
353

Horticultural Science (Prague), 52, 2025 (4): 353–362	 Original Paper

https://doi.org/10.17221/109/2023-HORTSCI

Knowing your enemy before taking the field: 
A screening of salt and UV-B treatments to boost the 
biochemical defences of tomato (Solanum lycopersicum L., 
‘Moneymaker’ cultivar) plantlets in controlled conditions

Maria Calogera Sciampagna1, Alessia Mannucci1, Salvatore Limpido1, 
Annamaria Ranieri1,2, Antonella Castagna1,2, Marco Santin1*

1Department of Agriculture, Food and Environment, University of Pisa, Pisa, Italy
2Interdepartmental Research Center Nutrafood “Nutraceuticals and Food for Health”, 
University of Pisa, Pisa, Italy

*Corresponding author: marco.santin@unipi.it

Citation: Sciampagna M.C., Mannucci A., Limpido S., Ranieri A., Castagna A., Santin M. (2025): Knowing your enemy 
before taking the field: A screening of salt and UV-B treatments to boost the biochemical defenses of tomato (Solanum 
lycopersicum L., ‘Moneymaker’ cultivar) plantlets in controlled conditions. Hort. Sci. (Prague), 52: 353–362.

Abstract: Plants are commonly exposed to different abiotic stress factors that can threaten their growth and 
development. Abiotic treatments might be used as a tool to increase the tolerance of plants grown in controlled 
environments before being transplanted in open fields, but this technique needs a careful choice of the stressor 
dose. We screened several UV-B radiation doses (1 h, 3 h, 6 h and 8 h per day) and NaCl doses (75 mM, 150 mM, 
300 mM), separately, to be employed as preconditioning treatments of tomato plantlets (Solanum lycopersicum L., 
‘Moneymaker’ cultivar) cultivated in a controlled environment. Biometric parameters and antioxidant compounds 
were quantified in leaves and roots. Our results showed that the application of mild abiotic treatments such as 75 mM 
NaCl for 14 days or 8 h/day UV-B (18.43 kJ/m2) for 7 days to hydroponically grown tomato plantlets can increase 
the content of foliar total phenolics and flavonoids without inducing strong impairments in the plant growth and 
development. Interestingly, this work provides evidence that the UV-B radiation, although perceived only by the 
above-ground organs of the plants, also induces some morphological and biochemical changes in the root system.
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Plants are commonly subjected to abiotic and bi-
otic stresses that can threaten their growth and de-
velopment, and therefore cause a  decrease in  crop 
yields. The negative effects of abiotic stress are nowa-
days worsened by climate change, which determines 
a  higher frequency of  extreme weather (Fedoroff 
et al. 2010; Raza et al. 2019). For these reasons, in-
creasing plant tolerance is  fundamental to  coping 

with climate change and ensuring food security and 
more resilient, productive systems. Indeed, crops 
with weak stress tolerance require higher amounts 
of water and fertiliser, placing a heavy strain on the 
environment (Zhu 2016).

