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Abstract

Vegetable cultivation is currently facing complex challenges related to climate change,
with negative repercussions on plant performance. In this scenario, the employment of
eco-friendly agronomic tools capable of boosting plant tolerance to abiotic stresses is funda-
mental. Among them, the use of non-microbial biostimulants, such as seaweed extracts
(SwEs), and microelements, like selenium (Se), is considered an efficient approach to over-
come abiotic stresses. In this experiment, the performance of chicory plants cultivated
under three different irrigation levels (100%, 75% or 50% of substrate water holding capac-
ity) and treated with SWE, Se or their combination (SWE + Se) was evaluated. The results
revealed that drought stress significantly decreased growth, productivity and relative wa-
ter content but increased soluble solid content, dry matter percentage, and proline and
malondialdehyde concentrations. The application of Swe, Se or Swe + Se enhanced growth,
productive features and soluble solid content and reduced dry matter percentage, proline
and malondialdehyde compared to the control. Based on our results, Se and SwWE combined
application could be a valuable approach to face moderate drought stress on curly endive
plants and improve productive and quality traits.

Keywords: relative water content; cell membrane stability marker; stress alleviators;
protected environment; biostimulant; water shortage; Cichorium endivia

1. Introduction

Vegetable crops represent around 12% of the global yearly agricultural production
(9 billion tons) [1]. Considering the nutritional and functional role of vegetables, their
consumption has significantly increased over the past few years [2]. Leafy vegetables are
an important font of fiber, vitamins, nutrients and phytochemicals that positively affects
human health [3]. Cichorium endivia L., belonging to the Asteraceae family, is one of the most
consumed salads worldwide appreciated for its content of numerous beneficial metabo-
lites, such as unsaturated fatty acids, alkaloids, coumarins, flavonoids, and tannins [4,5].

Plants 2026, 15, 170

https:/ /doi.org/10.3390/plants15010170


https://crossmark.crossref.org/dialog?doi=10.3390/plants15010170&domain=pdf&date_stamp=2026-01-07
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0001-5539-2230
https://orcid.org/0009-0000-4871-1846
https://orcid.org/0009-0004-4758-2236
https://orcid.org/0009-0009-0071-4058
https://orcid.org/0000-0002-9045-668X
https://orcid.org/0000-0003-4932-3620
https://orcid.org/0000-0001-9865-1204
https://orcid.org/0000-0001-8992-7045
https://doi.org/10.3390/plants15010170

