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Abstract: Climate change together with excessive fertilization and poor water quality can affect soil
quality and salinization. In plants, high salinity causes osmotic stress, ionic toxicity, and oxidative
stress. Consequently, salt stress limits plant development, growth, productivity, and yield. Tomatoes
are a very common agricultural product, and some cultivars can partially tolerate salinity. However,
most studies are focused on salt excess, which does not necessarily extrapolate on how plants
develop in soils with low concentrations of salts. Thus, this study characterizes plant growth and
the development of different salt concentrations from 25 to 200 mM in Solanum lycopersicum cv.
Moneymaker. Tomato seedlings grown in Murashige and Skoog medium supplied with different
NaCl concentrations (0, 25, 50, 75, 100, 125, 150, 175, and 200 mM) showed that low salt concentrations
(25 and 50 mM) have a positive impact on lateral root development. This was further observed in
physiological parameters such as shoot length, primary root length, and proliferation of lateral roots
versus controls. Interestingly, no significant changes in Na+ concentration were observed in 25 mM
NaCl in roots or shoots versus controls. Overall, our results suggest that non-toxic salt concentrations
can have a positive impact on plant development.

Keywords: Solanum lycopersicum; root growth; salt stress; plant growth

1. Introduction

The continuous expansion of the global population demands a future increase in
food production to maintain present caloric intake. Thus, researchers and growers need
to adapt to climate change scenarios that threaten sustainability and food security. One
of the main challenges is to overcome abiotic stresses. Under the current scenario, the
yield of main crops can decrease by more than 50% worldwide [1]. Thus, biotechnology
and modern breeding are promising alternatives to increase abiotic stress tolerance on
crops. However, it is necessary to have a deeper understanding of the regulatory networks,
tolerance mechanisms, and susceptibility of crops to these specific factors.

Salinity is a key problem in arid and semiarid regions [2]. Overall, it generates an
osmotic and ionic stress that limits water intake and affects metabolic processes [3]. It also
has an impact on the availability, transport, and distribution of various nutrients. Among the
different salts, NaCl competes with other ions and is toxic for several species [4]. In tomatoes
(Solanum lycopersicum L.), high salinity reduces protein content, carotenoids, chlorophyll,
soluble solids, starch content, and phenolic compounds [5–7]. To counteract these detrimental
effects, plants have a series of stress response mechanisms that are genetically encoded and
involve ion exclusion, compartmentalization, and tissue prioritization [8–10].

High salt concentration in the soil can severely affect plant growth and yield due to
the strong osmotic and ionic stress imposed on the root system. The osmotic stress caused
by salt reduces cell expansion in growing tissues and also causes stomatal closure, which
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helps to minimize water loss and plant damage [11]. However, ions accumulating in plants
can affect water availability and produce high toxicity and developmental constraints [11].

Although the above-ground tissues are affected under salt stress, roots are the main
responsive organ to stresses such as high salt, and its growth and development are also
altered. Roots are also the first tissue to sense changes in soil conditions [12]. Accordingly,
the result of salt stress in roots is a severe re-adjustment of its morphology, which involves
complex hormonal crosstalk [13–16]. The high plasticity of the root is controlled post-
embryonically by changing the length of the primary root and the number and density of
lateral roots (LRs), thus leading to a constant reduction in root growth in response to salt.
Interestingly, Arabidopsis thaliana has contrasting effects in root development depending on
the salt (NaCl) concentration applied to the roots [11,17]. While the root length shortens
with increasing NaCl concentration, the number of LR increases at mild salt stress (<50 mM
NaCl) and decreases drastically at severe stress (>100 mM NaCl) in Col-0 (wild type) [11,17].

To date, there are only a limited number of reports showing positive impacts of root
traits under salt stress in tomatoes. A comparative study of cultivated and wild tomato
species showed the variability of the root phenotype in response to salt stress [18]. While
cv Rutgers increases its root length at 100 mM NaCl, cv Moneymaker showed only a minor
change, and cv aichi-first is completely sensitive. A priming treatment of tomatoes (cv
momotaro haruka) with 300 mM NaCl for 24 h before germination can have a positive
impact on seed germination and root length [19]. Low salt stress applied in a non-uniform
manner to the root system results in enhanced leaf growth and fruit yield [20].

Here, we establish an in vitro system for tomato seedlings to evaluate the plant re-
sponse to a range of NaCl concentrations. We evaluated root and shoot growth parameters
and identified contrasting salt concentrations, demonstrating a positive impact of low salt
treatments on seedling growth.

