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Abstract: In the current experiment, tomato (Solanum lycopersicum cv. Nostymi F1) was cultivated
in an open hydroponic system under optimal or stress conditions caused by reducing the supply
of nutrient solution by 35–40% and treated with biostimulants to test whether their application
can increase crop resilience to combined shortage of nutrients and water. The four different bios-
timulant treatments were: (i) no biostimulant application, (ii) treatment with the protein-based
biostimulants COUPÉ REGENERACIÓN Plus and PROCUAJE RADICULAR provided by EDYPRO,
(iii) treatment with a novel biostimulant based on strigolactones, provided by STRIGOLAB and (iv)
treatment with MAXICROP, a commercial product consisting of seaweed extracts. Combined stress
significantly reduced NO3

−, P, and K in the root zone of tomato plants. However, the application
of the strigolactone-based biostimulant to stressed plants maintained NO3

− in the root zone to
similar levels with non-stressed plants during the first and third months of cultivation. The biostim-
ulants did not increase the vegetative plant biomass at 70 and 120 days after transplanting (DAT).
The strigolactone-based biostimulant increased early leaf area development (70 DAT) and early fruit
production compared to untreated plants but had no effect on total tomato yield (120 DAT). Maxicrop
also increased early fruit yield, while Edypro decreased early and total yield compared to the control
plants, an effect ascribed to overdosing, as the application rate was that suggested for soil-grown
crops, while the plants were cultivated on an inert substrate. Strigolactone-based biostimulant and
Maxicrop could be further studied by testing multiple applications during the cropping period.

Keywords: drought; abiotic stress; seaweed extract; protein hydrolysates; strigolactones; Maxicrop;
water use efficiency; nutrient use efficiency

1. Introduction

Soilless cultivation in greenhouses is becoming increasingly popular in Mediterranean
countries [1]. One of the major problems faced by horticulture in many regions of these
countries is the low precipitation which restricts the available irrigation water [2]. Further-
more, irrigation water often contains high amounts of Na+ and Cl−, which impose salinity
stress and concomitantly decrease total yields [3]. In most Mediterranean greenhouses,
the soilless cultivation systems are open because these require fewer installation costs, en-
tail an easier crop control (less frequent analysis of the drainage solution, lower automation
level, etc.) [4], and avoid the need of drainage solution disinfection to control pathogen
infections [5] compared to closed systems. The discharge of the fertigation effluents exacer-
bates the existing water scarcity conditions since, in open hydroponic systems, the nutrient
solution runoff commonly exceeds 30% [6,7] of the total nutrient solution applied.

Avoiding the waste of fertilizers is similarly important. A recent study of Sanjuan-
Delmás [8] concluded that tomato grown in an open hydroponic system with 30 to 40%
discharge of drainage solution results in 48% and 28% losses of nitrogen and phosphorus,
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respectively. Production of nitrogen fertilizers through industrial N2 fixation and phos-
phorus fertilizers from phosphate rock mining is extremely energy demanding, thereby
contributing to global climate change [9,10], while their leaching is primarily respon-
sible for eutrophication [9]. Hence, open soilless cultivation systems, which currently
prevail in Mediterranean countries, have to decrease N and P inputs considerably while
maintaining similar production levels in order to contribute to an environmentally and
socio-economically sustainable greenhouse production system [11].

Biostimulants have shown a potential in many recent studies to mitigate abiotic stress,
such as drought and nutrient deficiency, mainly by stimulating natural processes and
fostering nutrient uptake, thereby increasing nutrient use efficiency (www.biostimulant.
com; 4 September 2021) [12–14]. Consequently, biostimulants may decrease fertilizer
consumption without compromising yield [15]. The definition of plant biostimulants
proposed by du Jardin [16] is ‘any substance or microorganism applied to plants with the aim
to enhance nutrition efficiency abiotic stress tolerance and/or crop quality traits, regardless of its
nutrients content’. The main categories as also assigned by du Jardin [16] are (i) humic
substances, (ii) substances including proteins and protein hydrolysates, (iii) seaweed
extracts, (iv) chitin and chitosan derivatives, (v) inorganic compounds, (vi) beneficial fungi,
and (vii) beneficial bacteria. A lot of researchers have already proven that biostimulants can
have multiple effects on plants growth [17–20]. However, the large diversity of substances
with biostimulant action on plants complicates our understanding of the exact mode of
action [21,22], as a significant number of molecules are poorly characterized [23].

Seaweed extracts (SWE) and substances including proteins and protein hydrolysates
are two widely studied categories with commercial products already available [24]. SWE
are mostly manufactured from Ascophyllum nodosum [25] and have been previously de-
scribed as substances enhancing plant growth and increasing tolerance to biotic and abiotic
stress, such as drought, nutrition deficiency, salinity, and thermal stress [26]. The commer-
cial products can be applied by foliar spraying, soil drenching, or dilution in the hydroponic
nutrient solution [16,26]. Substances with proteins or protein hydrolysates (PHs) constitute
a category of plant biostimulants (PBs) which include ‘mixtures of amino acids, polypep-
tides and oligopeptides that are manufactured from animal or plant protein sources using
partial hydrolysis’ [19]. However, in the EU, according to Regulation (EU) No. 354/2014, no
animal protein hydrolysates can be applied to edible parts in organic crops, while proteins
derived from plant sources are gaining increased attention lately due to their superior agro-
nomic value [19]. Drought management has already been studied by Petrozza et al. [27],
who applied the commercial biostimulant Megafol®, a mixture of amino acids (proline and
tryptophan), glycosides, polysaccharides, organic nitrogen, and organic carbon, on tomato
exposed to drought stress, and found that biomass production increased, and plants could
recover more quickly when water was again accessible. Other effects of protein mixtures
are resistance to nutrient deficiency, thermal stress, salinity, and alkalinity stress [28–32].