Plants 2026, 15, 170

20f17

Although mild drought stress could have a helpful effect on leafy vegetables by improving
secondary metabolite production (e.g., polyphenol, flavonoids and ascorbic acid) [6], se-
vere and prolonged water deficiency conditions lead to significant reductions in vegetable
production and quality [7]. In this regard, changes in climate conditions have caused a pro-
gressive temperature increase and a reduction in rainfall [8]. Drought is widely recognized
as one of the major abiotic stresses that has a harmful effect on plant development and crop
production. It is predicted that by the end of the 21st century, arid and semi-arid regions
could represent over 50% of the Earth’s surface [9]. As the frequency of adverse weather
conditions increases, research efforts focusing on crop tolerance to abiotic stress, with
reference to drought tolerance, should increase. Crop responses to abiotic stress conditions
are closely linked to plant species and to the severity and duration of the distress, which in
turn can cause several alterations in plant physiology and metabolism [10]. Water deficits
alter numerous morphological and physiological mechanisms such as chlorophyll content,
stomatal closure mediated by abscisic acid (ABA), leaf senescence, cell expansion, leaf area,
nutrient uptake, photosynthesis rate, metabolic balance and stomatal conductance [11-13].
Moreover, insufficient water availability causes osmotic and oxidative stress in vegetables,
inducing reactive oxygen species (ROS) overproduction and accumulation that leads to cell
damage, protein structure destruction and malondialdehyde (MDA) accumulation [14,15].
In abiotic stress conditions, vegetable crops trigger multifaceted mechanisms, such as the
regulation of several key gene signaling pathways, the elicitation of antioxidant system
activity, and an increase in protein synthesis [16,17]. However, these mechanisms are not
enough to tolerate a long drought period [15]. In the present scenario, abiotic stress repre-
sents a growing threat to the sustainability of vegetable production, requiring innovative
strategies to improve horticultural sector resilience. According to the EU Commission
guidelines, biostimulants are considered a sustainable tool capable of mitigating abiotic
stress and improving crop production and the quality standards of vegetables [18,19].
Biostimulants are classified as substances able to promote plant growth and resource use
efficiency and enhance abiotic stress tolerance and crop quality features via direct and
indirect mechanisms that affect plant metabolism [20,21]. Among non-microbial biostimu-
lants, seaweed extracts (SWEs) represent a class of promising products used to overcome
drought stress [22] due to their heterogeneous content of bioactive substances such as
nutrients, amino acids, vitamins, hormones, betaines, polyamines and alginates that act
synergically [23,24]. Recent studies have shown that SWE treatment via foliar spray or
fertigation positively influences the relative water content (RWC), water use efficiency
(WUE), stomatal conductance and transpiration rate of plants grown under drought stress
conditions [25]. As reported by Campobenedetto et al. [24], tomato plants grown under
water deficiency conditions and supplied with SWE showed a lower content of abscisic acid,
malondialdehyde and proline linked to lower ROS scavenger enzyme activity compared
to non-biostimulated tomato. These results evidenced a significant reduction in oxidative
stress level. Recent studies [26] have associated the potential mode of action of SWE with
the regulation of some genes implicated in the plant stress response, such as those related
to pigment biosynthesis and the antioxidant system. On the other hand, selenium (Se) is
considered a crucial micronutrient in human nourishment, even though it is not considered
indispensable to plants [27,28]. Several studies report a defensive role of selenium against
redox imbalance by regulating numerous processes to improve plant tolerance and preserve
cells and tissue [29]. Moreover, Se acts by modulating antioxidant enzyme (e.g., glutathione
peroxidase) activity and decreasing lipid peroxidation in plants [30]. Additionally, Se
safeguards chloroplasts and increases chlorophyll amount under low water availability [31].
According to Rady et al. [15], who investigated the effects of Se application on modulating
drought stress in tomato, Se application induced improvements in plant growth traits,
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highlighting its crucial role in the regulation of metabolic and enzymatic processes. This
result could be linked to the increase in starch accumulation in the chloroplasts and to the
stimulation of water uptake through better root activity under stress conditions [32]. Other
studies have reported the positive role of this microelement in stimulating growth traits
in soybean, eggplant and common buckwheat [33-35]. Comparable results are reported
by Zhong et al. [36] who also investigate the effects of Se supply on tomato grown under
drought conditions. The authors underlined that the application of Se (2.5 mg L) caused
a reduction in MDA concentration (—21.5%), an increase in the net photosynthetic rate
(+111.8%), and an upsurge in dry matter content (+29.0%) compared to non-treated plants.
Since the application of Se or SWE can exert a positive effect on plant tolerance to drought
stress, our hypothesis is that their combination could be more effective (producing an
additive or synergistic effect) than their single application for enhancing plant performance
in stressful conditions. Consequently, the present research assessed the effects of the foliar
spray application of Se, SWE and their combination (SWE + Se) on ‘Wallaonne” Cichorium
endivia cultivated under different water levels (50, 75 and 100% of substrate water holding
capacity), studying plant quantitative and qualitative responses.

2. Materials and Methods
2.1. The Field Experiment and Plant Material

During the 2024 winter season, a greenhouse experiment was conducted at the De-
partment of Agriculture Food and Forestry Science (SAAF) of the University of Palermo
(38°06'28" N, 13°21'03"” E, 49 m a.s.1.). This study was accomplished in a pot soilless sys-
tem, and we performed the experiment by using standardized growing media (a standard
substrate mixture rather than soil). The commercial variety of curly endive “Wallone” was
transplanted on 8 February 2024 in plastic pots (J 21 cm) containing a peat/coconut fiber
mix (40/60, v/v) and arranged to reach a final density of 10 plants m~2. To guarantee the
nutritional requirements of the crop, a combination of Nitrosol 34 (34-0-0), monopotas-
sium phosphate MKP (0-52-34) and Mugasol Mix (mixture of B, Cu, Fe, Mn and Zn,
Mugavero Fertilizers®, Termini Imerese, Italy) was applied weekly to achieve a final rate
of 120 kg ha~1, 120 kg ha~! and 200 kg ha ™!, respectively. The application was made via
fertigation at three different moments of the crop cycle: 10 and 21 days after transplant and
1 week before harvest. Maximum and minimum temperature and relative humidity were
recorded using a data logger and the data are reported in Figure S1.

2.2. Experimental Design and Statistical Analysis

The experimental design was a randomized complete block design with 12 treatments
and 3 replicates of 10 plants each, giving a total of 360 plants. Each treatment was random-
ized assigned within each of the 3 blocks to minimize the effect of spatial variability inside
the greenhouse. Each treatment was characterized by the combination of three irrigation
management (I) and drought alleviator treatments (T). The levels for I were defined as well
watered (ww; 100% WHC), moderate drought stress (mds; 75% WHC) and severe drought
stress (sds; 50% WHC), whereas the levels for T were control, SWE, Se and Swe + Se. Con-
trol treatments without biostimulants or biofortification were included to assess the specific
effects of SWE or Se supplementation on plant growth and quality features.