Among the main abiotic factors threatening world-
wide agriculture, soil and water salinisation  are 
a  growing problem in  the Mediterranean regions 
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(Hassani et al. 2020). Salinity affects 25–30% of all 
irrigated land, and it is estimated that by 2050, it will 
affect 50% of soils (Naveed et al. 2020). The problems 
associated with salinisation are worsened by unsus-
tainable agricultural practices, global climate change, 
particularly rising temperatures, and reduced water 
availability. Salinity has different effects depending 
on the stage of the plant growth, the degree of tol-
erance of  the species (glycophytes or  halophytes), 
the time of exposure to stress, and the salinity level 
(Acosta-Motos et al. 2017). A typical morphological 
response to salt stress is a reduction in the develop-
ment of both the aerial part and the roots (Acosta-
Motos et  al. 2017). High levels of  salts induce os-
motic effects, reducing the  water uptake  by roots 
(physiological drought), and the excess of ion uptake 
produces  cytotoxicity  and pH/nutrient imbalance, 
interfering with physiological and cellular process-
es (Negrão et  al. 2017; Hamidi-Moghaddam et  al. 
2019). Further, this stressor can trigger metabolic 
activities that promote the overproduction of reac-
tive oxygen species (ROS), thereby promoting pro-
tein denaturation, lipid peroxidation, and nucleotide 
degradation, and, consequently, causing cellular 
damage and, ultimately, cell death (Nadeem et  al. 
2022). The damaging effects of  ROS in  plants can 
be  prevented, reduced or  eliminated by  enzymatic 
and non-enzymatic defence systems (Ferreira-Silva 
et al. 2012), among which are phenolic compounds 
and flavonoids. These latter have a recognised role 
not only in the responses to biotic and abiotic stress-
es, but also as modulators of plant growth (Daryana-
vard et al. 2023). Accordingly, treatments for seeds 
and seedlings that increase their content may boost 
plant development and resilience after transplant. 
Light is an essential environmental factor for plant 
growth and development. UV radiation, specifically 
the UV-B region (280–315 nm), is a significant envi-
ronmental factor influencing plant morphology and 
physiology (Robson et  al.  2015). Nowadays, UV-B 
is recognised as an essential component of the natu-
ral light environment that, depending on the wave-
length, intensity, and duration of  exposure, results 
in the activation of specific signalling pathways and 
downstream gene expression, or  in  an  unspecif-
ic stress response (Crestani et  al. 2023). The spe-
cific  UVR8  signalling route promotes photomor-
phogenetic changes, including alterations in  leaf 
shape and width, decreased stem elongation, root 
growth, and the induction of cotyledon expansion 
(Robson et  al. 2015). By  interacting and (partially) 

overlapping with other signal transduction pathways 
originating from different abiotic and biotic stimuli, 
and modifying the partitioning of resources to plant 
growth or  defense, low UV-B dose ultimately can 
provide positive effects as the induction of metabo-
lites biosynthesis able to increase the plant tolerance 
and resistance to other stressors (Brown et al. 2005; 
Dhanya Thomas, Puthur 2017; Mannucci et al. 2020; 
Meyer et al. 2021; Santin et al. 2022). The well-known 
stimulation of  phenolic and flavonoid biosynthesis 
(Clayton et al. 2018; Santin et al. 2021) by UV-B has 
been related to the defence against Botrytis cinerea 
in Arabidopsis by Demkura and Ballare (2012), who 
attributed this achievement to a syringyl-type lignin. 
Similarly, priming of  lettuce (Lactuca sativa) with 
UV-B led to  increased accumulation of  phenolic 
compounds, in particular quercetin flavonoids, that 
significantly correlated with the reduced severity 
of downy mildew disease caused by Bremia lactucae 
(McLay et al. 2020). UV-B priming of rice (Oryza sa-
tiva L.) seeds and seedlings has been proven effective 
in  conferring cross tolerance also towards abiotic 
stresses, such as NaCl (Dhanya Thomas et al. 2020).

In this scenario, abiotic treatments can increase 
the tolerance of  seedlings produced in  controlled 
conditions before transplanting in open fields where 
plants could likely face multiple stressors. However, 
this technique needs a careful choice of the stressor 
dose, which must also rely on  the species/varieties 
taken into account. The objective of the present re-
search was to  check suitable UV-B radiation and 
NaCl doses to be employed as a treatment of tomato 
seedlings (Solanum lycopersicum L., ‘Moneymaker’ 
cultivar) cultivated in a controlled environment and 
to understand how these kinds of abiotic treatments 
alter the plant morphological characteristics, poly-
phenol content and antioxidant activity, at both foliar 
and root levels. These modifications might represent 
some fundamental preconditions for a better perfor-
mance once transplanted in stressful environments.

