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Abstract: Biostimulants” application to plants can reduce the damage caused by abiotic factors such
as drought or salinity and improve crop yield under these stressful conditions. In this work, several
biostimulants, namely Terrabion Aminovit® (a commercial product based on amino acids), potassium
fulvate, humic acids, and a seaweed extract, were applied to cherry tomato plants using fertigation
at two doses of 0.2 and 1.0 g L™!. The plants were then subjected to a water stress treatment by
completely withholding irrigation for 12 days. After the treatments, all plants were harvested to
determine several growth and biochemical parameters. Pre-treatment with all biostimulants protected
the tomato plants against dehydration, as indicated by a significant increase in leaf water content
compared to the non-irrigated controls. Leaf fresh weight and root water content also increased,
except in the plants treated with humic acids, by about 2 fold in plants pre-treated with Terrabion
Aminovit® and 1.5 fold in the presence of potassium fulvate and the seaweed extract. The water
stress treatment caused a significant increase in leaf proline content, up to 113.6 umol g~! DW,
approximately 18 fold higher than in well-irrigated control plants; this value was significantly lower
in Terrabion Aminovit® pre-treated plants but even higher, ca. 180 umol g‘l DW, in those treated
previously with the seaweed extract. These results indicate that proline is a suitable water stress
biomarker in tomatoes and that the biostimulants probably differ in their mode of action, suggesting
that the effect of the seaweed extract is mediated by proline accumulation. A significant activation of
antioxidant enzymes, namely superoxide dismutase, ascorbate peroxidase, and glutathione reductase,
was also observed in water-stressed plants; application of the biostimulants resulted in all cases,
in a significant reduction in the specific activities of the three enzymes, indicating reduced levels
of drought-induced oxidative stress in the plants. We conclude that applying these biostimulants,
particularly Terrabion Aminovit®, may help minimise the adverse effects of water stress on tomatoes
by maintaining turgor and improving growth through mechanisms still unknown but which appear
to involve, at least in part, enhancing the plants’ antioxidant defence responses.

Keywords: biostimulant; amino acid; humic acid; potassium fulvate; seaweed extract; water stress;
antioxidant responses; Solanum lycopersicum

1. Introduction

Plants respond to different abiotic stress conditions by activating a series of com-
mon mechanisms, although there are also specific responses for each particular type of
stress. Many reviews describe these mechanisms in detail [1-4]. Summarising, the most
relevant stress responses are based on: (a) the control of water, ion transport and ion
homeostasis [5-7]; (b) the synthesis of protective molecules, such as compatible osmolytes
for osmotic adjustment (sugars, polyalcohols, or some amino acids and derivatives) and
specific proteins (heat shock proteins, cryoprotectants, LEA proteins, osmotin) [5,8-10];
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and (c) the activation of enzymatic and non-enzymatic antioxidant systems to counteract
the oxidative stress generated by increased levels of Reactive Oxygen Species (ROS) to
prevent damage to proteins, membranes, and DNA [11,12]. ROS are produced by dif-
ferent metabolic reactions in the mitochondria, leaf peroxisomes, or chloroplasts [13,14].
Some examples of antioxidant compounds synthesised by plants to eliminate ROS are
reduced glutathione (GSH), carotenoids, or phenolic compounds, especially the subclass
of flavonoids. Amongst antioxidant enzymes, some of the most relevant are superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APx), glutathione reductase (GR),
glutathione-S-transferase (GST), and glutathione peroxidase (GPx) [15-17].

Biostimulants have been used for several decades to strengthen crop plants against
stress by promoting improved yield and crop quality under adverse conditions [18,19].
Currently, there is a wide variety of biostimulant products, such as those based on mixtures
of amino acids, seaweed and microalgae extracts, enzymes, humic substances, polysac-
charides, phytohormones, and/or vitamins, sometimes supplemented with micro and/or
macronutrients and microorganisms (e.g., fungi and bacteria) [19-22]. These products
are also used to help the crop during periods of high metabolic demand, such as rooting,
sprouting, flowering, fruit set, and/or fruit formation [23]. Generally, biostimulants are
rapidly absorbed and metabolised, resulting in a very low energy cost to the plant. They are
specifically recommended against abiotic stresses (e.g., phytotoxicity, high temperatures,
salinity, drought, or UV radiation) [20,21]. Sometimes, they have also been used against bi-
otic stresses (e.g., pests and diseases) [24]. However, despite the potential positive effects of
biostimulants in improving crop performance, these effects are not always observed [25,26]
as they usually depend on multiple factors, such as the dose applied, the biostimulant
source, the environmental conditions in which they are applied, the species and variety,
and the type and formulation of the product [19,27,28].