Strigolactones (SLs) have also been reported as mediators for the acclimatization of
plants to water deprivation [33] and nutrient deficit conditions [34,35]. SL and the phy-
tohormone ABA share the same biosynthetic precursor, both being carotenoid-derived
terpenoid lactones [36]. ABA is quickly accumulated under water deficit and is respon-
sible for stomatal closure [37]. Until now, there is a contradiction regarding SL and ABA
interactions. In some plants, such as tomato, López-Ráez et al. [38,39] reported a positive
correlation between ABA and strigolactones, while, in other species, such as Arabidopsis,
the exogenous application of the synthetic strigolactone GR24 reduced ABA levels [40].
SL-depleted Lotus japonicus was also characterized as hypersensitive to drought, mainly
due to the hyposensitivity of their stomata to ABA produced by plants or applied exoge-
nously [41,42]. SLs are also participating in the plant responses and adaptation under low
phosphorus conditions [43], can affect root and shoot architecture [35,43] and induce AMF
and bacterial symbiosis [34,44–46]. However, SL products need to be extensively evaluated
before they can be used as biostimulants [47], while there are several obstacles that need to
be surpassed for SL products to become broadly commercial [33,47]

www.biostimulant.com
www.biostimulant.com
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Taking this framework into consideration, the current study was aimed at comparably
evaluating the effects of two commercial biostimulants and a novel strigolactone-based
biostimulant on tomato grown under limited water and nutrient supply conditions, and
test if their use could minimize the runoff in open soilless culture systems.

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

The tomato experiment was carried out from September 2019 to January 2020 in
a heated glasshouse located in the facilities of the Agricultural University of Athens
(37◦59′10′′ N, 23◦42′29′′ E, altitude 24 m). Plants were grown hydroponically onto rock-
wool slabs placed into bags, using two separate compartments of the greenhouse. The se-
lected tomato cultivar used as a scion was the commercial hybrid ‘Nostymi F1’, grafted
onto a backcross inbred line (BIL-6335) from the genotypes produced and described by
Ofner et al. [48]. The selected cultivar is certified by GSPP (Good Seeds and Plant Practices
Certificate) and is characterized by a large-sized plum-shaped fruit, its high percentage
of extra class fruits, and its long shelf life. Plants were transplanted in the greenhouse on
10 September 2019, with a plant density of 2.25 plants m−2, and the experiment lasted
for 4 months (120 days). Before planting, the substrate was fertigated up to the point of
saturation to ensure a complete filling of its pores with nutrient solution. Subsequently,
the slabs were left to drain freely by slitting the bag at the bottom, as suggested by Sav-
vas et al. [49]. A bumblebee hive was placed into the glasshouse on 12 October 2018 (32 days
after transplanting, DAT) to secure optimal pollination. Harvest commenced on 13 Novem-
ber (64 DAT) and continued for two months (Figure A1, see Appendix A). Temperature,
relative humidity, and solar radiation in the two greenhouse compartments were recorded
every 15 min. Average daily data are presented in Supplementary Figures S1–S3. Plants
were continuously monitored for pest management. “Delta” traps against the tomato
leaf miner Tuta absoluta were installed in the greenhouse, along with black sticky traps in
every plant row, as shown in Figure 1. The beneficial insect Trichogramma brassicae was also
applied for the control of the ‘tomato leaf miner’ 20 DAT. Blue and yellow sticky traps were
also installed to monitor the Aleyrodidae and Thripidae populations, respectively.
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Figure 1. Tomato plants 17 DAT.

Tomato plants were irrigated and fertigated either optimally or with a deficit supply
of nutrient solution. Combined stress was applied by reducing the nutrient solution
supply to 33–40% of the standard supply in the non-stress treatment. More specifically,
non-stressed treatments were fertigated using a solar meter to control irrigation frequency
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aiming at obtaining a drainage fraction of 20% of the total NS amount supplied to plants.
The irrigation frequency in stressed plants was similar to that applied to the non-stress
plants, but the amount of NS provided at each irrigation event was 33% less compared to
the non-stressed plants for the first 45 days after transplanting (DAT). However, analysis
of the nutrient solution of samples obtained from the root zone of the plants revealed
that the electrical conductivity of stressed tomato plants was higher than in the control
plants, with potassium having already been significantly increased compared to the control
plants (Table 1). Therefore, an adjusted nutrient solution for the reproductive stage with yet
reduced nutrient concentrations was applied to the stressed plants at 45 DAT, and at a dose
40% reduced compared to non-stressed plants. After the second month, the root zone
analysis, a final adjustment to the nutrient solution was applied. The new nutrient solution
was supplied at 66 DAT, and its application continued until the end of the cultivation.
Nutrient concentrations in the NS are provided in Supplementary Table S1.

Table 1. Effects of combined restriction of water and nutrients (No stress, NS; Combined stress, CS),
and biostimulant (BS) application (Control: No biostimulant applied, Edypro: application of COUPÉ
REGENERACIÓN and PROCUAJE RADICULAR, strigolactone-based biostimulant and Maxicrop) at
K concentration (mmol L−1) on tomato root zone 30, 60, 90, and 120 days after transplanting (DAT).