2. Results

To evaluate the concentration-dependent effect of salinity on root development, we
first focused on lateral root (LR) number under a range of NaCl concentrations (25–200 mM).
Figure 1 shows that concentrations of 100 mM NaCl and above have a negative impact on
the number of lateral roots. Interestingly, plants grown under NaCl at a concentration as
low as 25 mM NaCl had significantly more lateral roots than controls (Figure 1). The same
was observed for 50 mM NaCl.
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Figure 1. Number of lateral roots in response to salt stress. S. lycopersicum seedlings were treated
with increasing concentrations of NaCl (0, 25, 50, 75, 100, 125, 150, 175, and 200 mM). The lateral
root number (LR number) was measured after 10 days of NaCl treatment. The letters a–g represent
statistically significant differences with p < 0.05. Error bars represent the standard error of the mean.
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Figure 2 shows that low NaCl treatment had a positive impact on not only the number
of LRs, but also other physiological parameters (Figure 2A). To characterize this further, we
used two contrasting NaCl concentrations. The lower and higher NaCl concentrations leading
to a significant phenotype served as the low (25 mM NaCl) and high (175 mM NaCl) salt
concentrations, respectively. Interestingly, while 175 mM NaCl treatment resulted in a negative
impact on shoot and root length, low salt had a positive impact, showing significantly longer
shoots and roots (Figure 2B,C). There were more lateral roots with lower salt levels (Figure 2D).
However, there were no variations with respect to the lateral root density; thus, the number of
lateral roots per cm of root length remained constant (Figure 2E).
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Considering the remarkable phenotype observed here, we evaluated higher seedling
growth under low salt, as reflected in fresh and dry weights. Interestingly, while no changes
were observed in root fresh or dry weight (Figure 3B and Figure S1), there was a clear trend
(although not statistically significant) in the shoot and total plant fresh weight at 25 mM
and 175 mM NaCl versus control. Moreover, there was a significant difference in shoot and
total plant fresh weight between high and low salt concentrations (Figure 3A,C). We further
evaluated these differences in terms of shoot dry weight, observing similar results (Figure 3D).
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Figure 3. Fresh and dry weight of S. lycopersicum plants after low and high salt treatments.
S. lycopersicum seedlings were treated with low and high concentrations of NaCl (0, 25, and 175 mM).
The roots and shoots were dissected and weighed after 10 days of NaCl treatment. (A) Shoot fresh
weight, (B) root fresh weight, (C) total fresh weight, and (D) shoot dry weight. The letters a and b
represent statistically significant differences with p < 0.05. Error bars represent the standard error of
the mean.

Finally, the Na+ ion content in the root, shoot, and total Na+ concentration only
changed under the 175 mM NaCl treatment (Figure 4). Thus, we found no significant
differences in Na+ concentrations versus control at 25 mM NaCl.
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Figure 4. Na concentration in S. lycopersicum plants after low and high salt treatments. S. lycopersicum
seedlings were treated with low and high concentrations of NaCl as well as controls (0, 25, and
175 mM). After 10 days of NaCl treatment, Na concentration was measured in the shoot (A), root (B),
and total Na concentration (C). The letters a and b represent statistically significant differences with
p < 0.05. Error bars represent the standard error of the mean.

3. Discussion

Salt stress negatively impacts plant growth and development in a concentration-
dependent manner. However, some reports suggest that lower salt concentrations might
result in a positive effect [11,17,20]. Here, we observed a positive impact on lateral root
number at 25 and 50 mM NaCl. There were no significant changes at 75 mM NaCl, and a
negative impact at 100 mM and higher. These results are consistent with those described
by Zolla et al. [17] in Arabidopsis thaliana, where they reported that adequate concentrations
(non-toxic) of salt cause an increase in the number of lateral roots. They further argued
that the stimulation of the number of lateral roots is due to the progression of an increased
number of lateral root primordia from the pre-emergence stage to the lateral root formation
stage. However, this might not be the case in tomatoes. Zolla et al. [17] reported a negative
impact on root length, but we observed a positive impact. Thus, the higher number of
lateral roots might result from an increase in the growth rate at the plant level. This is
further supported by the significant differences observed between control and 25 mM NaCl
in three of the four characteristics studied: length of the shoot (Figure 2B), length of the
main root (Figure 2C), and number of secondary roots (Figure 2D). The lateral root density
(Figure 2E) showed no significant difference between the control and NaCl treatments. This
is because of the correlation of root length and the number of lateral roots, which increases
or decreases proportionally.

Some researchers have suggested that moderate salinity can stimulate growth in some
species [21], and it has been suggested that most crops are salt-sensitive during emergence
and vegetative development [22]. In tomatoes, Srinieng et al. [23] reported a decreased
growth of plants (cv. Puanghaka) at 5 mM NaCl. Interestingly, the length of the main root
remained relatively constant even though the fresh weight of the roots decreased with
increasing salt concentration. This is consistent with the results observed in this work,
where the root fresh weight showed a decrease with increasing NaCl concentrations. These
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contradictory results are probably due to genetic variation among different cultivars and
crop species [9].