The objective of the present study was to compare the efficacy of different biostimulant
formulations applied to cherry tomato (Solanum lycopersicum L., var. cerasiforme) plants
before they were subjected to severe water stress treatments by the complete withholding
of irrigation. The tomato is probably the most important horticultural crop worldwide from
an economic point of view, and water deficit during tomato plants” growth is known to neg-
atively affect the yield and quality of the crop [29,30]. There are many publications on the
mechanisms used by plants, including tomatoes, to counteract drought stress (e.g., [31-34]).
However, although the beneficial effects of natural biostimulants on water-stressed tomato
plants are known, there is little evidence in the literature on the underlying mechanisms,
particularly those involving antioxidant responses (e.g., [35-37]). Therefore, the present
work can contribute to increasing our knowledge of those mechanisms. From a practical
point of view, it should also allow for selecting, amongst those tested, the most effective
biostimulant at counteracting drought effects in tomatoes. To achieve these aims, we have
determined biostimulant-induced changes in the growth and biochemical parameters of
water-stressed plants, focusing primarily on the plants” antioxidant responses. The initial
hypothesis was that pre-treatment with the biostimulants could protect the tomato plants
against the subsequent water stress treatment by stimulating their antioxidant machinery.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Cherry tomato (Solanum Lycopersicon L. var. cerasiforme) seeds (Spicegarden-Bernd Wildt,
Barcelona, Spain) were germinated in a phytotron under long-day conditions (16 h light
photoperiod), 130 umol m~2 s~ ! photosynthetic active radiation (PAR), 80% relative humid-
ity, and 25 °C average temperature. Sowing was carried out on seedlings trays (2-3 seeds
per socket, ca. 300 seeds in total) using a mixture of peat and vermiculite (1:1). Two weeks
after sowing, plants of similar size with 3—4 true leaves were transplanted individually
to 12 cm O pots in plastic trays, five pots per tray, until the end of the experiments. Each
treatment consisted of five repetitions of individual plants placed in a tray. Plants were
always watered with a standard nutrient solution [38], supplemented with biostimulants
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where indicated. Irrigation was applied directly to the trays, 0.5 L per plant every 3—4 days,
so that the solution was absorbed by capillarity.

2.2. Biostimulants

Different biostimulants produced by Fertinagro Biotech (Teruel, Spain) were tested:
(1) Terrabion Aminovit®, a commercialised liquid biostimulant rich in organic matter
and free amino acids (hereafter referred to as “TB’). The exact composition is protected
(patent number #011050499), and only the main active compounds are listed (Table 1).
(2) Potassium fulvate (KF). (3) Humic acids 7-9 (reference number provided by the com-
pany) (HA). (4) A seaweed extract (SE). The chemical composition of the last three biostim-
ulants is proprietary to the company and has not been disclosed.

Table 1. Aminogram of Terrabion Aminovit® expressed as a percentage for each free amino acid.

Free Amino Acids % (wlv) Free Amino Acids % (wlv)
Aspartic acid 0.26 Isoleucine 0.09
Glutamic acid 2.68 Leucine 0.13
Alanine 0.28 Lysine 0.67
Arginine 0.56 Methionine 0.07
Cysteine 0.1 Serine 0.2
Phenylalanine 0.1 Tyrosine 0.11
Glycine 1.21 Threonine 0.1
Histidine 0.16 Valine 0.09

2.3. Biostimulant and Water Stress Treatments

Biostimulant pre-treatments were started on day 34 after sowing, when the cherry
tomato plants had 5-6 true leaves. The pots, distributed in different trays (one tray per
treatment with five individuals), were watered (0.5 L per pot) with each biostimulant
in nutrient solution at two doses of 0.2 or 1.0 g L~!. The biostimulant solutions were
applied four times (every two to three days) until day 43 after sowing, when the water
stress treatments were initiated by complete withholding of irrigation. The experiments
were concluded on day 55 after sowing (i.e., after 12 days without irrigation), when plant
material was sampled to determine several growth and biochemical parameters. Plants
continuously watered with nutrient solution and not subjected to water stress were grown
in parallel as a positive ‘irrigated’ control (IC). Plants subjected to the same water deficit
treatment, but not pre-treated with biostimulants constituted a negative, ‘non-irrigated’
control (NIC). Considering the four biostimulants, applied at two different doses, the two
control treatments (IC and NIC), and the five biological replicas (individual plants) per
treatment, a total of 50 plants were used in the experiments.

2.4. Growth Parameters

The effect of the biostimulant pre-treatments on plant growth was determined 12 days
after irrigation suppression. Plant roots and aerial parts were harvested separately, and the
roots were thoroughly cleaned with a brush. The measured parameters were root and leaf
fresh weight (FW), stem length (cm), leaf and flower numbers, and leaf area (mm?)—the
latter determined using an LI-3100C area meter (LI-COR®, Lincoln, NE, USA). Part of the
root and leaf material was weighed, dried in an oven at 65 °C for 72 h, and weighed again
(dry weight, DW) to calculate the water content percentage (WC%) of both organs. The
dried fraction of the leaf material was stored at room temperature in sealed tubes, and the
remainder was flash frozen in liquid N, and stored at —75 °C.