Treatment 30 DAT 60 DAT 90 DAT 120 DAT

No stress 11.5 b 6.3 a 6.9 a 6.2 a
Combined Stress 12.8 a 3.9 b 4.8 b 4.6 b

Control 12.3 4.7 6.0 5.2
Edypro 11.8 5.1 6.1 5.3

Strigolactone-based BS 11.9 4.9 5.1 5.4
Maxicrop 12.6 5.6 6.2 5.6

Statistical interactions

NS × Control 13.3 ab 6.6 7.6 6.4
NS × Edypro 10.7 cd 6.7 7.4 6.1

NS × Strigolactone-based BS 9.7 d 5.0 5.6 5.9
NS ×Maxicrop 12.3 abc 6.9 6.9 6.4
CS × Control 11.3 bcd 2.8 4.6 4.1
CS × Edypro 12.9 abc 3.5 4.6 4.6

CS × Strigolactone-based BS 14.2 a 4.8 4.5 4.9
CS ×Maxicrop 12.9 abc 4.4 5.6 4.9

Statistical interactions

Stress * *** *** ***
BS ns ns ns ns

Stress × BS ** ns ns ns
Means (n = 4) followed by different letters indicate significant differences according to Duncan’s multiple range
test (p < 0.05), at p < 0.05, p < 0.01, and p < 0.001, denoted by *, **, and ***, respectively; ns = not significant.

Treatment with Edypro’s biostimulant included two different products according to
the standard commercial practice suggested by the company: (i) COUPÉ REGENERACIÓN
Plus and (ii) PROCUAJE RADICULAR. COUPÉ REGENERACIÓN Plus contains proteins
and regenerating plant extracts. The biostimulant has been then elaborated with a special
combination of amino acids obtained by enzymatic hydrolysis of vegetable proteins and
by fermentation by lactobacillus. PROCUAJE RADICULAR contains micronutrients, pen-
etrating agents, and fertilization precursors. COUPÉ REGENERACIÓN was applied on
the date of transplanting and 14 days later, where 3.5 mL of biostimulant was provided
in each plant through the nutrient solution. PROCUAJE RADICULAR was applied at
the beginning of flowering and every 7 days, where a dose of 0.69 mL was supplied to each
plant again through the nutrient solution at one irrigation cycle.

The strigolactone-based biostimulant is a natural strigolactone-enriched solution that
is produced by STRIGOLAB. This company has developed an efficient procedure to obtain
root exudates enriched in natural strigolactones from aeroponically grown tomato plants.
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The strigolactone-based biostimulant was applied by spraying the leaves to drip off before
plants set flowers, more specifically on 25 September 2019 (Figure 2). For the preparation
of the spraying solution, 3 mL of the strigolactone-based biostimulant was mixed together
with 3 mL of acetone. The 6 mL produced solution was then diluted on 20 L of water.
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Maxicrop contains mainly seaweed extracts from Ascophyllum nodosum and can be
applied in soilless systems either as foliar spray or as soil drench [50]. An experiment
with Maxicrop performed by Steveni et al. [51] on hydroponic barley showed that the best
growth response (leaf area, shoot, and root dry weight) was obtained when Maxicrop
was added to the hydroponic nutrient solution compared to the foliar spray application.
Therefore, in the current experiment, the selected method of applying Maxicrop was by
diluting 1 mL of the biostimulant for each plant into the nutrient solution at one irrigation
event (Figure A2). Each plant received 0.5 mL of the biostimulant only during the first
application at transplanting. The standard application dose of Maxicrop was repeated every
14 days. The experiment was set up as a 2-factorial (2 stress applications × 4 biostimulant
treatments) completely randomized block design with 4 replicates per treatment and
9 plants per replicate. The two compartments of the greenhouse hosted all treatments
combinations but with 2 replicates. Border rows were also planted in each compartment,
which were not included in the experimental design and the measurements.

2.2. Root Zone and Drainage Solution Measurements

Drainage samples were obtained every two days for EC, pH direct measurements,
and for the estimation of the percentage of drainage solution. To assess the effect of
biostimulants on tomato growth, samples of nutrient solution from the root zone were
collected every 30 days using a 10 mL syringe to suck nutrient solution from the rockwool.
NO3

− was determined by applying cadmium reduction to NO2
−, while phosphorus and

potassium were determined as phosphomolybdate blue complex and by using the flame
photometer, respectively. In the non-stressed plants, the EC of the drainage solution
was maintained between 3.5 and 4.0 dS m−1 for improved fruit quality [52] throughout
the experiment. Furthermore, the irrigation frequency in the non-stressed treatments
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was controlled through a pyranometer according to the solar radiation intensity to levels
resulting in a drainage percentage that ranged between 20 and 30% of the total supply.
The percentage of drainage solution was zero for most of the time during the cultivation
period in stressed plants.

2.3. Biomass and Leaf Area Determination

Seventy days after transplanting (DAT), one plant per replicate was sampled for
the determination of leaf area and aboveground biomass. Leaf area was measured by
a LI-3100 Area Meter (LI-COR Inc., Lincoln, NE, USA). Fresh biomass and leaf area were
again determined at the end of the cultivation (4 months period). When the samples were
collected, fresh weight was recorded, and then samples were oven-dried at 65 ◦C for at
least 72 h, until a constant weight was achieved. The dried samples were used to determine
their dry weight.

2.4. Total Yield Determination

The impact of the experimental treatments on fruit yield was assessed by manually
harvesting three times a week, all commercially ripe fruits. Fruit harvest commenced on
13 November 2019 (64 DAT) and was terminated on 10 January 2020 (120 DAT). According
to the EU regulation (543/2011), harvested fruits were classified into 4 classes (Extra class,
Class I, Class II, non-marketable). Non-marketable fruits are not presented in the results.