A combined test of variance (ANOVA) was used to evaluate the impact of the irriga-
tion management and drought alleviators on yield and quality traits. When significant,
differences among mean values of the treatments were compared (p value < 0.05). The anal-
ysis was performed by using SPSS software package version 14.0 (StatSoft, Inc., Chicago,
IL, USA).
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2.3. Substrate Water Retention Curve and Water Levels

A water retention curve of the substrate was obtained, according to the method of
Markoska et al. [37], to characterize the hydraulic properties. Subsequently, the data
were interpolated using the Van Genuchten model [38] to obtain the relation between the
volumetric water content and the matrix potential. The volumetric water content was
monitored daily using dielectric sensors (WET 150 Meter—Delta-T Devices, Cambridge,
UK), specifically calibrated for the substrate used. Sensors were positioned at 5-7 cm depth
in the central part of the pot, near the root system. For the first 10 days after transplant,
plants were kept at 100% of the substrate WHC. After that, plants were grown under three
different irrigation management strategies, ensuring 100%, 75% or 50% of the substrate
WHC. To maintain the water supply, dielectric sensors were used, and the required amount
of water to maintain the established WHC was supplied.

2.4. Biostimulant and Selenium Treatments

A non-microbial biostimulant was applied using a commercial seaweed extract (SWE)
of Ecklonia maxima (Kelpstar®, Mugavero Fertilizzanti, Palermo, Italy). The SwE employed
was manufactured through a cold micronization process to avoid material property al-
terations. The product was composed of 1% of organic nitrogen, 10% of organic carbon,
phytohormones (11 mg L~! of auxins and 0.03 mg L~! of cytokinins), and 30% of or-
ganic compounds with a nominal molecular weight < 50 kDa. The recommended dose of
3 mL L~! was administered for each application. Selenium (Se) was administered as sodium
selenate (NaySeOy) (Sigma-Aldrich, Saint Louis, MO, USA) at a dose of 8.0 pmol L1 Al
treatments were supplied every 10 days, starting 1 week before transplant. The application
of treatments (SWE, Se or SWE + Se) was accomplished via foliar spray, using 0.5 L m 2
of solution. Plants not treated with the biostimulant or with Se (sprayed with only water)
served as controls.

2.5. Morphological, Physiological and Soluble Solid Content Measurements

The harvest took place on 3 April 2024 after the transplanting date at the commercial
maturity of the crop. Immediately after the harvest, yield, plant height, root collar diameter,
and leaf number were recorded for all plants. For dry matter determination and soluble
solid content (SSC) analysis, five plants, randomly selected from each replicate, were
employed. Head dry matter content was determined by dehydrating the samples in a
forced-air oven (Memmert, Standard Series, Venice, Italy) at 80 °C for 24 h, followed by
drying at 105 °C until a constant weight was reached. For the determination of SSC, leaf
tissues were pressed to extract juice, which was then filtered. Subsequently, the SSC was
determined using a digital refractometer (HI96801, Hanna Instruments, Padova, Italy).

2.6. Mineral Composition of Curly Endive

Total nitrogen (N) content in curly endive tissues was assessed using the Kjel-
dahl method.

Calcium (Ca), magnesium (Mg) and potassium (K) contents were determined by
using atomic absorption spectroscopy (SavantAA, 200 ERRECI, Milan, Italy) [39], whereas
phosphorus content was determined colorimetrically.

Regarding sulfur (S) content, 500 mg of dried tissue was digested with 4.0 mL of
concentrated nitric acid (HNO3) and 2.0 mL of perchloric acid (HClOy) (Sigma-Aldrich,
Saint Louis, MO, USA) at 120 °C for 1 h, followed by heating at 220 °C until perchloric acid
fumes were observed. Total sulfur content was then measured using an atomic absorption
spectrophotometer (SavantAA, 200 ERRECI, Milan, Italy).
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Se concentration was determined by digesting 25 mg of dried leaf tissue with 2.5 mL
of concentrated HNOj3 and 1 mL of HyO; in a microwave digestion system. The resulting
solution was diluted to 25 mL with deionized water, and selenium content was measured
using inductively coupled plasma mass spectrometry (ICP-MS) (Plasma Quant MS Elite,
Jena, Germany), following the method described by Pedrero et al. [40].

2.7. Leaf Relative Water Content and Malondialdehyde and Proline Concentrations

At the end of the experiment, the relative water content (RWC) was evaluated through
the procedure described by Toscano et al. [41], using the formula

RWC = Ifm —ldm % 100
Itm — ldm

where lfm is the leaf disk fresh mass, ldm is the leaf disk dry mass and ltm is the leaf disk
turgid mass.