2.5. Proline Quantification

Proline (Pro) was extracted with 3% (w/v) sulphosalicylic acid from 0.1 g of the leaf
material stored at —75 °C and quantified according to the acid-ninhydrin method [39] with
minor modifications [40]. Briefly, the extracts were mixed with ninhydrin (dissolved in
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acetic acid) and phosphoric acid, incubated in a water bath at 95 °C for 60 min, cooled
to room temperature, and extracted with toluene; the absorbance of the organic phase
was determined at 520 nm using toluene as the blank. Samples containing known Pro
concentrations were assayed in parallel to obtain a standard curve. Pro contents were
finally expressed as pmol g~ ! DW.

2.6. Antioxidant Enzymes

Specific enzyme activities were determined in crude protein extracts prepared from
approximately 2 g of plant leaf material stored frozen at —75 °C for less than two months,
as previously described [41]. The protein concentration in the extracts was estimated by
Bradford’s assay [42], using a commercial reagent (Bio-Rad, Alcobendas, Spain) and bovine
serum albumin (BSA) as the standard.

2.6.1. Superoxide Dismutase (SOD)

SOD specific activity in the extracts was estimated from the inhibition of nitroblue
tetrazolium (NBT) photoreduction in the presence of riboflavin, used as the source of
superoxide radicals [43]. The reaction mixtures were exposed to three 23 W Osram DULUX
PRO compact fluorescent lamps for 10 min at 25 °C, generating 300 umol m~2 s~ ! radiation.
The absorbance of the samples was then measured at 560 nm against the corresponding
non-irradiated reaction mixtures used as a blank. One SOD unit was defined as the amount
of enzyme that causes 50% inhibition of NBT photoreduction under the assay conditions.

2.6.2. Ascorbate Peroxidase (APx)

APx activity was calculated following the oxidation of ascorbate with H,O,, both
added to the protein extracts, by the decrease in the absorbance at 290 nm [44], using the
H,0, extinction coefficient (ep99 = 2.8 mM~! em~1). No correction for ascorbate oxidation
in the absence of protein extract was necessary as no activity was observed in the controls.
One APx unit was defined as the amount of enzyme required to oxidise one pmol of
ascorbate per min at 25 °C.

2.6.3. Glutathione Reductase (GR)

GR activity was calculated following the oxidation of NADPH, which is coupled to
the GR-catalysed reduction of oxidised glutathione (GSSG). The reaction was initiated
by adding the NADPH cofactor to samples containing the protein extract supplemented
with GSSG under the conditions previously described [45]. After 25 min of incubation
at room temperature, the decrease in absorbance at 340 nm was determined to calculate
the amount of oxidised NADPH from its extinction coefficient (e349 = 6.22 mM ! cm™1).
Control reactions without protein extract were performed simultaneously to correct for
non-enzymatic NADPH oxidation. One GR unit was defined as the amount of enzyme that
oxidises one umol of NADPH per min at 25 °C.

2.7. Antioxidant Compounds Determination
2.7.1. Total Phenolic Compounds (TPC) and Flavonoids (TF)

Dry leaf material (approximately 0.1 g) was ground to a fine powder in a mortar and
extracted with 80% methanol. Samples were gently shaken overnight at room tempera-
ture. Supernatants were collected by centrifugation and stored at —20 °C until used in
the assays. TPCs contents were determined by their reaction with the Folin—Ciocalteu
reagent [46]. The methanol extracts were incubated with the reagent and Na,COs for
90 min at room temperature in the dark, and the absorbance was then measured at 765 nm.
TPC concentrations were expressed as equivalents of gallic acid (GA), used as the standard
(mg eq. GA g~! DW). TFs contents were quantified in the same extracts by their reaction
with AICl3 at a basic pH after nitration of the catechol groups with NaNO,, as described
by Zhishen et al. [47]. TF contents were expressed as equivalents of the standard catechin
(mgeq.C g~! DW).
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2.7.2. Ascorbic Acid (AsA)

Ascorbic acid (AsA) was quantified by a previously described procedure [48] based
on the reduction of Fe** to Fe?" by AsA at acidic pH, followed by the formation of a
complex of Fe?* with bipyridyl. Briefly, tomato leaf material was ground with 5% (w/v)
TCA, the extract was centrifuged, and the supernatant was incubated with phosphoric
acid, bipyridyl, and FeCl; for one hour at 37 °C in the dark. The absorbance of the samples
was read at 525 nm and the AsA concentrations were calculated from a calibration curve
established by parallel reactions with known AsA amounts. Ascorbic acid contents were
expressed as mg g~ ! DW.

