genotype under non-stress
and NaCl-stress conditions, respectively, whereas Y, and Y were the average seedling dry
weights of all genotypes under non-stress and stress conditions, respectively.

4.3. Photosynthetic Parameters

Anet (umol m~2 s~ 1), TR (mmol H,O m? s~ 1), and SC (mol CO, m~2 s~!) were
evaluated at the end of stress treatment using the portable photosynthesis system LCi-SD
(ADC Bioscientific Ltd., Hoddesdon, UK). The photosynthetically active radiation (PAR)
incident on leaf surface was 380 = 50 umol (photon) m~ s71, the CO, concentration in the
chamber was 410 + 10 umol (CO5) mol ™!, the chamber temperature was set at 25 + 1 °C,
whereas the water reference as partial pressure was 31.3 £ 2 mbar. CCI was assessed with
a portable Chlorophyll Content Meter (CCM-200, Opti-Sciences, Tyngsboro, MA, USA).
All the physiological parameters were evaluated on the second developed leaf (counting
from the apex) in 10 seedlings per genotype per treatment. To avoid photoinhibition, all
physiological measurements were performed in a 2 h time span, approximately two hours
after sunrise.

4.4. Root Electrolyte Leakage

REL was essentially determined as previously described [62]. Briefly, at the end of
stress treatment, roots were thoroughly rinsed with tap water to remove any soil particles.
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Then, 100 mg of roots were immersed in glass tubes containing 15 mL of deionized water
with known EC and vortexed vigorously. After 24 h in dark, EC was measured before and
after boiling at 110 °C for 20 min using the electrical conductivity meter 712 ConductoMeter
(Metrohm, Herisau, Switzerland). The injury index was estimated from the formula:
REL (%) = [(EC before/EC after boiling) x 100]/initial root weight. Measurements were
performed using five replicates per treatment and per genotype.

4.5. Lipid Peroxidation and Ascorbic Acid Contents

The MDA content was determined in leaf samples to estimate the degree of lipid
peroxidation using the thiobarbituric acid (TBA) test [63], with a few modifications [39].
Briefly, frozen leaf powder (200 mg) was homogenized in 600 mL 0.1% (w/v) trichloroacetic
acid (TCA) solution. The homogenate was centrifuged at 14,000 rpm for 15 min at 4 °C and
0.5 mL of the supernatant was added to 1.5 mL 0.5% (w/v) TBA in 20% TCA. After incu-
bating the mixture in boiling water for 25 min, the reaction was completed by immersing
the reaction tubes on ice. The MDA content was calculated by measuring the absorbance
of supernatant was read at 532 nm, after subtracting the value for non-specific absorption
at 600 nm, using an extinction coefficient of 155 mM~! em~1.

Similarly, the AsA content was determined spectrophotometrically in the same leaf
samples using the ascorbate oxidase (AO) enzyme as previously described [64]. Calcula-
tions were based upon the difference in absorbance at 265 nm before, and 3 min after the
addition of AO (1 U/puL) to a 200 pL aliquot of extract in 200 mM sodium phosphate buffer
(pH 5.6). Total AsA (totAsA) content was determined by measuring absorbance before and
5 min after adding 10 mM DTT to a separate extract aliquot.

For the determination of both MDA and AsA contents, fully expanded leaves were
obtained from five individual seedlings per treatment and per genotype, considered as
biological replicates.

4.6. Statistical Analysis

The statistical analysis (ANOVA) was carried out using the computer software MSTAT-
C version 1.41 (Michigan State University, East Lansing, MI). All measures and derived data
were objected to an analysis of variance by using the Experiment Model Number 1: two
factor completely randomized design, with genotype and salt treatment as factors. Tukey’s
multiple comparison procedures were used to detect and separate mean treatments dif-
ferences at p < 0.05. In order to compare means within each genotype, we used the
independent samples t-test in SPSS (IBM version 23). The web tool Clustvis [65] was used
for the visualization of clustering on multivariate data using PCA and AHC (heatmap).
The construction of two-dimensional (2D) plots was based on the first two PCs. The AHC
analysis was performed using Euclidean distance and Ward’s method, to systematically
analyze and assess salt tolerance, using the fold change variants between stressed and
unstressed plants per genotype.

5. Conclusions

In the present study, the different genotypes responded variably for each trait under
salt stress. The existence of genotypic variation—prerequisite for genetic improvement—of
the observed data of all growth, physiological and oxidative-related traits was evident, and
this safeguards the diverse modes of action accounting for salinity tolerance within the
selected tomato germplasm. The AHC analysis classified the collection of tomato genotypes
in three distinct groups with contrasting salt tolerance. Salt tolerant genotypes, such as
the wild accession LA1579, or the landraces originated from Greece with the codes V1
and V6, clearly exhibited better tolerance/adaptivity to moderate salt stress. Furthermore,
they were able to maintain leaf AsA content at control levels. On the basis of our findings,
these landraces could be potential genetic material for breeding programs and/or grafting
strategies. Our study can be the springboard for future research towards unravelling the
genetic mechanisms that contribute to salt amelioration in tomato.



Stresses 2021, 1 250

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/stresses1040017/s1, Table S1: Details on the tomato germplasm collection used in the
study to evaluate salt responses, Table S2: Results of analysis of variance applied on growth and
physiological parameters of tomato seedlings of different genotypes as affected by salinity treatment.
F-ratios” significance is given for the effects exerted by tomato’s genotype and salinity treatment,
Table S3: Tolerance indices stress susceptibility index (SSI) and salt tolerance index (STI) of the
above-the-ground and total biomass of nine tomato genotypes subjected to 200 mM NaCl for 10 days.
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