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Abstract: Water deficit is one of the most problematic stressors worldwide. In this context, the use of
biostimulants represents an increasingly ecological practice aimed to improve crop tolerance and
mitigate the negative effects on the productivity. Here, the effect derived from the foliar application
of ERANTHIS®®, a biostimulant based on seaweed (Ascophyllum nodosum and Laminaria digitata) and
yeast extracts, was tested on tomato plants grown under mild water-stress conditions. The potential
stress mitigation action was evaluated by monitoring morphometric (fresh weight and dry matter
content), physiological (stem water potential) and biochemical (ROS scavenger enzymes activity,
proline, abscisic acid, hydrogen peroxide and photosynthetic pigment content) parameters closely
related to the occurrence and response to stress at both flowering and fruit-set timing. In general,
we observed that plants grown under drought conditions and treated with the biostimulant had
a lower amount of ABA, and MDA and proline correlated to a lower activity of ROS scavenger
enzymes compared to untreated plants. These data, together with the higher stem water potential
and photosynthetic pigment levels recorded for the treated plants, suggest that ERANTHIS®® may
mitigate water stress effects on tomato.

Keywords: drought; stress mitigation and tolerance; abscisic acid; carotenoids; antioxidant activ-
ity; biostimulation

1. Introduction

Nowadays, the lack of water represents one of the most spread abiotic stressors
worldwide [1,2]. The impact of climate change is leading to a progressive reduction in
rainfall in several geographic areas of our planet, thus resulting in more severe, longer and
frequent drought periods that may have negative consequences on plant productivity [3].
Indeed, since water-shortage phenomena slow plant growth and development, they have
been estimated to cause not only the loss of more than 50% of the total production [4],
but also a significant loss of crop quality [5]. Moreover, drought negatively affects the
photosynthesis by damaging chloroplasts, limiting the electron transfer, and generating
cellular oxidative stress [6].

In the past, in order to limit the negative effects of abiotic stresses, chemical fertilizers
and other polluting formulations have been widely used as agriculture practices [7]. Despite
their use positively affecting the growth and agricultural yields of plants grown under
adverse environmental conditions, this approach has resulted in other problems, including
the massive contamination of the soil and atmosphere [8]. Consequently, finding new
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eco-sustainable approaches aimed to help plants to counteract the negative effects deriving
from the lack of water, without generating further environmental pollution, is one of the
most important challenges for agricultural research [9]. One of the possible solutions is
represented by biostimulants. These formulations belong to a new generation of products,
and are able to positively regulate plant physiological processes and increase abiotic stress
tolerance [10,11]. Commonly, these formulations are a mix of bioactive molecules working
in synergy. Because of their complex composition, understanding their mechanisms of
action is a hard challenge, but several scientific evidences demonstrated that these products
are able to help plants to cope with adverse environmental conditions [12]. Among the
different classes of biostimulants, seaweed extracts are one of the most widely used in
agriculture [13]. These products can be applied to the soil, in hydroponic systems, or as
foliar spray, and they are able to improve plant growth, plant tolerance to abiotic and biotic
stress, and fruit quality [14]. The effects of seaweed extracts application may be ascribed
to the synergistic activity of some compounds, such as hormones, betaines, polyamines,
alginates, carrageenans, fucans and phlorotannins [14,15].

Tomato (Solanum lycopersicum L.) is one of the most largely cultivated vegetables
belonging to the Solanaceae family around the world, together with potato (Solanum
tuberosum L.). Currently, more than 180 million tons of fruits are produced per year and
commercialized all over the world [16]. Similarly to the other species belonging to the genus
Solanum, tomato is highly susceptible to drought. In particular, it has been shown that a
decrease in the irrigation determines a strong loss of quality and production yields [17]. In
the present study, the foliar application of ERANTHIS®®, a biostimulant based on brown
seaweed (Ascophylum nodosum and Laminaria digitata) and yeast extracts, was tested for
its mitigation action on water stress effects on tomato by measuring morphometric (fresh
weight and dry matter content), physiological (stem water potential) and biochemical
(reactive oxygen species (ROS) scavenger enzyme activity, proline, abscisic acid, hydrogen
peroxide and photosynthetic pigment content) parameters.

2. Materials and Methods
2.1. Plant Material, Biostimulant and Experimental Conditions
2.1.1. Plant Material

Solanum lycopersicum (tomato) seeds, var. Micro Tom, were purchased by Pan America
Seed (Chicago, IL, USA). Seeds were sown in rock wool cubes and transferred in pots con-
taining 100% sand at the first true leaf appearance. The experiment was carried out in the
greenhouse under controlled conditions (17-26 °C, 16 h/8 h day/night, 45-82% humidity).
For two weeks, plants were irrigated on alternate days and macro and micronutrients were
provided by Hoagland solution [18] once a week. Tomato plants were then divided into the
following three different groups: (1) control (untreated) plants grown under well-watered
conditions, (2) untreated stressed and (3) biostimulant-treated stressed (ERANTHIS®®
stressed) plants, both groups grown under mild water stress conditions.