2.8. Statistical Analysis

Analysis of variance (ANOVA) at the 95% confidence level was used to compare the
effects of the different treatments on all determined growth and biochemical parameters.
Prior to the analysis of variance, the data requirements of the normality and homogeneity
of variances were checked using Levene’s and Shapiro-Wilk’s tests. When the null ANOVA
hypothesis was rejected, post hoc comparisons were performed to detect possible statistical
differences between the applied treatments using Tukey’s test. Data are shown as means
and standard deviations. Statgraphics Centurion v.15 statistical software (Statgraphics
Technologies, Inc., The Plains, VA, USA) was used to perform the analyses.

3. Results
3.1. Effects of Water Stress and Biostimulant Pre-Treatments on Tomato Plants

The water stress treatment, applied by altogether withholding irrigation, had a strong
negative effect on tomato plants (Figure 1). Compared to normally watered plants (IC,
irrigated control, Figure 1a), the plants showed extreme wilting symptoms after 12 days
without any irrigation (NIC, non-irrigated control, Figure 1b). Pre-treatment of the plants
with the biostimulants for ten days before stopping irrigation seemed to protect the tomato
plants against dehydration, although to different extents (Figure 1c—j), especially when
the higher biostimulant dose, 1.0 g L1 was used (Figure 1c,e,g,i). This effect was most
evident with Terrabion Aminovit® (TB, Figure 1c,d), followed by the seaweed extract (SE,
Figure 1i,j). Plants pre-treated with potassium fulvate (KF, Figure 1e,f) still showed some
improvement over the non-irrigated controls, at least at the 1.0 g L1 dose, whereas the
effect of humic acids was barely visible (HA, Figure 1g,h).

3.2. Growth Parameters

Several growth parameters were determined after harvesting the plants (Table 2,
Figure 2) in an attempt to quantify the biostimulants’ effects shown in Figure 1.

The growth inhibition of tomato plants, induced by the water stress treatment, was
reflected in significant reductions in stem length, leaf and flower numbers, and leaf area
(comparing IC and NIC values in Table 2). Pre-treatment with the biostimulants did not
improve the growth of tomato plants, considering these parameters, which showed very
small and in most cases, non-significant differences with NIC plants (Table 2). The only
significant differences were observed in stem length for TB and KF applied at 0.2 g L. In-
terestingly, humic acids appeared to significantly increase the number of flowers compared
to NIC plants, although they reached only about 50% of the irrigated controls, an effect not
observed for any of the other tested biostimulants (Table 2).

The effect of biostimulant pre-treatments was more clearly reflected in the differences
observed in root and leaf fresh weight after the water stress period (Figure 2a,b). Indeed, the
water deficit caused a strong reduction in root FW, down to less than 8% of that measured
in the irrigated controls. None of the tested biostimulants significantly affected the root FW
reduction (Figure 2a). The stress-induced reduction in leaf FW was not as pronounced as in
roots, amounting to approximately 35% of the corresponding IC. Contrary to the roots, all
biostimulants tested, except HA, showed a protective effect against stress-induced growth
inhibition, with significant increases in leaf FW compared to NIC plants and no differences
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between the two applied doses, 0.2 and 1.0 g L™, for any biostimulant (Figure 2b). In
TB-treated plants, leaf FW was even higher than in IC plants.

Figure 1. Effect of biostimulant pre-treatments on cherry tomato plants 12 days after irrigation
suppression. (a) irrigated control (IC); (b) non-irrigated control (NIC); (c—j) biostimulant applied at
10g L1 (left panels)or0.2g L1! (right panels) of irrigation solution: (c,d) Terrabion Aminovit® (TB);
(e,f) potassium fulvate (KF); (g,h) humic acids (HA); and (i,j) seaweed extract (SE).
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Table 2. Effect of biostimulant pre-treatments on growth parameters of cherry tomato plants after
12 days of irrigation suppression. Terrabion Aminovit® (TB), potassium fulvate (KF), humic acids
(HA), and seaweed extract (SE) applied at 0.2 and 1.0 g L~ of irrigation solution. Controls: non-
stressed, normally watered plants (irrigated control, IC) and plants subjected to the water stress
treatment without biostimulant pre-treatment (non-irrigated control, NIC). Values are mean + SD
(n = 5). Different letters within each column indicate statistically significant differences between
treatments (ANOVA, p < 0.05).