2.5. Leaves and Fruits Nutrient Analyses, Fruit Quality Characteristics

Dried samples of tomato leaves and fruit were collected at the end of cultivation
(120 DAT) and were powdered using a blade mill. The samples were then used for chemical
analyses to determine the total N, P, K, and Zn in tomato leaves and P, K concentrations
in fruit, respectively. Total N of tomato leaves was determined by applying the Kjeldahl
method [53] and more specifically by mineralizing the dried and powdered plant tissue
samples with sulfuric acid in the presence of potassium sulfate and copper sulfate as catalysts
at a temperature of 440 ◦C. For the estimation of P, K, and Zn, the samples were dry ashed
at 550 ◦C for 5 h, and the ash was dissolved in 1 M HCl. Phosphorus was measured pho-
tometrically as phosphomolybdate blue complex at 880 nm using a 96-position microplate
spectrophotometer (Anthos Zenyth 200; Biochrom, Cambridge, United Kindom). Potassium
was determined using a flame photometer (Sherwood Model 410, Cambridge, UK) and zinc
using an atomic absorption spectrophotometer (AA-7000, Shimadzu Co., Tokyo, Japan). Fruit
acidity was determined in 10 g of juice by potentiometric titration with 0.02 M NaOH to pH 8.1.
Total soluble–solid content (TSSC) was determined by squeezing tomato juice directly onto
the refractometer (Schmidt & Haensch HR32B, Berlin, Germany), and values were expressed
in ◦Brix units against a refractive index.

2.6. Statistical Analysis

Analysis of variance (ANOVA) of the experimental data was performed using the soft-
ware package Statistica for Windows 12.0 (Tulsa, OK, USA). To separate treatment means
within each measured parameter, Duncan’s Multiple Range Test was performed at p ≤ 0.05.

3. Results
3.1. pH in Drainage Solution and Concentration of N, P, K in Tomato Root Zone

The pH in the drainage solution was maintained between 5.5 and 6.5 in all treatments
during the whole cropping period (Figure 3) except for Edypro plants at the first 20 DAT.
The application of Edypro’s COUPÉ REGENERACIÓN Plus at transplanting and 14 DAT
increased pH in the drainage solution to levels above 7. COUPÉ REGENERACIÓN Plus
was not applied again, and the PROCUAJE RADICULAR, which was applied 15 DAT and
every week ever after, did not affect pH in the drainage solution until the end of cultivation.
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Figure 3. Effects of biostimulant application on pH at the drainage solution.

The impact of combined stress application on the K concentration in the root zone of
tomato was significant during the entire cultivation period. For the first month of cultiva-
tion, K was 11% more accumulated in the root zone of combined stressed plants compared
to non-stressed plants (Table 1). In the following months, though, the lower concentration
of K supplied in combined stressed plants resulted in decreased concentration of K in
the root zone of stressed tomatoes compared to the plants supplied with optimal levels of
water and nutrients. Biostimulants did not have a significant impact on K concentration in
the root zone of plants for most of the period of tomato cultivation. The strigolactone-based
biostimulant had a significant impact on K compared to the control treatment, but only at
the first month of cultivation. More specifically, under non-stressed conditions, K decreased
when the strigolactone-based biostimulant was applied to plants compared to the control
plants, while under combined stressed conditions, K increased in the root zone of plants
treated with the strigolactone-based biostimulant compared to control plants. Edypro
also decreased K 30 DAT at non-stressed plants compared to control, but non-significant
differences were observed in stressed plants. Finally, Maxicrop had the least impact on K
concentration resulting only in increased K compared to strigolactone-based biostimulant
in non-stressed plants at 30 DAT.

Nitrate concentration in the root zone of tomato plants was at similar levels in plants
cultivated under non-stressed and plants cultivated under combined stress conditions
during the first 30 days of cultivation (Table 2). From that time point onwards and until
the end of the cultivation, the concentration of nitrates was reduced in the nutrient solution
supplied to stressed plants, and this reduction resulted in a reduced nitrate concentration
in the root zone of stressed plants compared to non-stressed plants. The biostimulants had
a clear impact on nitrates in the root zone, but the impact was mainly present in tomatoes
grown under combined stress. Under non-stressed conditions, differences between biostim-
ulant treatments were observed, with Maxicrop increasing nitrates significantly compared
to the control and the strigolactone-based biostimulant treatments, but only in the first
30 days of the experiment. In contrast, under combined stress conditions, the strigolactone-
based biostimulant increased nitrates in the root zone of tomatoes during the first 30 days
of cultivation, but only compared to Edypro. At 60 DAT, the biostimulants did not impose
any significant differences, but at 90 DAT, nitrates in the root zone of control plants culti-
vated under combined stress were significantly reduced compared to non-stressed plants,
while plants treated with strigolactone-based biostimulant and Maxicrop biostimulant
maintained nitrate concentration to a level comparable to most non-stressed plants.
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Table 2. Effects of combined restriction of water and nutrients (No stress, NS; Combined stress,
CS), and biostimulant (BS) application (Control: No biostimulant applied, Edypro: application of
COUPÉ REGENERACIÓN and PROCUAJE RADICULAR, strigolactone-based biostimulant and
Maxicrop) on NO3

− concentration (mmol L−1) in the root zone of tomato 30, 60, 90, and 120 days
after transplanting (DAT).

Treatment 30 DAT 60 DAT 90 DAT 120 DAT

No stress 10.3 10.7 a 10.5 a 10.2 a
Combined Stress 10.3 8.0 b 6.8 b 5.3 b

Control 9.9 9.4 7.9 7.8
Edypro 9.8 8.2 8.1 8.2

Strigolactone-based BS 10.4 10.1 9.7 7.9
Maxicrop 11.4 9.6 9.0 7.3

Statistical interactions

NS × Control 9.8 bc 11.1 11.9 a 9.7 a
NS × Edypro 10.2 abc 10.6 10.4 ab 9.6 a

NS × Strigolactone-based BS 9.4 c 9.8 9.4 ab 10.9 a
NS ×Maxicrop 11.7 a 11.5 10.5 ab 10.7 a
CS × Control 10.0 abc 7.7 3.9 d 5.8 bc
CS × Edypro 9.4 c 5.9 5.8 cd 6.8 b

CS × Strigolactone-based BS 11.4 ab 10.5 9.9 ab 4.8 cd
CS ×Maxicrop 10.5 abc 7.7 7.5 bc 3.9 d

Statistical interactions

Stress ns * *** ***
BS ns ns ns ns

Stress × BS * ns * **
Means (n = 4) followed by different letters indicate significant differences according to Duncan’s multiple range
test (p < 0.05), at p < 0.05, p < 0.01, and p < 0.001, denoted by *, **, and ***, respectively; ns = not significant.