Malondialdehyde (nmol g~ fw) determination was accomplished following the Li
et al. [42] protocol, whereas the proline content (g g~ fw) was assessed as described by
Toscano et al. [41].

3. Results

For leaf number, ANOVA showed a meaningful effect of the interaction between the
irrigation rate and alleviator treatments (Figure 1a).

Leaf number (n plant™) (@)

¢ he
100 be be
¢

Cl Se  SwE SwEsSe| Ctrl  Se  SwE SwEsSe| Ctl  Se  SwE SwEsse|

50% WHC 75% WHC 100% WHC

Plant height (cm) (b)
30
25
b
b
20 I
15
Significance
I: #ex
10 T
1% T:NS
5
0
50% WHC 75% WHC 100% WHC Cul se SWE  SwE+Se
Root collar diameter (mm) (©)
120
100 »
b
80
60
Signifi
I *
a0 T:*
[xT:NS
20

0

50% WHC 75% WHC 100% WHC cul Se SwE  SwE+Se

Figure 1. Leaf number (a), plant height (b) and root collar diameter (c) of curly endive affected
by irrigation management (50%, 75% and 100% of WHC) and stress alleviators (Ctrl, Se, SWE and
Se + SwE). Bars with different letters indicate significant differences (NS: not significant; *: significant
at p < 0.05; **: significant at p < 0.01 **: significant at p < 0.001) and capped vertical lines are
standard errors.
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ANOVA revealed an interaction between irrigation management and drought alle-
viator treatments for leaf numbers. When compared, both moderate drought stress and
well-watered conditions together with SWE and SwE + Se alleviator treatments produced
16.2% and 15.0% more leaves than the control treatments. As expected, the lowest leaf
number was recorded in the control treatments subjected to severe drought stress. Never-
theless, plants exposed to severe drought stress but treated with drought alleviators (50% of
WHC; Se, SeW, SeW + Se) produced 66.7% more leaves than the control treatment (50% of
WHOC), revealing a possible overlapping effect between biostimulation/biofortification and
water application. As leaf number is one of the main compounds for yield determination,
this is a promising result that can help us understand the physiological pathway for yield
determination in chicory plants.

Plant height (Figure 1b) and root collar diameter (Figure 1c) were not significantly
influenced by the interaction between the two main factors. Averaged over alleviator treat-
ments, plants from 75% and 100% WHC plots displayed a higher plant height compared
to those from 50% WHC plots (+17.9 and +25.9% compared to 50% WHC). Regardless of
drought stress levels, curly endive from all alleviator treatments showed a higher plant
height compared to the control plants (+10.8%, +5.6% and 12.2% compared to the con-
trol, respectively) (Figure 1b). For root collar diameter, disregarding treatments, plants
exposed to 100% WHC exhibited the highest values (+17.4% compared to 50% WHC),
whereas the lowest value was recorded in plants grown under severe drought stress (50%
of WHC). Without considering drought stress, alleviator treatments enhanced root collar
diameter compared to the control plots. Increases of 13.8%, 15.2% and 10.5% were recorded,
respectively, in Se-, SWE- and Se + SwE-treated curly endive compared to non-treated
plot plants.

As shown in Figure 2, there was no significant interaction between irrigation manage-
ment and drought alleviators for yield.

Yield (g plant!)
350 T

a
300 + "' a ab
4 T ab
1 | T [ T
250 + Il . T
b : |
200 T
| |
150 + Significance
I ok
T *
100 + IxT:NS
50 +
0
50% WHC 75% WHC 100% WHC Ctrl Se SWE SwE+Se

Figure 2. Yield of curly endive affected by irrigation management (50%, 75% and 100% of WHC)
and stress alleviators (Ctrl, Se, SWE and Se + SwE). Bars with different letters indicate significant
differences (NS: not significant; *: significant at p < 0.05; ***: significant at p < 0.001) and capped
vertical lines are standard errors.

Averaged over the alleviator treatments, curly endive grown under moderate drought
stress and optimal water availability conditions showed the highest yield compared to
those grown under severe drought stress. Indeed, well-watered plants and plants under
moderate drought stress yielded between 34.2 and 46.2% more than plants under severe
drought stress.
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Considering the alleviator treatments, the highest yield was reported in plants that
underwent Se treatments (+30.0% compared to the untreated control), while the lowest
was reported in the control plants. Moreover, the yields from Se and SWE + Se plants do
not differ statistically from the control or Se treatments. Concerning SSC, ANOVA did not
indicate a significant interaction between the two main factors (Figure 3).