MATERIAL AND METHODS

Plant material and growth conditions
Tomato seeds (Solanum lycopersicum L., ‘Mon-
eymaker’ cultivar) were sterilised in  5% sodium 
hypochlorite for 20  min under magnetic stirring 
and germinated on  water-soaked paper. Seedlings 
were moved in  perlite-containing pots and mois-
tened regularly with half-strength Hoagland nutri-
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ent solution. The  Hoagland solution was prepared 
as  follows: N-NO3  7.5  mM, P-H2PO4 0.5  mM, 
K  3.0  mM, Ca  2.5  mM, Mg 1.0  mM, Fe 25.0 µM, 
B 23.1 mM, Mn 4.6 mM, Zn 0.39 mM, Cu 0.16 mM, 
Mo 0.06 mM in Milli-Q water. The pH of the solu-
tion was 5.56, and the electrical conductivity (EC) 
was 1.15 mS/cm. Seven days after sowing, the sub-
strate was gently washed away from the roots and 
seedling were transferred to  a  hydroponic system 
in a climatic chamber (24 °C, 85% relative humidity) 
with a 16 h light/8 h dark photoperiod and photosyn-
thetic photon flux density (PPFD) of 228 μmol/m2/s 
supplied by  blue/red (1 : 2 ratio) and green (10%) 
light-emitting diodes (LEDs) (C-LED, Imola, Italy). 
The  Hoagland solution was completely replaced 
weekly. 24-day-old tomato plantlets were subjected 
to  either a  UV-B or  NaCl treatment, respectively 
(n = 20 for each treatment).

NaCl treatments. Three different NaCl (Sigma-Al-
drich Chemical Co., St. Louis, MO, USA), concen-
trations within the Hoagland solution were tested: 
0  mM (control), 75  mM, 150  mM, and 300  mM. 
These concentrations ​​were selected based on  the 
scientific literature related to tomato plants (Roșca 
et  al. 2023). During the experiment, the solutions 
were completely replaced once a  week. Tomato 
plants were evaluated and sampled after 14 days 
from the beginning of the treatment.

UV-B treatments. The UV-B irradiation was 
provided by  UV-B LEDs (C-LED, Imola, Italy; 
0.64  W/m2 at  plant height, 310 ± 15  nm emission 
peak). The Tropospheric Emissions Monitoring In-
ternet Service (TEMIS) database (www.temis.nl/
uvradiation/UVdose.html) (version 2.0; accessed 
Apr 3, 2024) reports that the highest UV index re-
corded at Rome (Italy) in the summer of 2023 was 
10.493, corresponding to 0.26 W/m2.

Five daily UV-B exposures were tested: 0 h (control), 
1 h (2.30 kJ/m2), 3 h (6.91 kJ/m2), 6 h (13.82 kJ/m2), 
8 h (18.43 kJ/m2). The spectral irradiance was deter-
mined with the spectrometer (FLAME-T-XR1-ES 
S/N: FLMT07829, Ocean Insight, Germany) with 
fibre optics (QP400-1-UV-BX; Ocean Insight, Ger-
many) and cosine corrector (CC-3-UV-S; Ocean 
Insight, Germany). Tomato plants were evaluated 
and sampled 7 days after the beginning of the UV-B 
irradiation.

Measurement of biometric parameters
Ten individual plants (biological replicates) were 

used for each group to measure stem and root length, 
total leaf number per plant and total leaf area (cm2). 

Stem length, defined as the distance from the base 
to  the vegetative shoot apex, and root length, rep-
resenting the main root’s extent for each plant, were 
assessed using a ruler. The total leaf area was calcu-
lated using Easy Leaf Area software version 2.0 (Ea-
slon, Bloom 2014).

Extraction and quantification of total phenolics, 
flavonoids and antioxidant activity

The biochemical analyses on leaves and roots (3 bio-
logical replicates, each representing a pool of 3 plants) 
were performed on samples collected and immediate-
ly frozen in liquid nitrogen and stored at –80 °C before 
being freeze-dried. Extraction was conducted in 80% 
methanol on freeze-dried material following the pro-
cedure described by Tavarini et al. (2019).