2.1.2. Biostimulant

The biostimulant ERANTHIS®® was provided by Green Has Italia S.p.A. (Canale,
Italy). The formulation contained extracts of seaweed (Ascophyllum nodosum and Laminaria
digitata) and yeasts. The label of the products claimed to contain 2.5% (w/w) of organic
nitrogen and 14% (w/w) of organic carbon. It had a density of 1.2 g mL~!, a pH (in 1%
w/w water solution) of 5.0 & 0.5 (measured on three different replicates and expressed
as mean =+ standard deviation) and an electric conductivity (water solution 1 g L1 of
250 uS cm~!. The quantification of both bioactive compounds and antioxidant properties
contained in ERANTHIS®® was experimentally determined via spectrophotometric assays
using Cary60®® Agilent spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
For these determinations, the biostimulant was previously diluted 1:1000 (v/v) in water, as
previously reported [19,20]. Briefly, Folin-Ciocalteu assay was employed for the evaluation
of the total polyphenol content (TPC); aluminum chloride assay was employed for the
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measurement of both total flavonol (TFIC) and flavonoid (TFdC) content; pH differential
method for the total anthocyanin content (TAC); carotenoid assay for the quantification of
the total carotenoid content (TCC); BL-DMAC assay for the measurement of the total flavan-
3-ol content (TF3C). Moreover, the potential antioxidant property of the biostimulant was
also measured in terms of both radical scavenging (ABTS and DPPH assay) and reducing
activity (FRAP assay).

2.1.3. Experimental Conditions

For the experiments, a solution containing the biostimulant (2 mL L~!) or tap water
only was sprayed on leaves the following four times: (i) at the fourth true leaf appearance;
(ii) 7 days after the first treatment; (iii) at flowering time; (iv) at fruit-set time. After the first
biostimulant application, stressed plants were watered with 50% less water in comparison
to the untreated ones grown under optimal conditions (100% hydration), until the end
of the experiment. Plant material was collected 5 h after the third (flowering, time 1)
and the fourth (fruit-set, time 2) treatment and used for morphometric (shoots and roots),
biochemical (leaves) and physiological (leaves) analyses (Figure 1).

[l Treatment (2 mL L biostimulant, or water only) Irrigation Sampling
] = ]
2 days
I
u
] [ ] ] 70% irrigation
7 days 10 days 14 days
Sampling 1 Sampling 2

Figure 1. Schematic representation of the experimental design. At the beginning, both plant groups
were irrigated with full water supply. At the fourth true leaf appearance, after the first biostimulant
treatment, water stress was induced in half of the plants by reducing the water intake by 50%,
resulting in 30% less water at the end of the trial (untreated stressed and treated stressed plants).
The other half continued to be well-irrigated (untreated plants). The third treatment was done at
flowering time, while the fourth one at fruit set. Plant samples were collected 5 h after the last two
treatments. Untreated and untreated stressed plant groups were sprayed with tap water, instead of
the biostimulant, at each treatment.

2.2. Morphometric Measurements

Shoots and roots fresh weight (FW) was measured by using a technical scale. The
sand was washed away from the roots by using distilled water and these were then dried
and weighed. The dry matter content % was measured drying the material at 75 °C for
48 h to obtain the dry weight (DW). The DMC% was measured applying the following
formula: (DW/FW) x 100 [21].

2.3. Hydrogen Peroxide (H,O,)

The hydrogen peroxide content was detected as previously reported [22]. Fresh leaves
(0.3 g) were powdered and homogenized with 1.5 mL of 0.1% (w/v) trichloroacetic acid
(TCA). The samples were centrifuged at 12,000 x g for 15 min and 0.5 mL of supernatant
was added to 0.5 mL of 10 mM potassium phosphate buffer (pH 7.0) and 1.0 mL of 1 M
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potassium iodide (KI). After reading the absorbance at 390 nm, the H,O, content was
calculated based on a standard curve.

2.4. Total Soluble Protein Content

The total soluble proteins were extracted as reported according to Contartese and
colleagues [23]. The total protein content was evaluated using the Bradford assay, with
bovine serum albumin as a standard [24]. Briefly, 100 uL of reaction mix (Bio-Rad Laborato-
ries, Inc., Louisville, KY, USA) was added to equal volume of sample opportunely diluted
in water. The absorbance was read at 595 nm after 30 min of incubation against a blank
containing 100 uL of extraction buffer and reaction mix.