Nevertheless, this impact was reversed in combined stressed plants at the end of
cultivation. The strigolactone-based biostimulant maintained lower nitrate concentrations
in the root zone compared to Edypro. In the meantime, Maxicrop had lower nitrates
compared to Edypro and the control treatment.

The P concentration in the root zone was also reduced in plants exposed to combined
stress from the second month of cultivation and until the end of the experiment, compared
to non-stressed plants (Table 3). Regarding the application of biostimulants, Maxicrop
showed increased P concentration compared to the control and Edypro 30 DAT and only
under optimal water and nutrient supply. On the other hand, the biostimulants of Edypro
had an impact on P concentration at the third month of cultivation, resulting in increasing
P by 33% compared to control and 40% compared to strigolactone-based biostimulant
and Maxicrop.

Table 3. Effects of combined restriction of water and nutrients (No stress, NS; Combined stress, CS),
and biostimulants application (Control: No biostimulant applied, Edypro: application of COUPÉ
REGENERACIÓN and PROCUAJE RADICULAR, strigolactone-based biostimulant and Maxicrop)
at P concentration (mmol L−1) on tomato root zone 30, 60, 90, and 120 days after transplanting (DAT).

Treatment 30 DAT 60 DAT 90 DAT 120 DAT

No stress 1.7 1.9 a 2.1 a 1.4 a
Combined Stress 1.7 0.9 b 1.0 b 0.9 b

Control 1.5 1.6 1.5 b 1.2
Edypro 1.7 1.4 2.0 a 1.2

Strigolactone-based
biostimulant 1.8 1.3 1.4 b 1.2

Maxicrop 1.9 1.3 1.4 b 1.0
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Table 3. Cont.

Treatment 30 DAT 60 DAT 90 DAT 120 DAT

Statistical interactions

NS × Control 1.5 b 2.0 2.2 b 1.4
NS × Edypro 1.4 b 2.2 2.8 a 1.5

NS × Strigolactone-based
biostimulant 1.9 ab 1.6 1.8 b 1.4

NS ×Maxicrop 2.1 a 1.6 1.7 b 1.3
CS × Control 1.5 b 1.1 0.9 c 0.9
CS × Edypro 2.0 ab 0.7 1.2 c 0.8

CS × Strigolactone-based
biostimulant 1.8 ab 1.0 1.0 c 1.0

CS ×Maxicrop 1.6 ab 1.0 1.1 c 0.7

Statistical interactions

Stress ns * *** ***
BS ns ns ** ns

Stress × BS * ns * ns
Means (n = 4) followed by different letters indicate significant differences according to Duncan’s multiple range
test (p < 0.05), at p < 0.05, p < 0.01, and p < 0.001, denoted by *, **, and ***, respectively; ns = not significant.

3.2. Fresh Biomass and Leaf Area of Plants

Fresh biomass, as determined at 70 and 120 days after transplanting, was clearly
reduced when plants were cultivated under combined water and nutrient stress compared
to the control treatment (Figure 4). The application of biostimulants had no significant
impact on plant biomass at optimal or combined stress conditions.

On the other hand, at 70 DAT, the leaf area of plants cultivated under optimal water
and nutrient supply was reduced when biostimulants were applied to plants (Figure 5i). In
contrast, under combined stress conditions, the strigolactone-based biostimulant increased
leaf area compared to untreated plants and plants treated with Edypro biostimulants. In
fact, the increase in leaf area in plants cultivated under combined stressed conditions and
treated with strigolactone-based biostimulant was comparable with the control plants
cultivated under optimal water and nutrient supply. At the end of the cultivation, however,
biostimulants did not have any significant impact on the tomato leaf area (Figure 5ii).
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Figure 4. Effects of combined water and nutrient stress and biostimulant application (Control: No
biostimulant applied, Edypro: application of COUPÉ REGENERACIÓN and PROCUAJE RADICU-
LAR, strigolactone-based biostimulant, and Maxicrop) on tomato aboveground biomass (g) (i) 70 days
after transplanting, and (ii) at the end of the cultivation period. Means (n = 4) followed by different
letters indicate significant differences according to Duncan’s multiple range test (p < 0.05).
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biostimulant applied, Edypro: application of COUPÉ REGENERACIÓN and PROCUAJE RADIC-
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transplanting, and (ii) at the end of the cultivation period. Means (n = 4) followed by different letters
indicate significant differences according to Duncan’s multiple range test (p < 0.05).

3.3. Tomato Yield Components

The exposure of tomato to combined water and nutrient stress had no impact on
tomatoes’ early fruit yield compared with non-stressed plants (Table 4). However, at
the end of cultivation, plants exposed to combined stressed had 19.7% less fruit production
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compared to non-stressed conditions. Yield reduction in stressed plants was observed
due to both a lower number of fruits and a lower mean fruit weight compared to the non-
stressed plants. Fruits graded Extra class were also 24% reduced under combined stressed
conditions compared to optimal conditions, while fruits graded Class I, Class II, and non-
marketable did not exhibit any statistical differences (data not shown). The strigolactone-
based biostimulant increased early fruit yield compared to the control treatment, Maxicrop,
and Edypro. However, at the end of the cultivation, none of the biostimulants applied
in this experiment were able to increase fruit yield compared to the control treatment. In
contrast, Edypro biostimulant showed lower early fruit yield and total yield compared to
the control treatment. Reduced yield in Edypro plants was the result of a smaller number
of fruits per plant, despite the fact that plants treated with Edypro biostimulant produced
fruits with similar mean fresh weight compared to the control plants and plants treated
with the other two biostimulants. Furthermore, the application of the Edypro biostimulants
reduced the number of fruit graded Extra Class compared to the non-treated plants and
plants treated with strigolactone-based biostimulant, while fruit graded Class I, Class II,
and non-marketable did not show any statistical differences between the biostimulant
treatments (data not shown).