Concentration of  total phenolic compounds was 
determined using the Folin-Ciocalteau method (Bor-
balàn et al. 2003) and expressed as mg of gallic acid 
equivalents per g of fresh weight (mg GAE/g FW).

Flavonoid content was determined as  described 
by Kim et al. (2003) and reported as mg of catechin 
equivalents (mg CE/g FW).

The antioxidant activity of  the phenolic extracts 
was determined using the ABTS [2,2'-azinobis 
(3-ethylbenzothiazoline-6-sulphonic acid)] assay 
(Re et al. 1999) by reading the absorbance at 734 nm 
and reporting the results as μmol of Trolox equiva-
lent antioxidant capacity (μmol TEAC/g FW).

Total phenolic and flavonoid concentrations and 
antioxidant capacity were quantified using stand-
ard curves of  the respective commercial standards 
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA). 
An  Ultrospec 2100 pro-UV-vis spectrophotometer 
(Amersham Biosciences, UK) was used for all the 
spectrophotometric assays conducted.

Statistical analysis
Differences among UV-B- and NaCl-treated 

groups were evaluated separately by  one-way 
ANOVA followed by  post hoc Tukey-Kramer test 
(P  <  0.05) using JMP software version 18.0 (SAS 
Institute, Inc., Cary, NC, USA). Data are expressed 
as mean ± standard error (SE).

RESULTS

Effect of  salinity treatments on  plant morpho-
logical parameters, phenolic compounds, flavo-
noids, and antioxidant activity

Figure 1 shows the tomato plantlets grown at dif-
ferent NaCl concentrations. The 300 mM NaCl solu-
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tion caused a marked growth inhibition and resulted 
in  early plant death; therefore, it  was not consid-
ered in the further analyses.

The biometric data under the different NaCl 
concentrations are reported in  Table 1. The plant 
growth varied according to the different salt concen-
trations. In particular, the treatment with 300 mM 
NaCl greatly damaged the leaves, causing yellowing 
and arrested growth. Concerning the aerial part, 
75  mM and 150  mM NaCl reduced the leaf area 
by 29% and 68%, respectively. Leaf number, leaf FW 
and stem length did not differ between 0 and 75 mM, 
while a negative effect was caused by 150 mM con-
centration with respect to both control (–38%, –53% 
and –31%, respectively) and 75 mM (–33%, –44% and 
–25%, respectively).

Root length was reduced only by the 150 mM NaCl 
treatment (–31 % and –16 %, with respect to control 
and 75 mM, respectively), while root FW was differ-

ent between the two NaCl treatments, with a –33% 
in 150mM with respect to 75mM.

Finally, the total fresh biomass (aerial part and 
roots, AP + R) of  the 150  mM-treated plants 
was 48% and 41% lower than the 0  mM- and the 
75 mM-treated plants, respectively, while shoot/root 
length was unaffected by the treatment.

Total phenols and flavonoids contents (Figure 2) 
were quantified in  leaves and roots of control and 
NaCl-treated plants. Total phenols concentration 
in  roots progressively decreased as  salinity in-
creased (–28% for 75  mM and –45% for 150  mM 
with respect to control plants) (Figure 2A), while this 
trend was not observed in  leaves. The concentra-
tion of leaf flavonoids (Figure 2B) increased by 55% 
and 80% when plants were treated with 75 mM and 
150 mM NaCl, respectively. Also, the leaf antioxi-
dant activity (Figure 2C) registered an increase un-
der salinity conditions (+43% for 75 mM and +57% 
for 150  mM). However, no  significant differences 
were observed in root flavonoid concentration and 
antioxidant activity.

