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Abstract

One of the main objectives of agriculture is to improve crop production and mitigate
oxidative damage caused by climate change, such as water stress. This study evaluated
the potential use of Klebsormidium sp. K39 extract (Kleb), obtained by phycoremediation
treatment, to address these agricultural challenges. The experimental trials involved the
application of Kleb at 1 mg Corg L−1 through foliar spray, under standard or water stress
(WS) conditions. The effect of Kleb was evaluated by monitoring growth parameters,
antioxidant activities, and lipid peroxidation. The quality parameters of the tomato fruits
were also evaluated. The results demonstrated that the application of Klebsormidium extract
enhanced tomato growth while maintaining root development and canopy cover under
water stress conditions. These findings suggest that Kleb may act as a biostimulant to
improve crop resilience. Moreover, treated plants under water stress conditions had an
increase in yield of around 35% with respect to untreated stressed plants. Although
fruit quality parameters were not significantly affected, in Kleb-treated plants lycopene
content increased only under standard conditions, while polyphenol content significantly
increased under both WS and standard conditions. In treated plants, lipid peroxidation
decreased by 58% in the leaves and 19% in the fruits under WS conditions, suggesting
a significant reduction in oxidative damage. In the fruits, correlation analysis revealed
positive relationships among key stress markers. These findings suggest that Kleb extract
enhances resilience to water stress in tomato plants by modulating antioxidant responses
and secondary metabolite production, making it an eco-friendly approach to sustainable
crop management under climate-related stressors.

Keywords: microalgae; biostimulants; water stress; antioxidant; resilience

1. Introduction
The global demand for food has recently grown significantly due to population in-

crease and the farming sector is under pressure to produce enough food to ensure world
food security [1]. Climate change negatively impacts the yield of agricultural crops, which
is significantly limiting global food security, making it difficult to produce enough food for
the growing population of the world [2].

Crop performance is influenced by abiotic stressors, such as drought, salinity, and
temperature, which limit their potential production [3]. In particular, in many Mediter-
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ranean regions, water deficit represents a major problem for crop production under climate
change conditions [1]. Sicily represents one of the most affected regions by climate change’s
effects, due to its location in the middle of the Mediterranean Sea. The seasonal variability
of rainfall in this area is connected to the behavior of the surrounding climatic systems,
displaying unusual rainfall behavior and unexpected extreme drought during the summer
months [4]. In this context, the combination of extreme heat and drought stress has caused
a negative impact on agricultural production in recent years. The European Commission
(https://climate.ec.europa.eu/climate-change/consequences-climate-change_en, accessed
on 20 October 2025) estimated that major economic losses of around EUR 9 billion are the
result of climate change and drought [5].

Morphological characteristics, limited growth and development, and disorders in
primary and secondary plant metabolisms are all effects of water deficit [6]. Environmental
stress conditions, such as water stress, cause an accumulation of reactive oxygen species
(ROS) and toxic molecules within the plants, which damage cellular components. Normally,
plants control ROS through scavenging molecules, but stress disrupts this balance, causing
excessive ROS accumulation. Plants have evolved complex defense mechanisms to tolerate
environmental stress and survive. These antioxidant systems involve enzymatic defenses,
such as ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase (SOD) and
non-enzymatic defenses such as ascorbate, carotenoids, and tocopherol accumulation. The
enzymatic defense decreases ROS levels by removing O2

− with SOD acting in chloroplasts,
peroxisomes, and mitochondria. CAT and APX are enzymes that degrade H2O2 into H2O
and O2, but CAT is principally present in peroxisomes, while APX is found in chloroplasts,
the cytosol, and the mitochondria [7,8]. Furthermore, phenylalanine ammonia lyase (PAL)
plays a crucial role, coordinating the response of plants to biotic and abiotic stress and
representing a biochemical marker of plant resistance. Moreover, PAL activity promotes
defense against physiological diseases during the post-harvest period of fruits [9,10].

To counteract environmental stress conditions, in organic farming, often the use of
biostimulants is resorted to. The different types of biostimulants include fungi, plant-
growth-promoting rhizobacteria, seaweed extracts, humic substances, protein hydrolysates,
and chitosan.