Table 4. Effects of combined restriction of water and nutrients and biostimulant (BS) application (Control: No biostimulant
applied, Edypro: application of COUPÉ REGENERACIÓN and PROCUAJE RADICULAR, strigolactone-based biostimulant,
and Maxicrop) on tomato early and total fruit production, fruit number, fruit mean weight, and weight of fruits graded at
Extra Class.

Treatment Early Fruit Yield
(kg m−2)

Total Fruit Yield
(kg m−2)

Number of
Fruit m−2

Mean Fruit
Weight (g)

Extra Class
(kg m−2)

No stress 1.75 3.35 a 13.4 a 125.7 a 0.85 a
Combined Stress 1.68 2.69 b 11.5 b 115.9 b 0.65 b

Control 1.82 b 3.29 a 13.1 a 125.6 0.92 a
Edypro 1.27 c 2.51 b 10.8 b 116.2 0.52 b

Strigolactone-based BS 2.07 a 3.17 a 13.1 a 121.2 0.83 a
Maxicrop 1.71 b 3.10 a 12.9 a 120.3 0.73 ab

Statistical interactions

Stress ns *** ** *** *
BS *** ** * ns *

Stress × BS ns ns ns ns ns

Means (n = 4) followed by different letters indicate significant differences according to Duncan’s multiple range test (p < 0.05), at p < 0.05,
p < 0.01, and p < 0.001, denoted by *, **, and ***, respectively; ns = not significant.

3.4. Leaf and Fruit Nutrient Concentrations, and Fruit Quality

Water and nutrient restriction decreased the nitrogen concentration in tomato leaves
(Table 5). Phosphorus was also decreased by 20% in leaves of tomato cultivated under
combined stress, whereas in tomato fruit, the stress had no impact on phosphorus concen-
tration. In contrast, potassium concentration decreased by 12% in tomato fruits, while there
were no significant differences in tomato leaves. Regarding the effect of biostimulants on
the tomato nutrients concentration, Edypro biostimulant increased potassium in tomato
leaves compared to all other treatments and in tomato fruits compared to the control
treatment. The biostimulant of Edypro also increased zinc in tomato leaves compared
to control and Maxicrop application. Maxicrop biostimulant also increased potassium in
tomato fruits compared to the control treatment. The application of strigolactone-based
biostimulant had no impact on N, P, K, or Zn in tomato leaves nor on P or K in tomato fruit
compared to the control treatment. Finally, the total soluble solids and acidity of tomato
fruit were not influenced either by the combined stress conditions or by the application
of biostimulants.
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Table 5. Effects of combined restriction of water and nutrients and biostimulant (BS) application (Control: No biostimulant
applied, Edypro: application of COUPÉ REGENERACIÓN and PROCUAJE RADICULAR, strigolactone-based biostimulant,
and Maxicrop) on N, P, K, Zn concentrations of tomato leaves and P, K, total soluble solids (TSS, oBrix) and acidity (g citric
acid per 100 g of fresh fruit weight) on tomato fruits.

Leaves Fruits

Treatment N
(g kg−1 dw)

P
(g kg−1 dw)

K
(g kg−1 dw)

Zn
(µg g−1)

P
(g kg−1 dw)

K
(g kg−1 dw)

TSS (oBrix) Acidity (g Citric Acid
per 100 g fw

No stress 38.6 a 8.6 a 46.8 37.58 5.9 38.1 a 3.45 0.34
Combined Stress 34.9 b 7.0 b 47.0 45.25 6.3 33.4 b 3.74 0.35

Control 37.5 7.7 45.4 b 31.75 b 6.3 31.6 b 3.68 0.34
Edypro 34.7 6.8 50.3 a 58.50 a 6.1 38.9 a 3.66 0.35

Strigolactone-based BS 37.0 9.1 45.9 b 44.50 ab 5.9 34.9 ab 3.59 0.35
Maxicrop 37.6 7.7 45.9 b 30.92 b 6.2 37.6 a 3.46 0.33

Statistical interactions

Stress ** * ns ns ns * ns ns
BS ns ns * ** ns * ns ns

Stress × BS ns ns ns ns ns ns ns ns

Means (n = 4) followed by different letters indicate significant differences according to the Duncan’s multiple range test (p < 0.05), at
p < 0.05 and p < 0.01, denoted by *, **, respectively; ns = not significant.