Effect of  UV-B treatments on  plant morpho-
logical parameters, phenolic compounds, flavo-
noids, and antioxidant activity

The biometric parameters were less influenced 
by  the different UV-B daily doses than by  salinity 
(Table 2). Considering the morphological param-
eters investigated in  the aerial part of  the plants, 
the  number of  leaves was negatively affected only 
by the 8 h UV-B treatment, where the treated plants 
displayed a  30% reduction compared to  the con-
trol, 1 h and 3 h UV-B-treated plants, and a 26% re-

Figure 1. Effect of increasing NaCl treatments (0 mM, 
75 mM, 150 mM, 300 mM) on the growth of tomato plants

Table 1. Biometric parameters in untreated (0 mM) and NaCl-treated tomato plants (75 mM and 150 mM) for 14 days

NaCl treatment
0 mM 75 mM 150 mM P

Aerial part 
(AP)

leaf area (cm2) 17.3 ± 1.3a 12.2 ± 2.0b 5.4 ± 0.5c 0.0001
leaves (number) 3.6 ± 0.2a 3.3 ± 0.3a 2.2 ± 0.1b < 0.0001
leaf fresh weight (g) 3.0 ± 0.2a 2.5 ± 0.4a 1.4 ± 0.1b 0.0008
stem length (cm) 3.8 ± 0.2a 3.5 ± 0.1a 2.6 ± 0.1b < 0.0001

Roots 
(R)

fresh weight (g) 0.8 ± 0.1ab 0.9 ± 0.1a 0.6 ± 0.0b 0.0426
length (cm) 28.8 ± 1.9a 23.4 ± 0.9a 19.6 ± 0.4b < 0.0001

AP + R
total biomass (g) 3.9 ± 0.3a 3.4 ± 0.6a 2.0 ± 0.1b 0.0019
shoot/root length 0.14 ± 0.01 0.13 ± 0.01 0.13 ± 0.01 0.9819

Data represent the mean of 10 replicates ± SE (standard error)
a,bdifferent letters correspond to significantly different values ​​according to one-way ANOVA (P < 0.05), followed by post-
hoc Tukey-Kramer test for each treatment

300 mM150 mM75 mM0 mM
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duction compared to  the 6 h UV-B-treated plants. 
Leaf area, leaf  FW, and stem length did not show 
any statistically significant difference between the 
UV-B-treated and control groups.

At the root level, only FW was affected by 8 h UV-B 
treatment, which determined a  reduction with re-
spect to control and 3 h UV-B-treated plants (–50%). 
UV-B irradiation did not influence total biomass nor 
the shoot/root length ratio.

At the leaf level, 8 h UV-B treatment increased the 
concentration of both phenolic compounds and fla-

vonoids with respect to  all treatments, specifically 
leading to  +37% phenols (Figure 3A) and +109% 
flavonoids (Figure 3B) concentration than in  con-
trol plants. Consequently, the 8  h UV-B exposure 
boosted the antioxidant activity (Figure 3C) by 76%, 
80%, 94%, and 68% compared to the control. Inter-
estingly, the root phenolics and flavonoid contents 
were also modulated by  UV-B radiation. Indeed, 
all UV-B treatments caused a  significant (ranging 
from +120% to  +160%) increase in  total phenols 
(Figure  3A) if  compared to  control roots. On  the 

Figure 2. Leaf and root (A) phenols, (B) flavonoids and (C) antioxidant activity of untreated (0 mM) and NaCl-treated 
(75 mM and 150 mM) tomato plants for 14 days
Data represent the mean of 3 replicates ± SE (standard error)
GAE – gallic acid equivalents; CE – catechin equivalents; TEAC – Trolox equivalent antioxidant capacity; FW – fresh weight
a,b,cdifferent letters correspond to significantly different values ​​according to one-way ANOVA (P < 0.05), followed by post-
hoc Tukey-Kramer test for each treatment

Table 2. Biometric parameters in tomato plants treated with different UV-B daily doses for 7 days