Several studies have demonstrated the use of microalgae extracts for the miti-
gation of abiotic stress, in addition to promoting plant nutrition and growth [11–15].
La Bella et al. [16] confirmed the importance of microalgae-based products for growth
promotion, due to the presence of micro and macronutrients that are essential for agricul-
ture, including N, P, and K. Moreover, different microalgae species, such as Chlorella vulgaris,
Scenedesmus quadricauda, and Klebsormidium sp. K39, have been used for wastewater reme-
diation for their dual role of removing pollutants while increasing their biomass [14]. In
particular, the application of Klebsormidium sp. K39 cells into the soil showed a higher or
equivalent yield of lettuce plants compared to the standard application of recommended
doses of mineral fertilizers [14]. Metabolites derived from microalgae have shown promis-
ing potential for improving soil fertility, strengthening plant resistance to abiotic stress,
eliciting defense responses, and increasing nutrient uptake [17,18]. Despite, the metabolic
pathways involved in their action and their impact on plant physiology are still unclear;
it is well known that the growth-promoting action associated with microalgae products
is due to their biomolecule content, including phytohormones, amino acids, phenols, ter-
penoids, and polysaccharides [19]. The use of microalgae-based products to mitigate abiotic
stress has attracted the attention of researchers and worldwide biostimulant producers
due to their richness in bioactive compounds, growth enhancers, antioxidants, and other
molecules supporting plant growth [20–22].
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The tomato (Solanum lycopersicum L.) is an economically important crop throughout the
world, particularly in Sicily [23,24]. However, the tomato plant is particularly susceptible
to water stress that can cause limited growth and yield. Drought has an important effect on
vegetative and reproductive stages, which inhibits seed development and reduces stem
and fruit growth [25].

To tackle this challenge, innovative strategies are required to enhance plant resilience
to water stress and optimize resource utilization. Based on this need, we hypothesized that
foliar application of a Klebsormidium K39 extract could improve the tolerance of tomato
plants to water stress and help maintain yield and fruit quality under reduced irrigation
conditions. Therefore, this study aims to evaluate the effects of the microalgal extract by
monitoring the fruit yield and quality, as well as the morpho-biometric and biochemical
responses of tomato plants subjected to water-stress conditions.

2. Materials and Methods
2.1. Microalgae Cultivation and Extract Preparation

The microalgae used in this study were Klebsormidium sp. K39, grown in urban
wastewater during a phycoremediation treatment. The microalgae growth was determined
as the cell number by Burker’s counting chamber and the initial concentration inoculated
into wastewater was 1.1 × 106 cell L−1.

After 20 days of cultivation in wastewater, the biomass was collected and separated
by centrifugation (at 4000 rpm for 10 min), washed with distilled water (of a conductivity
< 200 µS cm−1), and freeze-dried [26]. The biomass was used as starting material for
extract preparation. Microalgal extract stock solution was prepared as described in La Bella
et al. [27]. Briefly, microalgae cells were collected and centrifuged at 5000 rpm for 15 min.
The final pellet, obtained from biomass, was treated with methanol to lyse the cell wall to
obtain the intracellular extract. After centrifugation and evaporation of the organic solvent,
the extract was freeze-dried and collected with distilled water to obtain the microalgae
extract stock solution [28].

The Klebsormidium sp. K39 was obtained by and maintained in the algal collection
of the Department of Agriculture, Food and Environment (Di3A) (University of Catania,
Italy), as described in La Bella et al. [29].

2.2. Spectroscopic Characterization

The solid-state 13C MAS NMR spectra were recorded and fully proton-decoupled on
a Bruker Avance II 400 MHz (9.4 T) (Bruker Corp., The Woodlands, TX, USA) instrument
operating at 100.63 MHz. Rotors with a 7 mm diameter were filled with about 50 mg of
the sample; the spinning rate was 8000 Hz s−1. The experimental parameters adopted were
as follows: a spectral width of 20,000 Hz, 2 K data points, 100,000 scans, a 5 µs duration,
90 degrees of excitation pulse, and 4 s of relaxation delay. The HPDEC pulse sequence was
used with a decoupling power of 300 W (9H). The FID was zero-filled and processed with
5 Hz line broadening. The degree of hydrophobicity was determined according to Barone
et al. [28] for humic substances, as follows: HB/HI = [(0–45) + (95–160)/(45–95) + (160–195)].