Treatment Stem Length (cm) Leaf Number Flower Number  Leaf Area (cm?)
IC 43 +12f 20+0.7d 33.8£53c¢ 1004.8 £ 45.6 ¢
NIC 30 &+ 1 abc 142 £0.5bc 94+15a 768.4 +116.2 ab
TBy» 333+£23e 14 £ 0.7 abc 92+36a 681.1 £ 185.9 ab
TBy 322 £ 1.6 cde 14 £ 0.7 abc 84+26a 6404 £ 833 a
KFy 2 326 +24de 13.8 £ 0.5 abc 88+42a 831.8 £190.4b
KF, 31.6 = 2.2 bcde 13.6 £ 1.1 abc 72+47a 714.4 £ 182.4 ab
HAg2 30.2 £ 1.3 bed 134+ 0.6 ab 114+ 27ab 719.6 £ 69.3 ab
HA;, 29.6 + 1.8 ab 132+05a 156 £8.1b 686.6 & 64.4 ab
SEp.2 276+35a 142 £ 0.8 be 96+21a 641.6 £73.6a
SE; 30.4 £ 1.1bcd 144+ 0.6c 112+ 23ab 686 + 67.1 ab
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Figure 2. Effect of biostimulant pre-treatments on fresh weight (FW) (a,b) and water content (WC%),
(c,d) of roots (a,c) and leaves (b,d) of cherry tomato plants after 12 days of irrigation suppression.
Biostimulants: Terrabion Aminovit® (TB), potassium fulvate (KF), humic acids (HA), and seaweed
extract (SE) applied at 0.2 and 1 g L1 of irrigation solution. Controls: non-stressed, normally
watered plants (irrigated control, IC) and plants subjected to the water stress treatment without
biostimulant pre-treatment (non-irrigated control, NIC). Values are mean & SD (1 = 5). In each panel,
different letters above the columns indicate statistically significant differences between treatments
(ANOVA, p < 0.05).

The stress-induced FW reduction was partly due to the dehydration of roots and
leaves (Figure 2c,d). The roots of the irrigated controls (IC plants) contained 84% water,
a value that was reduced to 40% after 12 days of a lack of irrigation (NIC plants). The
pre-treatment with all biostimulants, except HA, showed some protective effect against
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water-stress-induced root dehydration. Here again, TB had the most substantial effect
on increasing the root water content of the tomato plants compared to the non-irrigated
control; TB also showed a dose-dependent effect, as its application at 1.0 g L~ was more
effective than at 0.2 g L~! (Figure 2c). Leaf dehydration was also observed in non-irrigated
plants, although to a lesser extent than in the roots, with a decrease in WC from 89% to 74%.
In any case, the effect of the biostimulant pre-treatments, in this case also including HA,
was similar to that observed in the roots: a significant increase in leaf WC with respect to
NIC plants, which for TB reached the same value as in the irrigated controls (Figure 2d).

3.3. Proline Content

Low levels of proline (Pro), 6.4 umol g~! DW, were measured in the leaves of the
non-stressed tomato plants (IC), consistent with the known role of Pro as an abiotic stress
biomarker [14]. After 12 days of irrigation suppression (NIC plants), the leaf Pro concentra-
tions increased approximately 18-fold to 113.6 pmol g~! DW (Figure 3). The pre-treatment
with TB reduced the mean Pro contents compared to NIC plants, although the difference
was significant only at the higher dose of 1.0 g L~!. KF and HA had no significant effect,
and SE even increased the leaf Pro levels compared to stressed plants not treated with
biostimulants to about 180 umol g~! DW (Figure 3).

250

200 ef [

-
(2]
o

cd cd d cd T

bc { T [

Pro (umol g-' DW)
(=}
o

a
o

0 F——i
IC NC TB,, TB, KF, KF, HA,, HA, SE,, SE,

Figure 3. Effect of biostimulant pre-treatments on leaf proline (Pro) contents in cherry tomato plants
after 12 days of irrigation suppression. Biostimulants: Terrabion Aminovit® (TB), potassium fulvate
(KF), humic acids (HA), and seaweed extract (SE) applied at0.2and 1.0 g L1 of irrigation solution.
Controls: non-stressed, normally watered plants (irrigated control, IC) and plants subjected to the
water stress treatment without biostimulant pre-treatment (non-irrigated control, NIC). Values are
mean + SD (n = 5). Different letters above the columns indicate statistically significant differences
between treatments (ANOVA, p < 0.05).