Most studies do not test a wide range of concentrations, thus perhaps missing this
positive effect. For example, de la Torre-González et al. [24] compared the response of two
tomato genotypes under salinity stress: cultivar Grand Brix and cultivar Marmande Raf.
The authors found that salt stress decreases the biomass and the relative growth rate in
both cultivars. However, this effect is significantly greater in the cultivar Marmande Raf,
thus reinforcing the hypothesis that mild salt responses are genetically dependent.

The positive impact of mild NaCl treatment in plant growth was supported by Na+

concentration in the plant. Our results show that only the plants exposed to toxic con-
centrations of NaCl (175 mM) accumulate significantly higher Na+. The concentration of
Na+ ions was higher in the aerial part of the plant than in the root part for the three treat-
ments, although the statistical analysis did not show a significant difference between them
(p < 0.05). High concentrations of Na+ implies relevant stress for the plant because it affects
gas exchange, chlorophyll fluorescence, and the availability of Ca2+ and K+ due to reduced
transport and mobility [5]. These results agree with de la Torre-González et al. [24], who con-
cluded that the decrease in biomass and the relative growth rate under salt stress is related
to the accumulation of Na+ ions and the K+ deficit. On the other hand, Khaliq et al. [25]
showed that salt stress affects several crops, such as alfalfa, due to the large accumulation
of Na+ [25]. Cultivars or genotypes more tolerant to saline stress tend to accumulate less
Na+; this is probably because these plants use strategies such as the compartmentalization
of Na+ in the vacuoles or the immobilization of the ion [26].

4. Materials and Methods
4.1. Plant Material and Treatments

Tomato plants (S. lycopersicum cultivar Moneymaker) were germinated in vitro in
half-strength MS medium [27] supplemented with 0.5 g L−1 MES, 10 g L−1 sucrose, and
0.8% agar (pH 5.9). Prior to germination, seeds were sterilized with a solution containing
0.1% triton and 2.5% sodium hypochlorite. Seeds were incubated under agitation for
10 min, followed by three washes with sterile distilled water. The seeds were later placed
in Petri dishes for germination. Seeds were grown for 10 days in a growth chamber
under controlled conditions (25 ◦C, 16 h photoperiod). Five days after germination, the
seedlings were transferred to glass flasks (6 cm in diameter and 12 cm in height) containing
solid MS medium (as described above). These were supplemented with increasing NaCl
concentrations (0, 25, 50, 75, 100, 125, 150, 175, and 200 mM). The plants were removed
for physiological characterizations and analysis after 10 days of NaCl treatment. The
physiological characterization measured the shoot length, root length, number of lateral
roots, and lateral root density (N◦ of lateral roots per cm of root length). The analysis
measured the fresh weight, dry weight, and Na+ concentration.

4.2. Ion Concentration

Tomato seedlings were collected after 10 days of NaCl treatment. Root and shoot/leaf
materials were collected separately. The roots were separated from the aerial part, and each
material was oven dried for 48 h at 65 ◦C and weighed using an analytical balance (Precisa,
Texas City, TX, USA). Cation concentrations were determined by dry combustion at 500 ◦C
until the organic components turned to ashes. Ash tissue samples were dissolved in 2 M
HCl, and concentrations were determined with an atomic absorption spectrophotometer
(Varian SpectraAA 220 FS, Varian Techtron Pty. Limited; Mulgrave, VIC, Australia).

4.3. Statistical Analysis

All experiments were performed with at least three biological replicates. Each repli-
cate consisted of at least five seedlings. Significant differences between treatments were
analyzed using one-way ANOVA with a p < 0.05.
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5. Conclusions

In conclusion, we established an in vitro system to evaluate various plant physiologi-
cal parameters in response to low and high salt concentrations. The results suggest that the
mechanism of salt stress response might vary depending on the salt concentrations. This
system will be very helpful for further study of signaling mechanisms (particularly phyto-
hormones) along with other parameters such as photosynthetic traits, redox homeostasis,
and cell cycle regulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11060807/s1. Figure S1: Root dry weight of S. lycopersicum
plants after low and high salt treatments. S. lycopersicum seedlings were treated with low and high
concentrations of NaCl (0, 25, and 175 mM). After 10 days of NaCl treatment, roots were dissected,
dried, and the root weight was calculated as g/plant. The letter a represents statistically significant
differences with p < 0.05. Error bars represent the standard error of the mean.
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