SSC (°Brix)
6 o
a a
5 2 ab
T b ab I I
I I I b T
T I
4 i
3 -
Significance
I. *
s -
T:*
IxT:NS
1 -
0
50% WHC 75% WHC 100% WHC Ctrl Se SwE SwE+Se

Figure 3. Soluble solid content (S5C) of curly endive affected by irrigation management (50%, 75%
and 100% of WHC) and stress alleviators (Ctrl, Se, SWE and Se + SwE). Bars with different letters
indicate significant differences (NS: not significant; *: significant at p < 0.05;) and capped vertical
lines are standard errors.

Considering the drought stress levels, the highest SSC was found in curly endive
exposed to 50% WHC. Conversely, the lowest SSC was recorded in plants subjected to 100%
WHC. Averaged over the irrigation levels, plants supplied with SWE or with SWE + Se
showed a higher SSC compared to the control plants (+15.4% and +14.9%, respectively).
The lowest values were recorded in untreated plants.

As reported in Table 1, the statistics did not show a significant interaction between the
two factors for the dry matter content and mineral profile of curly endive.

Table 1. Dry matter, K, N, P, Ca, Mg and S content of curly endive as affected by irrigation man-
agement (I) (50%, 75% and 100% of WHC) and drought alleviator treatments (T) (Ctrl, Se, SWE and
Se + SWE).

Treatments ~ DY MAMEr e o1e-1dw)  N(gkgldw) P(gkgldw) Ca(gkgldw) Mg(gkgldw) S(gkg ! dw)
Content (%)
1
50%WHC 867 a 2811  a 1256 a 295 a 1374 a 251 a 339 a
75%WHC 806 b 2849  a 1337  a 318 a 1429  a 268 a 345 a
100%WHC 794 b 2527 b 1304  a 295 a 1463 a 278 a 362 a
T
Ctrl 851 a 2816 a 1330  a 308 a 1466 a 26l a 318 a
Se 795 b 2880 a 1351 a 295 a 1462 a 276 a 384 a
SWE 811 b 2600 a 1258  a 297 a 133 a 257  a 343 a
SwE+Se 823 b 2620 a 1256  a 310 a 1423 a 268 a 350 a
Significance
1 = . NS NS NS NS NS
T . NS NS NS NS NS NS
IxT NS NS NS NS NS NS NS

Ctrl: control; SWE: seaweed extract; Se: selenium. Different letters mean significant statistical differences between
mean values at 0.05 of probability (Tukey’s HSD test). *: significant at p < 0.05; **: significant at p < 0.01. NS:
not significant.
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Regarding dry matter content, the statistics evidenced a significant influence of the
drought stress level and stress alleviator treatments.

Averaged over the treatments, the highest values were recorded in plants grown
under severe drought stress (50% of WHC), whereas the lowest ones were found in plants
subjected to 75% and 100% of WHC. Concerning the alleviator treatments, the highest dry
matter content was recorded in untreated plants, while the other treatments displayed the
lowest values.

For K content, no significant interaction between irrigation management and drought
alleviators was observed, nor was one reported between drought alleviators and K content.
In contrast, there was a significant interaction between irrigation management and K
content. The lowest K value was found for well-watered management and the highest for
severe and moderate drought management (Table 1).

The statistics showed that the main factors did not significantly influence N, P, Ca, Mg
and S content in curly endive plants (Table 1).

Selenium concentration in curly endive tissues was significantly influenced by the
interaction between irrigation levels and alleviator treatments (Figure 4).

Se (mg kg'! DW)

250 T Significance
I: NS
T: ok sk

2.00 1 a [x T %

1.50 +

bc
1.00 +

0.50 +

d d
d d
000 LT =5 < = -

Ctrl Se SwE SwE+Se| Ctrl Se SWE SwE+Se| Ctrl Se SWE SwE+Se

50% WHC 75% WHC 100% WHC

Figure 4. Se concentration of curly endive affected by irrigation management (50%, 75% and 100%
of WHC) and stress alleviators (Ctrl, Se, SWE and Se + SwE). Bars with different letters indicate
significant differences (NS: not significant; **: significant at p < 0.01; ***: significant at p < 0.001) and
capped vertical lines are standard errors.

As shown in Figure 4, Se concentration in plants grown at a medium drought stress
level (75% of WHC) and supplied with Se was higher, followed by that detected in plants
exposed to the 100% WHC x Se combination. As expected, the lowest values were found
in plots not treated with selenium.

Malondialdehyde content was significantly affected by the I x T interaction (Figure 5).

The results indicated that the highest malondialdehyde content was recorded in plants
from 50% WHC x Ctrl plots followed by those from the 50% WHC x Se, 50% WHC x SwE
and 50% WHC x Se + SWE combinations. The lowest value was recorded in plants from
plots cultivated at 100% of WHC and supplied with SWE + Se.