3.4. Antioxidant Enzymes

The specific activity of three relevant antioxidant enzymes, namely superoxide dismu-
tase (SOD), ascorbate peroxidase (APx), and glutathione reductase (GR), was determined
in the leaf protein extracts of all plants harvested after the water stress treatment (Figure 4).
Under non-stress conditions (IC plants), the calculated activities of SOD, APx, and GR
were relatively low but increased significantly (4.7-, 19-, and 12.2-fold, respectively) upon
application of the water stress treatment (NIC plants), suggesting that these antioxidant
enzymes are activated to counteract the oxidative stress generated by subjecting the plants
to a water deficit. The pre-treatment with all the biostimulants resulted in a significant
decrease in the specific activities of the three enzymes in the water-stressed plants, with
some quantitative differences between them. For example, all tested biostimulants reduced
SOD activity to the control (IC) levels at the two applied doses (Figure 4a). In the case
of APx activity (Figure 4b), pre-treatment with SE at both doses, HA at 0.2 g L™! and
KF at 1.0 g L™}, also significantly reduced the enzyme activity compared to NIC plants,
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although not reaching values as low as those of IC plants, as was observed with all the other
biostimulant pre-treatments. Finally, GR activities showed the same qualitative pattern as
AP, although pre-treatment with HA and SE seemed to be more effective in reducing the
activity of this enzyme (Figure 4c). Interestingly, the HA and SE effects of reducing APx
and GR activities in stressed plants were dose-dependent, whereas KF had a stronger effect
on the three enzymatic activities at the lower dose, 0.2 g L~! (Figure 4).
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Figure 4. Effect of biostimulant pre-treatments on the specific activity of antioxidant enzymes,
superoxide dismutase (SOD) (a), ascorbate peroxidase (Apx) (b), and glutathione reductase (GR) (c), in
cherry tomato plants after 12 days of irrigation suppression. Biostimulants: Terrabion Aminovit® (TB),
potassium fulvate (KF), humic acids (HA), and seaweed extract (SE) applied at0.2and 1 g L1 of
irrigation solution. Controls: non-stressed, normally watered plants (irrigated control, IC) and
plants subjected to the water stress treatment without biostimulant pre-treatment (non-irrigated
control, NIC). Values are mean =+ SD (n = 5). Different letters above the columns indicate statistically
significant differences between treatments (ANOVA, p < 0.05).

GR (units mg-! protein)
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3.5. Antioxidant Compounds

The effects of the water stress treatment and the pre-treatment with the tested bios-
timulants on the leaf contents of antioxidant compounds (total phenolics, flavonoids, and
ascorbic acid) are shown in Table 3. Even though it could be expected that the oxidative
stress generated under water deficit conditions would activate the synthesis of antioxidant
compounds, only the ascorbic acid contents increased significantly after the water stress
period. No significant differences were found for total phenolic compounds (TFC), and
flavonoid contents (TF) even decreased in NCI plants compared to the irrigated controls
(Table 3). No clear patterns were observed regarding the effect of the biostimulants. Differ-
ences in TFC contents between treatments were small and generally not significant, and TF
concentrations in biostimulant pre-treated plants did not differ or were even lower than
those measured in NCI plants. Some significant differences were observed only in the case
of ascorbic acid, which decreased with respect to NCI values upon pre-treatment with TB
and KF, whereas HA and SE had no effect (Table 3).

Table 3. Effect of biostimulant pre-treatments on antioxidant compounds, total phenolic com-
pounds (TPC), total flavonoids (TF), ascorbic acid contents in leaves of cherry tomato plants after
12 days of irrigation suppression. Biostimulants: Terrabion Aminovit® (TB), potassium fulvate
(KF), humic acids (HA), and seaweed extract (SE) applied at 0.2and 1.0 g L1 of irrigation solution.
Controls: non-stressed, normally watered plants (irrigated control, IC) and plants subjected to the
water stress treatment without biostimulant pre-treatment (non-irrigated control, NIC). Values are
mean + SD (n = 5). Different letters within each column indicate statistically significant differences
between treatments (ANOVA, p < 0.05). GA: gallic acid; C: catechin.

Treatment TPC TF Ascorbic Acid
(mg eq. GA g~ 1 DW) (mg eq. Cg~1 DW) (mg g~1 DW)

IC 15.7 £ 29de 126 £21f 0.71 £0.16 a
NIC 164+ 0.7e 7.4 4+ 2.2 bcde 1.23+0.18 e
TBg» 13.8 + 0.8 abc 8.0+ 2de 0.80 + 0.26 abc
TBq 134+ 0.8ab 5.9 £ 0.7 abc 0.69 + 0.14 ab
KFy 2o 127+ 0.7 a 7.6 + 1.7 cde 0.80 + 0.17 cd
KF,; 14.8 4+ 1.1 bede 90+ 14e 0.85 + 0.13 bc
HAp» 14.4 + 1.8 abed 50+16a 129 +0.16 e
HA; 15.5 + 1.3 cde 5.3+ 1.6 bc 1.55+0.12¢
SEj» 13.7 + 0.6 abc 5.5+ 0.7 ab 1.01 +0.16 cd
SE; 14.4 + 1.7 abed 6.2 + 1 abcd 124 +031e