2.5. SOD—Superoxide Dismutase (EC 1.15.1.1)

Superoxide dismutase activity evaluation was based on the nitro blue tetrazolium
(NBT) degradation performed by the enzyme thanks to a superoxide anion, generated
photochemically [25]. The reaction was prepared in 1.0 mL final volume, containing 50 mM
sodium phosphate buffer pH 7.8, 13 mM methionine, 0.1 mM EDTA (ethylenediaminete-
traacetic acid), 75 uM NBT, 2 uM riboflavin and enzyme extract. To avoid degradation,
riboflavin was added at last. The reaction was started by placing the samples under a
light source (4000 lux) for 15 min. The following two blanks were prepared: one without
enzyme extract placed under the light in order to completely develop the reaction and
another one containing the enzyme extract placed in the dark to avoid the reaction. The
absorbance was detected at 560 nm.

2.6. POX—Peroxidase (EC 1.11.1.7)

Guaiacol was used as reaction substrate. The enzyme activity was measured by
monitoring the absorbance variation at 470 nm for 15 min. One mL final volume contained
50 mM sodium phosphate buffer pH 7.0, 0.27 mM hydrogen peroxide, enzyme extract and
0.33 mM guaiacol. The reaction was started by adding the guaiacol, which leads to a color
change towards orange [22].

2.7. GST—Glutathione-S-Transferase (EC 2.5.1.18)

The reaction was performed using 1-Chloro-2,4-dinitrobenzene (CDNB) as a substrate
and to evaluate the enzyme activity the absorbance variation at 340 nm was monitored for
15 min. One mL reaction mixture was composed by 100 mM potassium phosphate buffer
(pH 7.0), 1 mM reduced glutathione (GSH), 1 mM 1-chloro-2,4 dinitrobenzene (CDNB)
(10 mM CDNB dissolved in 50% acetone stock solution), and enzyme extract. The reaction
was started by adding CDNB [26].

2.8. ABA—Abscisic Acid

Abscisic acid (ABA) extraction and quantification was performed as previously re-
ported [27]. Briefly, ABA was extracted using a mix of 80% (v/v) methanol, acidified with
1% (v/v) acetic acid. The extracts were filtered through 0.45 um membrane filters, and
analyzed by UHPLC-MS/MS. A standard curve was prepared by dissolving different
concentrations of standard phytohormone in the same mix, from 60 ppt to 30 ppb. Abscisic
acid profiles were carried out by using a Shimadzu Nexera UHPLC system coupled with
a Shimadzu LCMS-8040 triple quadrupole (QqQ) mass spectrometer (Shimadzu Corpo-
ration, Kyoto, Japan). A Restek Raptor Biphenyl LC column (2.1 mm x 100 mm; 2.7 um
particle size) (Restek Corporation, Bellefonte, PA, USA) was used. The optimized chro-
matographic conditions were achieved using ultra-pure water with 0.1% (v/v) of HCOOH
as solvent A and CH3CN as solvent B. The column temperature was set at 25 °C under
200 L min~! flow. The elution profile was performed isocratically at 60% (v/v) of solvent
B from 0.1-5 min, followed by a 2 min of cleaning at 98% (v/v) of solvent B, and finally;,
5 min to return to initial conditions for the re-equilibration of the column. The injection
volume was 5 uL. The QqQ mass spectrometer was equipped with an electrospray ioniza-
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tion source (ESI) operating in negative mode using argon (Ar) as collision gas, the source
temperature was 250 °C, and the desolvation temperature was 400 °C. The nebulizing and
drying gas flow (N,) was set to 3 L min~!. Tonized samples were analyzed in multiple
reaction monitoring (MRM) using following abscisic acid quantification transitions: m/z
263.30/153.00, CE = 10.0 V. Lab Solutions software (Shimadzu Corporation, Kyoto, Japan)
was used for control and data processing.

2.9. Malondialdehyde

The extent of lipid peroxidation was estimated by determining the concentration of
thiobarbituric acid-reactive substances (TBARS). Malondialdehyde extraction was per-
formed in 0.1% (w/v) trichloroacetic acid (TCA). The extract was centrifuged at 15,000 g
for 10 min and 0.5 mL of the supernatant obtained was then added to 1.5 mL 0.5% (w/v)
TBA in 20% (w/v) TCA. The mixture was incubated at 90 °C in a shaking water bath for
20 min, and the reaction was stopped in ice-water bath. Then, the samples were centrifuged
at 10,000 x g for 5 min, and the absorbance was read at 532 nm. The value for non-specific
absorption at 600 nm was subtracted. The amount of TBARS (red pigment) was calculated
from the extinction coefficient 155 mM~! em 1 [28].

2.10. Proline

Proline extraction was performed with a mix containing 1% (w/v) ninhydrin dissolved
in 60% acetic acid (v/v) and 20% ethanol (v/v). After two days at 4 °C, the extract was
heated at 95 °C for 20 min and then centrifuged at 11,200 x g for 1 min. The supernatant
was transferred in a cuvette and the absorbance was read at 520 nm [27].

2.11. Photosynthetic Pigments

Chlorophyll and carotenoid extraction was performed in ethanol 96% (v/v) in a 1:10
(w/v) proportion. The absorbance was read at 664 nm (chlorophyll a), 649 nm (chlorophyll
b) and 470 nm (carotenoids). The pigment content was calculated based on [29].