UV-B daily doses
0 h 1 h 3 h 6 h 8 h P

Aerial part 
(AP)

leaf area (cm2) 15.2 ± 1.6 18.8 ± 4.5 17.1 ± 0.8 19.5 ± 2.7 15.5 ± 1.7 0.6504
leaves (number) 3.2 ± 0.1a 3.1 ± 0.3a 3.3 ± 0.2a 3.3 ± 0.2a 2.2 ± 0.1b 0.0004
leaf fresh weight (g) 3.1 ± 0.2 3.2 ± 0.4 3.3 ± 0.3 3.0 ± 0.3 2.5 ± 0.3 0.5327
stem length (cm) 3.9 ± 0.2 3.3 ± 0.2 3.9 ± 0.2 3.4 ± 0.1 3.8 ± 0.2 0.0546

Roots 
(R)

fresh weight (g) 1.6 ± 0.2a 1.5 ± 0.2ab 1.6 ± 0.2a 1.4 ± 0.2ab 0.8 ± 0.1b 0.0223
length (cm) 27.0 ± 1.0 25.8 ±1.1 23.8 ± 1.2 24.8 ± 1.5 23.0 ± 1.0 0.1341

AP + R
total biomass (g) 4.6 ± 0.4 4.7 ± 0.3 4.8 ± 0.5 4.4 ± 0.5 3.5 ± 0.4 0.1457
shoot/root length 0.14 ± 0.01 0.13 ± 0.01 0.17 ± 0.01 0.14 ± 0.02 0.17 ± 0.01 0.0749

Data represent the mean of 10 replicates ± SE (standard error)
a,bdifferent letters correspond to significantly different values according to one-way ANOVA (P < 0.05), followed by Tukey-
Kramer test for each treatment
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contrary, flavonoids (Figure 3B) were more con-
centrated than the control only in  the roots of 1 h 
UV-B-treated plants (+50%). Finally, the antioxidant 
activity (Figure  3C) was the highest in  the roots 
of 8 h UV-B-treated plants. Particularly, the strong-
est UV-B exposure determined an  increase in root 
flavonoid concentration by 100, 110, 147% compared 
to the control and 6 h treatment, 3 h treatment, and 
1 h treatment, respectively.

DISCUSSION

Triggering tolerance mechanisms by proper salt 
treatments

Salinity stress has a  negative impact on  tomato 
plant growth, morphology, and physiology (Zhang 
et al. 2016). In  the present study, tomato seedlings 
were grown in  the presence of  increasing concen-
trations of  NaCl. Applying 300  mM NaCl, a  total 
inhibition of  vegetative growth could be  observed 
(Figure 1), while 150 mM caused a general reduction 
of the biometric parameters (leaf area and number, 
stem and root weight, as well as leaf and root length), 
which is a general symptom of salt stress conditions. 
The reduction in total leaf area, which was also de-
tected at 75 mM, might be considered a mechanism 
for minimising water loss by transpiration when the 
stomata are closed (Acosta-Motos et  al. 2017). In-

deed, among the salt-related effects on  plants, ex-
posure to relatively high NaCl concentrations leads 
to stomata closure, determining, in turn, a decrease 
in  the photosynthetic rate and the onset of  pho-
toinhibition and oxidative stress processes (Loudari 
et al. 2020). Albacete et al. (2008) described a reduc-
tion in leaf area, leaf FW, and root FW in the tomato 
‘Moneymaker’ cultivar grown at 100 mM NaCl after 
21 days compared to 0 mM NaCl. The lowest NaCl 
treatment (75 mM) resulted only in a  reduced leaf 
area with respect to  control plants, but no  other 
modifications were observed in  the morphologi-
cal parameters analysed. Also, Bacha et  al. (2017) 
found a decrease in leaf area of the tomato ‘Micro-
Tom’ cultivar after 14 days of 50 mM and 150 mM 
NaCl, which was correlated with the onset of  the 
oxidative damage, decreased leaf gas exchange and 
photosynthesis and massive Na+  accumulation. 
A similar behaviour was observed in rosemary plants 
grown at 150 mM NaCl, which displayed a reduced 
leaf area index compared to  control plants (Hami-
di-Moghaddam et  al. 2019). However, we  observed 
no modification in the shoot/root length ratio at both 
75 mM and 150 mM NaCl, while these authors found 
a  lower ratio with respect to 0 mM NaCl rosemary 
plants, meaning that, in  our experiment, there was 
no reallocation of resources to the root system.