4. Discussion

Drought has negative effects on plant metabolic processes, slowing development
and reducing crop yield [29,49]. The phenological stage, duration, and intensity of stress,
as well as the tissue or organ involved in the response mechanism, may all influence
the severity of these detrimental processes [50]. Under conditions of irreversible wilting,
like those applied in this study, the cell’s ability to retain water is mainly determined
by morphological adaptations, such as lignin depositions, and by antioxidant response
mechanisms, which influence the rate at which plants wilt [51]. In this respect, tomatoes
are particularly sensitive to drought [30], as shown in the present experiments, where the
tomato plants showed irreversible wilting symptoms 12 days after irrigation was stopped.
Proper irrigation management in fields or greenhouses is essential to avoid triggering
these degenerative water-deficit processes [52]. The practical importance of studying the
response mechanisms to abiotic stresses lies in the possibility of reducing their deleterious
effects and increasing crop yields [53,54]. For example, the expression of stress-tolerance
genes in transgenic plants or the direct application of certain osmolytes (e.g., sugars, proline,
or glycine-betaine) in irrigation water can help reduce water stress effects [8,55-57].

Using biostimulants in the form of protein hydrolysates, algae extracts, or humic acids
is a useful strategy to improve growth and increase crop productivity under various abiotic
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stresses [20—-22]. Recent studies on tomato plants have shown the positive effects of apply-
ing naturally derived biostimulants such as those used here. For example, plants treated
with a protein hydrolysate showed improved hydration status and enhanced antioxidant
content, leading to higher yields under drought stress conditions [58]. Furthermore, an
animal protein-based biostimulant obtained by enzymatic hydrolysis boosted antioxidant
protection under water stress [59]. Extracts of the seaweed Ascophyllum nodosum combined
with silicon applied to tomato plants under moderate drought (75% field capacity) im-
proved fruit yield to the level of the optimally irrigated controls [60]. In another study,
treatments with a seaweed biostimulant (Ascophyllum nodosum and Laminaria digitata) and
yeast extracts reduced abscisic acid, malondialdehyde, and proline contents and the ac-
tivity of ROS scavenging enzymes compared to untreated plants [36]. In addition, plants
treated with Chondrus crispus, a common red seaweed, increased shoot height and biomass,
as well as abscisic acid and proline levels under water stress conditions [61]. There is a
paucity of literature on the effects of humic substances on tomato plants under water stress.
Nevertheless, an increase in root and leaf biomass has been observed by applying humic
acids to water-stressed horticultural crops, including tomato plants [62]. Under other
stress conditions, such as salinity, a decrease in antioxidant activity, and H,O,, MDA, and
proline contents was observed in cherry tomato plants after the application of humic-based
substances as seed coatings or drench solutions [63]. On the other hand, humic substances
also have beneficial properties under non-stress conditions; for example, foliar applications
of potassium fulvate in greenhouse tomatoes stimulated potassium and nitrogen uptake
with increased yields [64].

In the present study, cherry tomato plants were treated with different biostimulants
(i.e., natural products based on amino acids, seaweed extracts, humic acids, and potas-
sium fulvate) for 10 days before being subjected to water stress to evaluate their efficacy
in reducing the water deficit effects on the plants. Although no clear differences were
found in the determined primary growth parameters (stem length, number of leaves,
number of flowers, and leaf area), all biostimulants exerted significant protection against
drought-induced dehydration in the roots (except HA) and leaves, with the strongest
effect observed for TB. Similarly, Top et al. [65] found that using a biostimulant derived
from seaweed (Ascophyllum nodosum and Saccharina latissimi) extracts enabled plants to
maintain water uptake levels during drought, similar to well-watered controls. Several
studies have reported beneficial effects on tomato plants’” growth after applying bios-
timulants similar to those used here under different stress conditions, including water
shortage [66—68] or nutritional stress [69], and also in non-stressed plants [70-72]. Contro-
versial responses to the application of different biostimulants to tomato plants, including a
protein-based biostimulant and a seaweed extract, under water stress were also reported by
Kalozoumis et al. [73]. Additional reports on biostimulant effects improving plant growth
and yield under abiotic stresses in tomato and other Solanaceae have recently been reviewed
by Cristofano et al. [74].

Proline is considered an excellent biomarker of abiotic stress in many plant species,
including tomatoes, as its concentration increases in response to drought, high salinity,
and other environmental stressors [75-77]. When comparing related taxa, Pro generally
accumulates to higher concentrations in the more tolerant genotypes [78,79], suggesting
a direct involvement of this compound in the mechanisms of stress tolerance, acting in
osmotic adjustment and/or through its additional functions as a low-molecular-weight
chaperon, ROS scavenger, and signalling molecule [14]. However, in other cases, there is a
negative correlation between Pro concentrations and the degree of tolerance; for instance,
comparing a large number of bean cultivars subjected to drought and salt stress treatments,
higher Pro levels were measured in the more sensitive genotypes [80]. In the present
study, as expected, Pro contents increased under water stress (NIC plants), but a relative,
dose-dependent decrease was observed in plants pre-treated with TB. This result indicated
that this biostimulant reduced the level of stress caused by the water deficit treatment and
that Pro was not directly involved in the TB mechanism of action. The KF and HA pre-
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treatments did not have any significant effect on Pro levels compared to the non-irrigated
plants, whereas SE showed the opposite effect to TB; i.e., a significant additional increase in
Pro contents compared to the NIC plants. Therefore, unlike the other biostimulants tested,
seaweed extracts may act by accumulating Pro to even higher levels than those induced by
water stress alone. Similar results have been previously reported by Gofii et al. [81], who
showed that the application of a biostimulant based on the seaweed Ascophyllum nodosum
to tomato plants before withholding irrigation for seven days increased Pro levels between
8- and 15-fold. Indeed, seaweed extracts have been reported as elicitors that protect cells
under abiotic stress conditions through Pro accumulation [82].