2.12. Stem Water Potential Measurement

Stem water potential (Pstem) Was measured for each timing (flowering and fruit set)
using a Scholander-type pressure chamber (Soil Moisture Equipment Corp., Santa Barbara,
CA, USA). One leaf for plant was placed in a humidified plastic bag covered with aluminum
foil to stop transpiration. After 30 min the leaves were cut and allowed to equilibrate in
dark conditions before the measurement.

2.13. Statistical Analysis

All statistical analyses were performed by using SYSTAT 10.0 (Systat Software Inc., San
Jose, CA, USA). The obtained results were analyzed by t-test comparing untreated /stressed
with untreated /unstressed plants (graphs related to water stress effect) or treated /unstressed
with untreated/stressed plants (graphs related to biostimulant effects). The significant
threshold was imposed under 0.05. For stem water potential data, one way ANOVA fol-
lowed by Tukey’s post hoc test was performed. Moreover, the correlation between ABA
content and water potential data was verified dividing the covariance of the two variables
by the product of their standard deviations.

3. Results
3.1. Bioactive Compounds and Antioxidant Properties of the Biostimulant ERANTHIS®®

The spectrophotometric characterization of the biostimulant revealed that the formula-
tion contained bioactive molecules having an oxygenated heterocyclic ring functionalized
with one or more hydroxyl groups (Table 1). In particular, phenolic compounds repre-
sented about 1.5% of the product fresh weight. Our analyses also showed that many of
these compounds belonged to flavonoid, flavan-3-ol and flavanol families. On the other
hand, as measured by the pH differential method and carotenoid assay, anthocyanins and
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carotenoids were not present. Finally, the biostimulant recorded high values for ABTS,
DPPH and FRAP assays. In particular, DPPH and ABTS were higher with respect to FRAP,
suggesting that ERANTHIS®® had a stronger radical scavenging activity compared to the
reducing capacity.

Table 1. UV /Vis spectrophotometric determination of bioactive compounds and antioxidant proper-
ties of ERANTHIS®®. Values are expressed as a mean =+ SD of three different replicates.

TPC 13.58 £ 0.98 mg GAE g~ ! biostimulant
TFIC 6.25 £ 0.11 mg QE g~ ! biostimulant
Bioactive TFdC 6.56 + 0.39 mg RE g~ ! biostimulant
Compounds TCC n.d. ug CrE g*1 biostimulant
TAC n.d. mg CE g*1 biostimulant
TF3C 244 £+ 0.04 mg PACE g~! biostimulant
Antioxidant ABTS 489.55 £ 7.14 umol TE g*1 biostimulant
Capacity DPPH 309.36 £ 8.69 umol TE g_1 biostimulant
FRAP 38.14 + 0.87 umol TE g*1 biostimulant

TPC = Total polyphenol content; TFIC = total flavonol content; TFdC = total flavonoid content; TCC = total
carotenoid content; TAC = total anthocyanin content; TF3C = total flavan-3-ols; ABTS = radical scavenging activity
measured via 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) assay; DPPH = radical scavenging activity
measured via 2,2-diphenyl-1-picryl-hydrazyl-hydrat; FRAP = ferric reducing antioxidant power; GAE = gallic
acid equivalents; QE = quercetin equivalents; RE = rutin equivalents; CrE = carotene equivalent; PACE = A-type
proanthocyanidin equivalent, CE = cyanidin-6-glucoside equivalents; TE trolox equivalents; n.d. not detected.

3.2. Water Stress and ERANTHIS®® Application Effects on Morphometric Parameters

Tomato plants grown with a reduced water supply (30% less water provided compared
to the optimal conditions) showed a significant decrease in their shoot and root fresh weight
(FW) in comparison to control tomato plants. However, an increase in the percentage of
shoot and root dry matter content was observed for the same comparison (Figure 2).
Significant differences were observed at flowering (Figure 2A) for both fresh weight and
dry matter content measurements, while they were less evident at fruit-set time (Figure 2B).
In particular, the shoot FW of the stressed plants was —48.3% and —46.2%, respectively,
at flowering and fruit set, meanwhile the root FW was —38.1% and —37.2% at the same
sampling time, respectively. The most significant differences were observed for the shoot
and root dry matter contents; an increment of about +50% and +15% was observed in the
shoot dry matter content, respectively, at flowering and fruit-set timing. On the other hand,
the root dry matter content was +59.5% and +39.2%, respectively.