In this study, biochemical analyses were performed 
in the upper- and below-ground organs, and revealed 

Figure 3. Leaf and root (A) phenols, (B) flavonoids and (C) antioxidant activity of tomato plants treated with different 
UV-B daily doses
Data represent the mean of 3 replicates ± SE (standard error)
GAE – gallic acid equivalents; CE – catechin equivalents; TEAC – Trolox equivalent antioxidant capacity; FW – fresh weight
a,bdifferent letters correspond to significantly different values ​​following one-way ANOVA (P < 0.05), followed by Tukey-
Kramer test for each treatment
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the modification of the phenolic metabolism in re-
sponse to salt stress, at both levels. Contrary to our 
findings, some studies (Al Hassan et al. 2015; Bacha 
et al. 2017) reported an increase in the leaf phenolic 
content in  plants subjected to  salinity stress, but 
they did not investigate the root part. In our experi-
ment, the reduction of total phenols in roots, which 
decreases progressively according to different NaCl 
concentrations, could be ascribed to the consump-
tion of these metabolites in order to counteract the 
oxidative stress induced by  salinity. Phenolic com-
pounds play a variety of roles in plants, ranging from 
constituents (lignin) to  development and growth 
modulators. The flavonoid subgroup is  the larg-
est and most complex subgroup of  phenolic com-
pounds, and it plays an important role in biotic and 
abiotic stress defence. In  leaves, flavonoid concen-
trations increased with 75 mM and 150 mM NaCl, 
which is in accordance with Al Hassan et al. (2015). 
Also, the antioxidant activity followed the trend 
of  foliar flavonoids. Based on  our results, 75  mM 
NaCl applied for 14 days could be  a  proper dose 
to boost the non-enzymatic antioxidant system of to-
mato plants without heavily altering the plant growth 
and development. Thus, the application of mild salt 
treatments could be a feasible technique in the optics 
of increasing the tolerance of plants to salinity condi-
tions before being transplanted in salt-affected soils. 
Moreover, one of the great problems affecting farm-
ers worldwide is  the salinisation of water resources 
(Colombani 2022). Our results showed the possibil-
ity of watering ‘Moneymaker’ tomato seedlings with 
slightly saline water.

UV-B treatments as a booster of the plant non-
enzymatic antioxidant defences

UV-B treatment only affected the number of leaves 
and root weight when seedlings were exposed to the 
highest dose (8 h per day). In  line with our results 
about the decrease of root biomass by the 8 h UV-B 
treatment, Lee et  al. (2021) described a  reduction 
in the root FW of ‘New Red Fire’ lettuce treated with 
UV-B radiation (1.97 W/m2) for 5 days. These results 
confirm the ability of  UV-B to  impact the growth 
and architecture of  the root apparatus, although 
not directly exposed to the UV-B radiation. We de-
tected only another negative effect of the 8 h UV-B 
treatment on the growth and morphology of tomato 
plants, consisting of the decreased number of leaves. 
However, the UV-B-induced morphological changes 
are often contradictory, as  reported in  other stud-
ies (Caldwell et al. 2007; Hamidi-Moghaddam et al. 