The oxidative stress generated by the water deficit treatment resulted in significant in-
creases in the specific activities of the antioxidant enzymes SOD, APx, and GR, which were
very low in the well-watered controls (IC plants). This was expected since the activation of
enzymatic antioxidant systems is a general response of plants to abiotic stress and has been
reported in many different species, although with large quantitative and qualitative differ-
ences between species and even varieties or cultivars within a species (e.g., [79-83]). All
the biostimulants tested significantly reduced the enzymes’ specific activities, in most cases
to the same levels as the irrigated controls, strongly supporting the notion that the biostim-
ulant pre-treatments protected the plants against oxidative stress. Similarly, the application
of a commercial biostimulant based on polyphenols and glycine betaine significantly re-
duced SOD, catalase (CAT), and GR activities in experiments with tomato plants subjected
to salt stress treatments [84]. There are few reports on the effects of biostimulants reducing
the activity of ROS scavenging enzymes in water-stressed tomato plants (e.g., [36]). In fact,
biostimulants” application usually leads to an increase in antioxidant enzymes activities; for
example, SOD activity increased in tomato plants under drought conditions by applying a
biostimulant based on Ascophyllum nodosum mixed with macro- and micronutrients [37],
or alginate (i.e., a polysaccharide extracted from algae) [85]. An increase in SOD and
APx activities was also observed after applying an animal-derived protein hydrolysate to
drought-stressed tomato plants [35]. Similar results have been reported in other crops, such
as bentgrass, where SOD activity increased significantly after the application of a seaweed
extract and humic acids [86]. SOD and APx activities also increased by the application of a
biostimulant based on humic and fulvic acids in maize subjected to water stress [26]. These
differences can be explained by the heterogeneity of the mechanisms used by different
plants to counteract ROS and the nature and mechanism of action, generally unknown, of
each biostimulant applied [31,34,87].

The antioxidant response of the tomato plants under our experimental conditions
was based primarily on the enzymatic systems mentioned above and did not require the
accumulation of common antioxidant metabolites such as phenolic compounds, especially
the subgroup of flavonoids. Only ascorbic acid appeared to contribute to this response, as
its concentrations increased upon the water stress treatment (NIC plants). The protective
effect of TB and, to a lesser extent, KF pre-treatments was demonstrated by the reduction
of AsA concentrations to those of the irrigated control (IC) plants in the case of TB. Similar
results were obtained by Francesca et al. [58] when a protein hydrolysate was applied to
tomato plants under non-stress conditions.

5. Conclusions

In this work, several biostimulants—Terrabion Aminovit® (a commercial product
based on amino acids), potassium fulvate, humic acids, and a seaweed extract—were tested
for their effectiveness in reducing the damage caused by water stress in cherry tomato
plants. The pre-treatment with all biostimulants protected the plants against dehydration
caused by the subsequent water deficit treatment, as shown by a significant increase in leaf
WC compared to non-irrigated plants (and also increased leaf FW and root WC, except for
the humic acids). Terrabion Aminovit® was the most effective in reducing wilting, followed
by the seaweed extract, although these two biostimulants appear to have different modes of
action, involving, in the case of the seaweed extract, the accumulation of proline in leaves
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at levels significantly higher than in the non-irrigated controls. The water deficit treatment
caused oxidative stress in the tomato plants, which responded by activating antioxidant
enzymes (SOD, APx, GR) and accumulating ascorbic acid. The pre-treatments with all
biostimulants protected the plants against drought-induced oxidative stress, as shown
by the significant decrease in SOD, APx, and GR activities and, in the case of Terrabion
Aminovit® and potassium fulvate, also in ascorbic acid contents, with respect to NIC plants.
Therefore, the application of these biostimulants, particularly Terrabion Aminovit® and
the seaweed extract, may protect tomato plants against the adverse effects of drought, at
least in part, by enhancing the plants” antioxidant responses. However, further research is
needed to elucidate the precise mechanisms underlying the biostimulants’ effects.
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