18 18
A * ’f B

16 1 16 *

14 1.4
2 1 E 12 I
g £
§ 10 —===-=-- il Rk el -- § W0 === —_— e - = - - - -
v o
E 0.8 * E 0.8 *
B * \ o *
T 06 ’ 2 06 T

04 0.4

0.2 0.2

0.0 0.0

Shoct FW  Shoot DMC%  RootFW  Root DMC% Shoot FW  Shoot DMC%  Root FW  Root DMC%

Figure 2. Water stress effects on the fresh weight (FW) and dry matter content percentage (DMC%)
of tomato shoot and roots at flowering (Panel A) and fruit-set (Panel B) sampling time. Data
of each evaluation were expressed as relative content, comparing the measurements obtained by
untreated /stressed and untreated /unstressed (bars). The dotted line indicates the relative value of

1 17

each parameter related to untreated/unstressed plants. The symbo , when present, indicates
significant differences (p < 0.05) between untreated/stressed and untreated /unstressed, as measured

by t-test.
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After evaluating the water stress effects on the untreated plants, the influence of
ERANTHIS®® on the plant morphometric parameters was evaluated under stress condi-
tions. Figure 3 shows the comparison between biostimulant-treated stressed and untreated
stressed plants at flowering (Figure 3A) and fruit-set timing (Figure 3B). In this case, sig-
nificant differences were observed at the first sampling time only (Figure 3A), while at
the second one, the treated stressed plants showed values very similar to the untreated
stressed plants (Figure 3B). At flowering, root FW did not differ from untreated stressed
plants, while the shoot FW was —17.9%, the shoot dry matter content was —20.6%, and the
root dry matter content was —7.2%.

1.2 A 1.2 B

o
o
o
%)

Relative Content
o o
R (<))
Relative Content
o <}
= (<2}

o
N
o
N

0.0 0.0
Shoot FW  Shoot DMC% Root FW Root DMC% Shoot FW  Shoot DMC% Root FW Root DMC%

Figure 3. Effects derived from the biostimulant application on the fresh weight (FW) and dry
matter content percentage (DMC%) of tomato shoot and roots at flowering (Panel A) and fruit-set
(Panel B) sampling time. Data of each evaluation were expressed as relative content, comparing the
measurements obtained by treated /stressed and untreated /stressed (bars). The dotted line indicates
the relative value of each parameter related to untreated/stressed plants. The symbol “*”, when
present, indicates significant differences (p < 0.05) between treated /stressed and untreated/stressed,
as measured by t-test.

3.3. Stem Water Potential and Its Correlation with Abscisic Acid Content

Stem water potential (Pstem) is considered one of the most important physiological
parameters to evaluate plant water status [30,31].

Figure 4 displays the changes in stem water potential, recorded in tomato plants
under our experimental conditions. When stressed, both the treated and untreated plants
showed a reduction in the stem water potential values. On the one hand, the Pstem of
the untreated /stressed plants strongly decreased in comparison to well-irrigated plants
at both flowering time (+152.9%) and fruit setting (+148.4%), (Figure 4A,B). On the other
hand, the treated/stressed plants showed less reduced stem water potential values, —95.6%
and —48.5%, respectively, at flowering at fruit setting with respect to well-irrigated plants
(Figure 4A,B).

Abscisic acid (ABA) is one of the hormones involved in plant signaling in response to
water stress [32], and its rising content is correlated to more negative Psiem values, as shown
in Figure 5. The highest stress level, namely, the lowest {stem and the highest ABA content,
was observed in the untreated/stressed plants, while ERANTHIS®®-treated /stressed
plants showed less ABA content in the leaves correlated to higher stem water potential
values. The stress mitigation effect was more evident at fruit set (Figure 5).
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Figure 4. Stem water potential of untreated/unstressed, untreated/stressed and biostimulant-
treated /stressed plants at flowering (A) and fruit-set (B) sampling time. Bars with different lowercase
letters indicate significant different values at p < 0.05 as measured by one-way ANOVA followed by

Tukey’s HSD post hoc test.

. . 350
O Flowering Time D Fruit-Set Time
[ 100% Irrigation 300
".. I 70% Irrigation
s, [ 70% Irrigation + Biostimulant Treatment
o, 250
..
..
*
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Q 200 >
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: lo7.~~ 50
...'
0
-2 =15 -1 =05 0

lbs(em (M Pa)

Figure 5. Stem water potential ({stem) and abscisic acid (ABA) correlation at flowering (circles) and
fruit-set (squares) sampling time. The white shapes represent untreated plants with 100% full water
supply, the red ones untreated/stressed plants and the green ones treated/stressed plants. The
dotted lines show the correlation between ABA content and siem at the two different sampling
times. The p coefficient was calculated dividing the covariance of the two variables by the product of
their standard deviations.