4. Discussion
4.1. Effects of Combined Stress on Tomato Growth, Nutrition, and Yield

The mean concentration of NO3 in the root zone of tomato plants was lower compared
to that suggested in the review of Savvas and Gruda [6] for open hydroponic systems.
Savvas and Gruda [6] recommended 18.00 mmol L−1 and 17.20 mmol L−1 NO3 in the root
zone of tomato plants for the vegetative and reproductive stages, respectively. However,
Savvas and Gruda [6] also recommended a higher supply of NO3 compared to that supplied
in the present experiment. Phosphorus concentration in the root zone was generally
maintained above 1 mmol L−1 even in plants exposed to combined nutrient and water
stress, so there was not any phosphorus deficiency in this experiment as P levels were
close to those recommended by Savvas and Gruda [6]. K concentration was high at
the first month of cultivation, both in non-stressed and stressed plants. This outcome
was possibly present due to the low runoff of non-stressed plants and the absence of
runoff in stressed plants. As previously mentioned, this result suggested an adjustment
in the composition of the nutrient solution supplied to both non-stressed and stressed
plants 45 DAT. K concentration was reduced in the nutrient solution supplied to both
stress treatments during the rest of the cultivation period, with non-stressed plants having
optimal K in the root zone, whereas combined stress plants had low levels for tomato
needs [6]. The application of combined water and nutrient stress is a severe stress for tomato
plants [54] and consequently reduced N and P in tomato leaves and thus significantly
restricted total yield and yield components. In contrast, though, combined water and
nutrient stress are known to increase TSS and acidity in tomato fruits [55]. However,
as Koleska et al. [14] reported, TSS and TA are variety dependent, and 60% nutrient
reduction could decrease TSS and TA with biostimulants not being able to prevent this
effect. So, NOSTYMY F1 is not so sensitive to changes in fruit quality parameters due to
the application of the combined stress and the biostimulants.

4.2. Biostimulants of Edypro

The pH in the drainage solution was maintained between the optimal thresholds of
5.5 and 6.5 [56] except for Edypro plants at the beginning of cultivation. Edypro plants
showed increased pH at the beginning of the experiment, and the two high peaks were
observed exactly at the days of the application of Edypro biostimulant COUPÉ REGEN-
ERACIÓN Plus (0 and 14 DAT). This biostimulant was not applied again throughout
the experiment, and increased pH was not observed again. Increased pH above 7 can lead
to growth restrictions [57] as P, Fe, Mn, and Zn deficiencies are anticipated. Regarding
N, P, K in the root zone of tomato, plant-derived hydrolysates can affect N concentration
in the root zone of hydroponic tomato, especially when they are applied as substrate
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drench and not as foliar spray [58]. However, the Edypro biostimulants did not increase
the N concentration significantly, especially compared to the control treatment. Edypro
only increased the P levels 90 DAT in the root zone of non-stressed plants compared to
untreated plants and plants treated with Maxicrop and strigolactone-based biostimulant.
EDYPRO’s PROCUAJE RADICULAR contained only micronutrients and not N or P. How-
ever, the increased P in the root zone of plants treated with the Edypro biostimulants could
be related to the increased Zn supplied by Edypro biostimulant, as an increased level of
Zn in the nutrient solution decreases the levels of P in the tomato leaves and roots [59].
Hence, increased P in the root zone is possibly related to the lower P uptake by plants.
Indeed, Zn concentration in tomato leaves increased compared to control plants, while P
slightly decreased, but not significantly. Nevertheless, P and Zn were between the optimal
thresholds for tomato leaves [52]. Increased K concentration in soil-grown tomato leaves
and fruits due to the application of protein-based biostimulants has already been reported
by Rouphael et al. [19], and it could be explained not only by the increased root growth
of plants but also as a result of the higher expression of nutrient transporters in cell mem-
branes, resulting in higher nutrient accumulation in tomato shoots [60]. The nutritional
disorders in the leaves of plants treated with the Edypro biostimulant are possibly respon-
sible for the decrease in early and total fruit production compared to the control plants and
plants treated with strigolactone-based biostimulant and Maxicrop. In the current study,
the application rates of the two Edypro biostimulants were similar to those suggested for
soil-grown crops. However, in soilless culture, the volume of the rooting medium per
plant is much lower than in crops grown in the soil. Furthermore, in soilless crops grown
on inert substrates, such as rockwool, there is no ion exchange capacity in the root zone.
Thus, the same application rate per plant may be much more effective in soilless culture
compared to soil-grown crops. Hence, the excessive increase in pH after application of
COUPÉ REGENERACIÓN Plus and the leaf toxicity symptoms in plants treated with
PROCUAJE RADICULAR (Figure 6) are most likely ascribed to overdosage. The Edypro
biostimulants COUPÉ REGENERACIÓN Plus and PROCUAJE RADICULAR have not
been previously tested under soilless tomato crop, and future studies with substantially
reduced biostimulant doses could possibly result in different yield outcomes.
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4.3. Strigolactone-Based Biostimulant

It is known that when synthetic strigolactones are applied to the leaves of tomato,
enhancement of stomatal closure is observed [61,62], and this action is mostly independent
of ABA [33] as strigolactones act as prominent regulators of stomatal closure [61]. So,
plants cultivated under combined stress application and treated with strigolactone-based
biostimulant probably showed improved stress acclimatization due to higher sensitivity
of stomatal closure and decreased stomatal apertures [61], which enhanced water use
efficiency of plants. Nutrient use efficiency can also be enhanced by other SL-related
mechanisms. Based on the current knowledge, under limited nutrient conditions, especially
when plants are grown in phosphate-limiting media, application of SLs can increase
lateral root formation and elongate root hairs, a result not observed under optimal growth
conditions [35], and thus later increase their nutrient uptake capability [46]. It is also
known that significant differences in nutrient uptake and nutrient translocation occur when
SL-treated plants are also combined with the application of AMF because SLs are mainly
connected with the stimulation of AMF and N-fixing rhizobial bacteria symbiosis [34,44–46].
Nevertheless, strigolactone-induced differences in N and K in the root zone of tomato
cannot be fully justified and have to be further studied.