2019), and are strictly related to both the plant spe-
cies and cultivar analysed, as well as the light regi-
men (intensity and spectral composition) and the 
UV-B experimental conditions adopted. Indeed, 
when UV-B radiation is  applied at  high doses, 
it might negatively affect plant growth and biomass 
production due to the UV-B-induced damage in the 
photosynthetic machinery and, generally, in  many 
cell cycle processes, e.g. DNA replication and re-
pair mechanisms (Biever et al. 2014; Cuzzuol et al. 
2020; Kosobryukhov et al. 2020; Yadav et al. 2020). 
A  reduction in  plant growth was in  fact observed 
in  many plant species, e.g. basil, potato, and flax-
seed (Dou et al. 2019; Chen et al. 2020; Santin et al. 
2022). However, some other works have found an in-
crease in  some biometric indices after the UV-B 
exposure, e.g. in  lettuce plants (Santin et al. 2023), 
likely due to the low and ecologically relevant UV-B 
doses applied in comparison with what is reported 
in  the other studies. The UV-B treatment did not 
induce any changes in leaf area, in agreement with 
the observations of  Alexieva et  al. (2001) on  pea 
(Pisum sativum  L., ‘Citrina’ cultivar) and wheat 
seedlings (Triticum aestivum L., ‘Centauro’ cul-
tivar) treated with UV-B for 2 h for 7 days (corre-
sponding to  49  kJ/m2/day). Therefore, the absence 
of UV-B-induced significant results in terms of leaf 
area, leaf FW, and stem length indicated that the 
UV-B doses applied to tomato plants did not induce 
heavy impairments in the plant development.

Considering the plant’s non-enzymatic antioxidant 
system, a daily UV-B exposure of 8 h for 7 days led 
to an increase in total phenolics and flavonoids in the 
leaf and, therefore, a  boost in  the leaf antioxidant 
capacity. The same trend was also evident in roots, 
except for the flavonoids response. In  line with our 
results, Mannucci et al. (2020) irradiated the tomato 
‘Micro-Tom’ cultivar with 15 min UV-B/day (corre-
sponding to 1.19 kJ/m2) for 8 days, recorded a simi-
lar accumulation of  phenols and flavonoids con-
centration in  leaves, but not in roots. These results 
suggested that exposing tomato plantlets to  UV-B 
radiation for 8 h/day in controlled conditions might 
improve  the non-enzymatic antioxidant defences, 
helping them to promptly face and counteract pos-
sible other environmental stress once transplanted 
in  the field, both abiotic (e.g. drought, salt, heat, 
heavy metals) and biotic (e.g. bacteria, viruses, in-
sects, pests) ones (Tak, Kumar 2020). Also, Alexieva 
et  al. (2001) observed an  increase in  total phenols 
after UV-B irradiation for 2  h for 7 days in  wheat 
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and pea leaves. Indeed, phenolics and flavonoids are 
well-known phytochemicals that are able to prevent 
oxidative damage due to ROS that might be overpro-
duced as a consequence of biotic and abiotic factors. 
Additionally, these compounds act as UV-B-absorb-
ing substances in the epidermal cell layers, reducing 
the transmission of this wavelength to the mesophyll 
and thereby defending the photosystems (Burchard 
et al. 2000; Mannucci et al. 2022).

CONCLUSION

The results of  this study suggest that the applica-
tion of  mild abiotic treatments, namely a  salt treat-
ment (75 mM, 14 days) or a UV-B exposure (8 h/day 
corresponding to 18.43 kJ/m2, 7 days) to hydroponi-
cally grown tomato seedlings can increase the con-
tent of  foliar total phenolics and flavonoids without 
inducing strong impairments in  the plant growth 
and development. Interestingly, this work provides 
evidence that the UV-B radiation, although perceived 
only by  the above-ground organs of  the plants, also 
induces some morphological and biochemical chang-
es in  the root system. In  conclusion, these findings 
might pave the way for applying mild salt and UV-B 
treatments on early-stage tomato plants in controlled 
conditions to increase their biochemical defences and 
therefore their resistance towards the environmen-
tal conditions and possible stresses they might have 
to face once transferred to the open field.
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