3.4. Water Stress Effects on Stress-Related Biochemical Parameters

Stress occurrence was also verified by monitoring different non-enzymatic and en-
zymatic parameters notoriously related to stress and plant responses to stress. Figure 6
summarizes the results regarding the selected non-enzymatic parameters, namely, photo-
synthetic pigment content, together with leaf ABA, HyO,, MDA, and proline accumulation.
Water stress led to a decrease in photosynthetic pigment accumulation, while the values
of all the other leaf parameters were significantly higher with respect to plants grown
under well-watered conditions (Figure 6A). Upon water stress, the total chlorophyll and
carotenoid content was 39.7% and 35.3% lower (Figure 6A), respectively, at the flowering
stage, while its decrease was not significant at fruit setting (Figure 6B). In general, the
increase in all the other parameters was enhanced at flowering with respect to fruit-setting
time. In detail, the ABA content was around four times and two times higher (Figure 6A,B)
compared to well-irrigated plants at flowering and fruit setting, respectively, whereas
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hydrogen peroxide increased by 110.9% and 67.2%, MDA 79.1% and 33.6%, and finally
proline 234.4% and 109.7%, at the two time points, respectively.

5.0 5.0
A * B
45 [ 4.5
4.0 4.0
¥ 3.5 * = 35
] )
‘é 3.0 €30
S o
w 25 * S 2s *
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TChC  TCrC ABA  H202 MDA Proline TChC  TCrC ABA  H202 MDA Proline
Pigments Biochemical Stress Markers Pigments Biochemical Stress Markers

Figure 6. Water stress effects on the total content of chlorophyll (TChC), carotenoids (TCrC), ab-
scisic acid (ABA), hydrogen peroxide (H,O;), malondialdehyde (MDA), and proline of tomato
leaves at flowering (Panel A) and fruit-set (Panel B) sampling time. Data of each evaluation were
expressed as relative content, comparing the measurements obtained by untreated/stressed and
untreated /unstressed (bars). The dotted line indicates the relative value of each parameter related

"1y

to untreated /unstressed plants. The symbol “*”, when present, indicates significant differences

(p < 0.05) between untreated /stressed and untreated /unstressed, as measured by ¢-test.

Figure 7 showed the increase in the activity of ROS scavenger enzymes, namely, SOD,
POX and GST, which were induced when the tomatoes were exposed to water stress.
In particular, GST activity was 1.5 times higher at both the flowering and fruit setting
(Figure 7A,B). Differently, as already observed for non-enzymatic parameters, POX and
SOD enzyme activities resulted to be less induced at the fruit setting with respect to
flowering time. Indeed, POX was 4.5 times and 2.5 times higher at the flowering and
fruit setting, respectively, while SOD was two times and 1.5 times higher at the same
sampling times.
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Figure 7. Water stress effects on the content of glutathione-S-transferase (GST), peroxidase (POX), and
superoxide dismutase (SOD) of tomato leaves at flowering (Panel A) and fruit-set (Panel B) sampling
time. Data of each evaluation were expressed as relative content, comparing the measurements
obtained by untreated /stressed and untreated /unstressed (bars). The dotted line indicates the rela-

%1y

tive value of each parameter related to untreated /unstressed plants. The symbol “*”, when present,
indicates significant differences (p < 0.05) between untreated/stressed and untreated /unstressed, as

measured by ¢-test.
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3.5. ERANTHIS®® Influence on Stress-Related Biochemical Parameters under Stress Conditions

After observing the effects of water stress and its related plant responses, we evaluated
whether ERANTHIS®® treatments were able to modulate the level of the analyzed enzy-
matic and non-enzymatic parameters under stress conditions. As shown in Figure 8, the
biostimulant applications affected the content of photosynthetic pigments that significantly
increased at both the flowering and fruit-set timing (Figure 8A,B), while the levels of bio-
chemical stress markers, such as ABA, proline and MDA, decreased. The total chlorophyll
and carotenoids were, respectively, 1.3 and 1.5 times higher at flowering, and 1.6 and
1.3 times higher at fruit setting. On the contrary, ABA accumulation decreased by about
22% at the first sampling time and 42.6% at the second one. The malondialdehyde level
decreased by 40.4% and 24.5% with the treatment, while the proline content was reduced
by 14.7% and 41.1% at both the time points, respectively. The ERANTHIS®® applications
did not affect the content of hydrogen peroxide.
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* 1 : — %
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Figure 8. Effects derived from the biostimulant application on the total content of chlorophyll
(TChC), carotenoids (TCrC), abscisic acid (ABA), hydrogen peroxide (H;O;), malondialdehyde
(MDA), and proline of tomato leaf at flowering (Panel A) and fruit-set (Panel B) sampling time. Data
of each evaluation were expressed as relative content, comparing the measurements obtained by
treated /stressed and untreated /stressed (bars). The dotted line indicates the relative value of each
parameter related to untreated/stressed plants. The symbol “*”, when present, indicates significant
differences (p < 0.05) between treated /stressed and untreated/stressed, as measured by f-test.