As shown in Figure 6, ANOVA highlighted a significant effect of the I x T interaction.
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Figure 5. Malondialdehyde concentration of curly endive as affected by drought stress levels (50%,
75% and 100% of WHC) and stress alleviators (Ctrl, Se, SWE and Se + SwE). Ctrl: control; SWE:
seaweed extract; Se: selenium. Means with different letters are significantly dissimilar according to
Tukey’s HSD test. Bars indicate mean values + standard error. ***: significant at p < 0.001.

Proline content (nug g! fw)

ST Significance

1: Kok sk

40 + a a T #s

35--_T_ —} % _I_ b I x T; *%%
25+ —I—

20 +

15 +

10 +

Ctrl Se SwWE SwE+Se| Ctrl Se SWE SwE+Se| Ctrl Se SwE SwE+Se

50% WHC 75% WHC 100% WHC

Figure 6. Proline concentration of curly endive as affected by drought stress levels (50%, 75% and
100% of WHC) and stress alleviators (Ctrl, Se, SWE and Se + SWE). Ctrl: control; SWE: seaweed extract;
Se: selenium. Means with different letters are significantly dissimilar according to Tukey’s HSD test.
Bars indicate mean values + standard error. ***: significant at p < 0.001.

The highest proline values were recorded in plants from the 50% WHC x Se combina-
tion and in those from the 50% WHC x SwE + Se combination followed by plants grown
under severe drought stress conditions (50% WHC) not treated and SwE-treated. The
lowest proline value was found in control plants grown under optimal water availability
conditions (100% WHC).

Considering RWC values, ANOVA did not underline a statistically significant effect of
the interaction between the two main factors (Figure 7).
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Figure 7. Relative water content (RWC) of curly endive affected by irrigation management (50%, 75%
and 100% of WHC) and stress alleviators (Ctrl, Se, SWE and Se + SwE). Bars with different letters
indicate significant differences (NS: not significant; *: significant at p < 0.05) and capped vertical lines
are standard errors.

Considering the irrigation levels, the highest RWC values were recorded in plants
exposed to 100% of RWC while the lowest ones were found in plots subjected to 50% WHC.
On the other hand, SWE or SWE + Se treatments guaranteed higher value in terms of RWC
compared to Ctrl or Se-treated plants.

4. Discussion

Climate change has become an imperative issue in agriculture since it alters the sea-
sonal cycles, increasing the frequency of unusual long periods of high temperatures and
drought, with critical consequences for global food security. For this reason, agriculture
research has focused on the development of new eco-friendly tools capable of increasing
crop tolerance to abiotic stresses, such as drought. Selenium (Se) is a fundamental mi-
cronutrient, which has also been used as a plant drought stress alleviator, thanks to its
ability to increase the antioxidant status of treated plants. At the same time, non-microbial
biostimulants, such as seaweed extract (SWE), are widely used in the agricultural sector to
enhance plant tolerance to drought conditions. In the present study, curly endive plants
were cultivated in pots under three different water levels (50%, 75% or 100% of substrate
water holding capacity) and were subjected to different drought reliever treatments (Ctrl,
SwE, Se or SWE + Se) to understand the implications on plant growth and yield features,
nutrient concentrations, relative water content, proline, malondialdehyde, and selenium.
Yield, plant height, root collar diameter and leaf number were significantly reduced by
drought stress. The data are coherent with those reported by Dietz et al. [43] and Hussain
et al. [44]. As documented by the previous scientific literature, the first plant reaction to
drought stress is the closure of stomata, reducing CO, assimilation and, consequently, the
photosynthesis rate [45]. In our study, an increase in these parameters was recorded when
plants were treated with SWE, Se or SWE + Se. The positive effect given by Se application is
related to its role in photosynthesis optimization [46]. Moreover, it was reported that Se
application can increase cell elongation and nutrient use efficiency [47]. Several studies on
leafy vegetables underlined a positive effect of Se biofortification on plant growth and yield
traits of lettuce [48,49] and basil [50]. Regarding the effects of SWE, it is widely reported
that the application of this biostimulant can encourage productive and growth features of
plants [51-53]. The principal mechanisms involved concern the effects of natural phytohor-
mones comprised in SWE, which stimulate cell division and elongation, and the activation
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of plant primary metabolism [53]. Interestingly, in our study, both SWE and Se alone had
similar effects on yield, plant height and root collar diameter to the combination SWE + Se,
suggesting no synergistic, antagonistic or additive effects between these two treatments. As
for leaf number, the results revealed that SWE and Se determined the peak of this parameter
in well-watered plants (100% WHC), whereas in moderate water-stressed plants (75%
WHC), the peak was recorded in SWE- and in SWE + Se-treated plots. These differences
suggest that the single effect of Se treatment is more pronounced only in well-watered
plants, whereas in moderate water stress conditions, SWE and the SWE + Se combination
showed their efficacy in sustaining plant growth. However, when severe drought stress
was imposed (50% WHC), no treatment proved to be better than any other for the leaf
number increase, statistically showing the same increase compared to the control plots.