The differences in the levels of N and K in the root zone of plants, especially at the 1st
month of cultivation, did not significantly affect plants biomass 70 and 120 DAT, whereas
leaf area 70 DAT of strigolactone-based biostimulant plants which were cultivated under
combined stress was comparable to control plants cultivated under optimal water and nu-
trient supply. However, the increased leaf area and fruit production of strigolactone-based
biostimulant plants led to a greater depletion of NO3 at the root zone towards the end of
the experiment, and this resulted in finally neither a significant increase in total leaf area
and plants biomass nor differences in tomato leaf nutrient content. Increased leaf area
in plants increases light interception and concomitantly the whole-plant photosynthesis,
thereby increasing tomato fruit production [63]. Hence, it seems that the strigolactone-
based biostimulant managed to increase early fruit production by increasing the whole
plant photosynthesis. However, an exogenous application of strigolactones at the beginning
of the cropping period is incapable of maintaining high strigolactone levels throughout
the cropping period, or even for a long part of the cropping period. Hence, any benefi-
cial effects of their application on the fruit yield of greenhouse tomato may disappear in
the long term. Consequently, to obtain a benefit in terms of fruit yield, strigolactone-based
biostimulants should be applied not once but repeated several times during the cropping
period. The intervals between applications during the cropping period, taking into consid-
eration the trade-off between yield benefits and application costs, has to be defined based
on future experimental work.

4.4. Maxicrop

Biostimulants based on SWE have not been studied yet regarding their impact on
N, P, or K in the root zone. The biostimulant Maxicrop contains trace amounts of macro-
and micronutrients [51], but the 14-day intervals between applications cannot justify
the increased NO3

− and P compared to control plants under non-stressed conditions.
Application of seaweed extracts, though, has already been reported to increase tomato
biomass and leaf area of tomato cultivated under high and low nitrogen supply [64–66],
but Maxicrop did not manage to increase both parameters in the present study both
under optimal and combined stressed conditions. Regarding the impact of Maxicrop
on early yield, Colla et al. [18] stated that SWE are capable of increasing early yield
in soil-grown tomato compared to the control plants. As Colla et al. [18] concluded,
increased productivity can be related to the presence of polysaccharides in Ascophyllum
nodosum, which can stimulate endogenous hormone homeostasis [67] and that the SWE
‘Kelpak’ in their experiment also contained a high auxin:cytokinin ratio, which may have
contributed to increased early fruit set, especially under high temperatures where pollen
viability problems are present in tomato [68]. In contrast to early yield, total yield was
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not increased compared to control plants, although a number of studies have reported
that seaweed extracts can increase tomato yield [17,18,64] under field conditions. In
soil-grown corps, enhancement of nutrient uptake is mainly due to improvement in soil
structure by solubilizing micronutrients, and by increasing the colonization by arbuscular
mycorrhizal fungi [25]. Zodape et al. [17] also reported that SWE could be superior
to chemical fertilizers because their organic matter not only holds the moisture more
effectively but also minerals contained in the organic matter can remain in the upper soil
level and be easily accessible to the roots. However, most of these mechanisms are irrelevant
with soilless grown crops. When SWE were applied at soilless grown rocket (Eruca sativa)
and sweet pepper (Capsicum annuum), there was no impact on their total yield [69,70].
Finally, Maxicrop increased K concentration in tomato fruit, a result already reported by
Zodape et al. [17] and Ali et al. [64] in soil-grown tomatoes, while Colla et al. [18] found no
significant differences in K concentration between SWE and the control. The increase in K
concentration due to Maxicrop application was not a result of enhanced macro-element
supply due to their presence in the biostimulant [51], as both the application rates and
the frequency of application do not justify such an effect. However, there is currently no
convincing explanation as most mechanisms of enhanced nutrient uptake are strongly
related to the improvement in soil properties [64], and in the current study, the application
was in a soilless crop.

5. Conclusions

Reduction in water and nutrient supply by 33–40% in the nutrient solution supplied
to tomato plants compared to optimal fertigation resulted in a significant reduction in
NO3

−, P, and K levels in the root zone of tomato grown in an open hydroponic system.
The inadequate concentrations of essential elements affect plant growth (biomass, leaf
area), nutrient status, and finally, total fruit production of plants. Many biostimulants
have already been tested in soil-grown tomato and have resulted in increased growth and
enhanced fruit production accompanied by enhanced water and nutrient use efficiency.
This efficiency is mainly the outcome of different mechanisms, such as increased root
development and improvement in soil properties. However, biostimulant application has
not yet been widely studied in the soilless cultivation of tomato, and more studies with
different biostimulant treatments are needed in order to clarify whether biostimulants
could benefit the development and production of tomato plants. In the current study,
the application of biostimulants containing strigolactone and seawater extracts increased
the early yield, while the strigolactone-based biostimulant showed also increased early leaf
area development. These two biostimulants maintained NO3

− at an adequate concentration
in the root zone of tomato plants even until 90 days after the beginning of the application
of reduced nutrients. It is known that NO3, P, and K could be completely withdrawn in
recirculated hydroponic systems 2 to 3 weeks prior to the termination of the crop without
adverse effects on the yield and fruit quality of tomato plants [71]. However, stressed plants
in the present study were continuously suffering from lower nutrient inputs, especially after
the first 30 DAT. An important issue regarding the application of biostimulants in soilless
grown crops is the determination of the amount and frequency of applications. As Vasquez-
Hernandez et al. [72] clearly stated, the dose of substances separates positive- from negative-
resulting stress. In agreement with this consideration, the Edypro biostimulants were
probably applied at excessive doses, while a single application of the strigolactone-based
biostimulant or the application of Maxicrop at 14-day intervals was maybe insufficient for
obtaining clearly positive results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7090297/s1. Table S1: Nutrient concentrations in the nutrient solution supplied
to non-stressed plants and plants exposed to combined water and nutrient stress (35–40% reduction
in water, N, and P supply) during the vegetative (0–45 DAT) and reproductive (reproductive stage
I, 46–66 DAT; reproductive stage II, 67–120 DAT) stage. Figure S1: Daily mean air temperature
(◦C) in the two compartments of the greenhouse. Figure S2: Daily mean relative humidity (%) in
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the two compartments of the greenhouse. Figure S3: Daily mean solar radiation (W m−2) in the two
compartments of the greenhouse.
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