As for enzymatic scavenging (Figure 9), only SOD showed a significant decreased
activity at flowering, its values being 3.6 times lower compared to the stressed plants
(Figure 9A). Differently, the other ROS enzymatic scavenger activity was lower in the
stressed /treated compared to the untreated/stressed plants, even if the result was not
significantly different. Except for SOD, the enzymatic activity values were very similar at
both the sampling times.
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Figure 9. Effects derived from the biostimulant application on the content of glutathione-S-transferase
(GST), peroxidase (POX), and superoxide dismutase (SOD) of tomato leaves at flowering (Panel A)
and fruit-set (Panel B) sampling time. Data of each evaluation were expressed as relative content,
comparing the measures obtained by treated/stressed and untreated/stressed (bars). The dotted
line indicates the relative value of each parameter related to untreated/stressed plants. The sym-
bol “*”, when present, indicates significant differences (p < 0.05) between treated/stressed and
untreated/stressed, as measured by t-test.

4. Discussion

Biostimulants are complex matrices containing substances of natural origin with differ-
ent useful active compounds, as products or plant extracts, often derived from processing
waste. In particular, ERANTHIS®® contains seaweed extracts (Ascophyllum nodosum and
Laminaria digitata) and yeast extract substances. Seaweed extracts are known to be rich in
bioactive compounds, such as phenolic compounds, with antioxidant properties [33]. In
this study, a preliminary chemical characterization of the biostimulant was carried out via
UV /Vis spectrophotometry. Our analyses confirmed that ERANTHIS®® is a rich source of
phenolic compounds, mainly belonging to the flavonoid and flavanol family, while a small
amount of flavan-3-ols was also detected. However, anthocyanins (LOD: 0.05 mmol; LOQ:
0.16 mmol) and carotenoids (LOD: 0.12 mmol; LOQ: 0.36 mmol) were absent. Surprisingly,
the evaluation of the antioxidant capacity of the formulation revealed that ERANTHIS®®
had a strong radical scavenging activity and a low reducing metal activity. As previously
reported in the literature, the metal-reducing activity has been commonly correlated to
polyphenolic molecules that have hydroxyl groups orto- or meta-oriented on their own
chemical scaffold. This peculiar orientation of the hydroxyl groups allows the chelation of
organic metals by polyphenol compounds, thus exerting a strong reducing activity [34].
Consequently, taking into account the values recorded for ABTS, DPPH and FRADP, it is
reasonable to think that the bioactive molecules present in the ERANTHIS®® formulation
have either a single hydroxyl group or two positioned in para.

Because of their specific formulation, biostimulants represent a category of products
known to improve the mitigation and tolerance to abiotic stresses [10]. On the one hand,
seaweed extracts are among the most common substances used as biostimulants and they
might play a role in counteracting drought stress [35]. Indeed, Ascophyllum nodosum extracts
have been shown to enhance drought tolerance in tomato [36], soybean [37], bean [38], and
Salvia officinalis [39], by modulating the osmotic and antioxidant response to stress. On
the other hand, yeast extracts are substances known to increase the yield and quality of
different crops, including tomato [40], orange [41] and wheat [42], under both control and
stress conditions. In particular, Hammad and colleagues observed a reduced induction of
stress-related responses in biostimulant-treated wheat, thus suggesting a mitigation of the
drought stress effect instead of a tolerance increase in this crop [42].

In our experiment, we evaluated the influence of ERANTHIS®® application on tomato
morphometric, physiological and biochemical responses to mild water stress at flowering
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and fruit-set timing. One of the most evident effects of the reduction in water supply is the
reduction in plant biomass and production yield in different vegetable crops, including
tomato [43,44]. With regard to biomass, the same trend was observed in our study, with
the strong decrease in shoot and root fresh weight in the stressed plants compared to
those grown under optimal conditions at both the flowering and fruit-set sampling times.
Moreover, the dry matter content was increased by stress at flowering, while the difference
was less evident at fruit set [45]. ERANTHIS®® application changed tomato morphometric
response to stress at the flowering time only. Indeed, the decrease in shoot FW, and the
increase in shoot and root dry content were less evident than those of untreated plants.
Similarly, field applications of two algal derivatives cause a 26% reduction in shoot biomass
and a remodulation of the root-to-shoot ratio under osmotic stress [13].

Although ERANTHIS®® slightly changes tomato morphometric responses to stress,
its influence on tomato physiological and biochemical responses to stress was more evident.
This observation could be related to the plant material collection timing and to the crop
variability. Indeed morphometric, physiological and biochemical parameters did not
show changes at the same time, since before observing modifications at the phenotypic
level, variations in gene expression, protein synthesis and physiological processes are
necessary. Moreover, crop plant variability may negatively affect some parameters more
than others [46]. From a physiological point of view, one of the most evident effects of
progressive soil dehydration is stem water potential decrease [47]. The same result was
observed in our experiment in tomato plants irrigated with 30% less water than those
grown under the optimal conditions. However, the stem water potential in stressed plants
treated with the biostimulant was less reduced than those of untreated stressed plants.
Biostimulants are known to help plants in counteracting water shortage [10]. Plants of mint
grown under three watering levels (50%, 70% or 100% of substrate capacity) and treated
with different kinds of biostimulants, showed a significant increase in stem water potential
compared to plants without the biostimulant treatment at all the watering conditions [48].
Stem water potential level, a sensitive indicator of water stress, could be correlated to that
of ABA [32], since it is involved in the plant systemic response to stress, and the raising of
its level corresponds to a raising of the defense barriers [49,50]. Tomato plants grown under
water stress conditions showed a significant increase in ABA content, such as observed
in maize plants stressed by using polyethylene glycol (PEG) to induce dehydration [51].
However, when treated with the biostimulant, water stressed tomato plants showed a
reduction in ABA accumulation.