Soluble solid content was enhanced by drought and by SWE, Se or SWE + Se supply.
These data overlap with those of Babita et al. [54] and Ahmadi-Mirabad et al. [55]. The
increase in soluble solids is often recorded in drought-stressed plants mainly for two
reasons: the dehydration of the tissues and the build up of osmo-protective compounds.
Water stress, indeed, reduces water uptake, causing a dehydration of the tissues and a
greater concentration of soluble solids [56]. Furthermore, water-stressed plants accumulate
osmotic solutes, such as sugars, to defend themselves from osmotic stress. This mechanism
is called osmotic adaptation, and it helps to maintain cell turgor when drought stress
occurs [57,58]. On the other hand, it is reported that Se stimulates antioxidant enzyme
activity, reducing oxidative stress and promoting photosynthesis, which in turn enhances
sugar biosynthesis in plant [59]. In addition, Se supply boosts the biosynthesis of plant
osmo-protective compounds, such as sugars and amino acids [60]. The encouraging effect
of SWE on SSC was similarly found by Jalali et al. [61] on tomato plants supplied with SWE.
This effect is linked to different mechanisms, such as the stimulation of photosynthesis
and, consequently, the accumulation of sugars [62], the increase in nutrient uptake via
the better growth of roots [25,61], and the elicitation of plant defense mechanisms against
drought stress [63], such as via the biosynthesis of osmo-protective compounds (sugars
and amino acids). In our study, the treatments SWE and SWE + Se were statistically similar;
consequently, we can assume that no synergistic/antagonistic effects occurred.

Dry matter content peaked in plants grown with a water level of 50% WHC. The data
are in accordance with those of Consentino et al. [19]. The increase in dry matter percentage
in water-stressed plants is a very common outcome essentially for two reasons: the build
up of solutes as a drought consequence [64] and the condensing effect caused by water
rest [19]. This study also indicated that SWE, Se and SwE + Se supply significantly reduced
dry matter content. Data are coherent with those of Consentino et al. [19], who assume
that the increase in water uptake prompted by SWE application explains the decrease in
dry matter content. Moreover, the decrease in dry matter found in the plots exposed to
the single Se application could be linked to the cell water retention increase [65] and to the
rapid enhancement of plant growth [66] stimulated by Se application. As for dry matter
content, no interaction between SWE and Se was recorded.

Potassium concentration was enhanced by water stress, but it was not affected by the
other treatments. Potassium is a key ion in the osmotic homeostasis of plant cells, since
it helps plants to maintain turgor [67]. During water stress conditions, plants accumu-
late K+ ions to cope with osmotic stress [68]; consequently, the recorded increase can be
explained by a plant defense mechanism against water shortage conditions.

Nitrogen content was not influenced by the irrigation regimes and by the drought
alleviator treatments. Nitrogen has a key role in plant development, and it is one of the main
constituents of several biomolecules. As stated by Xia et al. [69], drought alters nitrogen
metabolism, causing a different distribution of nitrogen in plant tissues. Seaweed extract
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did not affect total nitrogen in curly endive. We hypothesize that biostimulants affected
nitrogen metabolism by improving nitrogen enzyme activity, causing a different N balance
without, however, affecting the total nitrogen tissue. To be specific, SWE significantly
improved growth and, consequently, plant biomass [51]. Considering this result, we might
assume that N content percentage can remain unchanged, associating these results with
a “dilution” effect. Moreover, Se supply did not affect nitrogen concentration in curly
endive. Se is a key micronutrient that modulates plant metabolism and oxidative damage
responses [70,71]. Similar results were found by Ferrarese et al. [72] in spinach plants,
while, as reported by Puccinelli et al. [73], Se biofortification increases nitrate content in
lettuce. These results indicate a species-dependent effect of Se application. Moreover, as
reported by Rios et al. [47], Se supply significantly enhances several enzymes involved in
nitrogen metabolism (e.g., nitrate reductase, nitrite reductase). Thus, Se could improve
N metabolism as well as N utilization, translocation and availability in plants without,
however, causing an increase in the total N content.

Our study indicated that P, Ca, Mg and S content in tissues was not influenced by
irrigation management or by drought alleviators. These results are coherent with those
obtained in other species, suggesting that the nutrient concentration (P, Ca, and Mg) varies
according to species and /or cultivar [73-78].