Together with a decrease in ABA level under stress conditions, ERANTHIS®® applica-
tion also led to a significant decrease in oxidative stress level. Water stress is indeed known
to lead the increase in non-enzymatic oxidative stress-related molecules, such as MDA and
H,0O; [52]. Hydrogen peroxide is a reactive oxygen species produced at the basal level
during plant life, but strongly increased after stress induction. Whereas, malondialdehyde
is a marker of lipid peroxidation and it normally increases in stress conditions [53]. After
the biostimulant treatments, MDA levels were much lower compared to untreated plants
under water stress, such as observed by Goni [36]. Together with lipid peroxidation, a
negative consequence of oxidative stress is the decrease in photosynthetic pigments with
a consequent photosynthetic efficiency reduction [54,55]. Parida and colleagues [56] ob-
served a decrease in both chlorophyll and carotenoid content under water stress conditions.
Accordingly, water stress decreased the tomato content of both the photosynthetic pig-
ments, but only at the flowering time. This effect could be due to an acclimatization to the
stress [57,58], already observed by Munns in plants grown under salt stress, a condition
similar to drought [59]. Moreover, the application of ERANTHIS®® reduced the affection of
water stress on both chlorophyll and carotenoid leaf levels at the flowering time. Similarly,
the use of other Ascophyllum nodosum-based biostimulant limits the damage, caused by
water deficit, to the photosynthetic structures of tomato plants under water stress at the
flowering time [60].
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The increase in ABA and H,O, during water stress can lead to the increase in plant
antioxidant enzymatic [51,61,62] and non-enzymatic [63] scavenging machinery, such as
that observed in the untreated /stressed plants under our experimental conditions. Con-
cerning the enzymatic scavenging, POX, SOD and GST activity levels increased when
the plants were stressed. However, ERANTHIS®®-treated tomatoes exhibited a lower
increase in SOD activity with respect to untreated plants. Similarly, cherry tomato stressed
seedlings showed a reduction in SOD activity when treated with different seaweed biostim-
ulants [64]. As for the non-enzymatic antioxidant scavenging, our experiment confirmed
the accumulation of proline under stress conditions [65]; however, ERANTHIS®® treatment
reduced the level of this osmolyte. Differently, other seaweed-based biostimulants induced
an increase in proline accumulation under stressed conditions [36]. Since higher SOD
activity is one of the top stress indicators in plants, our biostimulant could possibly act by
postponing drought stress. Moreover, reduced proline accumulation in plants treated with
the biostimulant might be also related to a basal lower stress level.

5. Conclusions

Biostimulants are considered good allies in countering abiotic stresses, such as water
shortage. Tomato is a crop largely cultivated all around the world, and the use of these kinds
of products can be useful to avoid damages and production losses [66]. Taken together, our
results suggest a stress mitigation in tomato plants, due to the biostimulant application.
Indeed, ERANTHIS®® application reduced stem decrease and ABA accumulation under
mild water stress conditions [5]. In comparison with untreated/stressed plants, the general
decrease in oxidative stress level (lower MDA level and higher photosynthetic pigment
content), and the reduction in tomato antioxidant enzymatic and non-enzymatic responses
(reduced SOD and proline level) could also support the hypothesized stress mitigation
effect of ERANTHIS®®, especially at the tomato flowering time. This effect could be related
to the biostimulant formulation itself. Indeed, as demonstrated through spectrophotometric
analysis, ERANTHIS®® contains antioxidant molecules, such as flavonoids and flavanols,
which are able to contribute to ROS scavenging [42]. These molecules are probably derived
from seaweed extracts, known to be rich in antioxidant compounds [67]. Further studies
and insights are ongoing to better understand the mode of action of ERANTHIS®® at the
molecular level. Indeed, Systems and colleagues described the possible mode of action
of seaweed extracts related to the modulation of genes involved in the stress response,
such as those responsible for pigment production and plant antioxidant response [68].
Anyway, a biostimulant’s mode of action is complex to be studied because of the presence
of different raw materials acting in synergy, and for this reason a multidisciplinary approach
is needed [69]. Moreover, biostimulants are not normally species-specific, so the hope is
that this type of effect will also be observed on other crops [1]. For this reason, it will be
important to continue with further studies, in order to deepen ERANTHIS®® mode of
action and verify its effects on different crops.
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