In this study, Se concentration was influenced by irrigation management regimes and
drought alleviators. The highest Se content was found in moderated drought-stressed
plants. These outcomes could be related to an abiotic elicitor, such as moderate drought
stress that enhances Se uptake, translocation and accumulation in tissues, considering that
Se is involved in antioxidant protection [36]. Similar outcomes were found by Ali et al. [79]
and Song et al. [80] on Okra and tomato, where Se treatments increased antioxidant activity
in stressed plots. Moreover, it is interesting to report that, under severe drought stress
conditions, low transpiration levels could limit Se absorption, reducing its concentration in
leaf tissues.

Malondialdehyde (MDA) content is considered as a reliable marker of cell membrane
stability under stress conditions [81]. It is one of the final compounds of polyunsaturated
fatty acid peroxidation in cells, whose content indicates the extent of the damage triggered
by drought stress [82]. In this study, MDA decreased as drought stress intensity decreased.
This result is in line with that of Patane et al. [83] and Zhong et al. [36] on tomato grown
under drought stress. Moreover, SWE and Se treatments reduced MDA content in curly
endive tissues at all drought stress levels. These results concur with those of Sabatino
et al. [78] on chicory plants, where it is hypothesized that SwE-treated plants are more
resistant to drought and, consequently, less stressed compared to control plants. Moreover,
as described by Lanza et al. [84], plants can biosynthesize selenocysteine, a constituent of
glutathione involved in plant responses to abiotic stresses. Indeed, glutathione peroxidase
is a key antioxidant enzyme that can be influenced by selenium availability under various
abiotic stress conditions. Glutathione peroxidase and glutathione act as scavengers of
hydroperoxides. Furthermore, as reported by Zhong et al. [36], Se supply can improve
antioxidant enzyme activity, including peroxidase, superoxide dismutase, and catalase,
involved in ROS scavenging.

The result evidenced that proline concentration was modified by irrigation manage-
ment and drought alleviators. In line with several authors [83,85], proline values were
higher in plants subjected to severe drought stress compared to those grown under mild
drought stress or under optimal water availability. Proline is a common osmolyte that accu-
mulates in plant tissues under a water deficit to reduce cell damage [86]. Accordingly, with
Patane et al. [83] and Desoky et al. [87], proline accumulation could be related to an osmotic
adjustment of stressed plants to overcome oxidative damage stimulated by water deficiency.
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Concomitantly, alleviator treatments determined an increase in proline content. Previous
reports indicated that SWE supply increases proline content in plants [85,88,89]; these
results could be linked to an elicitor effect and consequently to an increase in antioxidant
responses induced by biostimulants and Se application [48,90].

Proline content was affected by irrigation management and drought alleviators. In
line with previous studies carried out by Patane et al. [83] and Goxii et al. [85], we observed
that proline content is higher in plants subjected to severe drought management at any
level of the drought alleviator when compared with ww and mds. This could be related
to an osmotic adjustment of stressed plants to mitigate oxidative damage. This trend was
also reported by Desoky [87]. Under severe drought stress, SWE and SwE + Se addition
seemed to be the most performant formula, which agrees with previous reports [83,86,87].
This is presumably linked to an elicitor effect that triggers an antioxidant cell response in
stressed plants.

Relative water content was affected by drought and treatments. These outcomes are
in line with Zahedi et al. [91] on strawberry grown under drought. Since the first plant
response to water deficit is stomatal closure to minimize water loss, the RWC alteration can
be linked to drought stress plant adaptation [91]. Moreover, in agreement with the research
of Xu et al. [23] on spinach, SWE treatments increased the RWC of plants grown under
drought stress, indicating that the SWE application might enhance leaf water relations
and help preserve cell turgor pressure and expansion. Furthermore, Se supply supported
intracellular osmotic equilibrium by the build up of organic osmoregulatory substances
and inorganic ion content affecting leaf relative water content [92]. Based on these results,
Se treatments represent a useful strategy for supporting osmotic pressure equilibrium as a
result of low water availability.

5. Conclusions

In the present research, we investigated the single and combined effect of two stress
alleviators, such as seaweed extract (SWE) and selenium (Se), on the performance of curly
endive cultivated under different irrigation management conditions. Both SwWE and Se
enhanced leaf number compared to the control under both optimal and suboptimal water
availability conditions. The application of SWE + Se enhanced plant height, root collar di-
ameter, yield, SSC and proline compared to the control plots and reduced malondialdehyde
content. Based on these results, the mutual application of Se and SwE is a key strategy
to overcome moderate drought stress (75% WHC) affecting curly endive plants, ensuring
satisfactory productive and qualitative traits. Future studies will evaluate if the recorded
effects on the soilless system can be reproduced in large-scale open-field conditions and
will deepen the molecular mechanisms behind plant responses.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants15010170/s1, Figure S1: Relative humidity, maximum and
minimum temperatures recorded during the cultivation cycle.
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