The main chemical characteristics of wastewater before and after the phycoremedi-
ation process by Klebsormidium sp. K39 are reported in the Supplementary Table S2. The
microalgal growth increased over the course of the phycoremediation process, reaching a
final concentration of 10.6 × 106 cell L−1 after 20 days.

The distribution of the different carbon forms in the microalgal biomass and extract,
classified according to the chemical shift regions of the NMR spectra as described by Baglieri
et al. [30]—aliphatic (0–45 ppm), N- and O-alkyl (45–95 ppm), aromatic (95–160 ppm), and
carboxylic (160–195 ppm)—is presented in Table 1. The NMR spectrum of the Klebsormidium
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sp. K39 biomass differs in both shape (Supplementary Materials, Figure S2) and carbon
composition compared to its corresponding extract. Overall, the distribution of carbon
functionalities revealed that the extract contains a higher proportion of alkyl and aromatic
carbon compared to the original algal biomass. In contrast, the extract exhibits a lower
proportion of carbohydrate- and protein-associated carbon (N- and O-alkyl regions) relative
to the biomass. As a result, the extract displayed a higher hydrophobicity index (HB/HI)
than the respective biomass from which it was derived (Table 1).

Table 1. Distribution of C intensity of 13C NMR in biomass of Klebsormidium sp. K39 and extract.

Alkyl N- and O-Alkyl Aromatic Carboxyl
HB/HI

0–45 ppm 45–95 ppm 95–160 ppm 160–195 ppm

Kleb biomass 28.49 50.63 8.28 12.60 0.6
Kleb extract 61.82 20.77 11.14 6.27 2.7

2.3. Experimental Conditions and Plant Material

The experiment was carried out in a greenhouse located in Scoglitti (Sicily) in a period
between April to July. Tomato plants (cv. Zannyno), an indeterminate cultivar, were
grown under standard agronomic practices. Plants were trellised and pruned regularly to
support vertical growth. The planting density was 1 m between rows and 0.4 m between
plants within each row (1 × 0.4 m). Irrigation and fertilization were applied to maintain
optimal soil moisture and nutrient supply throughout the growing season. Pest and disease
management followed integrated pest management guidelines. The greenhouse was a
plastic-covered structure with metal frames and a natural ventilation system, designed to
maximize sunlight and protect plants from wind and excessive heat. It was provided with
a drip irrigation system to guarantee uniform water supply. The climate is semi-arid and
Mediterranean, with temperate winters and arid summers. To record the climate data, a
data logger Elitech GSP-6 (Elitech, Guangzhou, China) was installed in the greenhouse
and the daily temperature of the soil and the relative humidity levels of the air were
reported (Supplementary Materials, Figure S1A). Moreover, data from the SIAS (Service
informative Agrometeorological Sicilian) was requested and reported (Supplementary
Materials, Figure S1B).

A characterization of the soil was carried out before the experimental period. The
analyses were determined following the analytical methods described in Puglisi et al. [31]
and they are reported in Supplementary Table S1.

The microalgae extract was tested at a concentration calculated based on the organic
carbon (Corg) content of the extract, Corg = 1 mg Corg L−1, according to La Bella et al. [14].
The application of the microalgae-based extract was carried out through foliar spray on
tomato plants. Moreover, the effect of biostimulants was evaluated by simulating water
stress by a 30% reduction of the irrigation water and monitoring the oxidative stress of
the plants.

The first application of biostimulants was performed 15 days after transplantation
and was repeated every 15 days thereafter, for a total of three treatments. The set-up was a
completely random block design. The experimental trials were composed of 3 replicates
for treatment and each replicate was made up of 30 plants. The treatments were as fol-
lows: (i) control with a standard water supply (CTRL), (ii) treatment with 1 mg Corg L−1

Klebsormidium sp. K39 extract, with a standard water supply (Kleb), (iii) control exposed
to water stress (WS CTRL), (iv) treatment with 1 mg Corg L−1 Klebsormidium sp. K39 ex-
tract, exposed to water stress (WS Kleb). A standard mineral fertilization was performed
before planting, according to the standard production process of tomatoes, with a solid
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ternary fertilizer NPK made of NH4 NO3, KH2 PO4, and KNO3. Moreover, fertigation was
performed once a week.

Tomato cultivation was carried out for 4 months and at the end of the experimental
trial fresh leaves were sampled, frozen with liquid nitrogen, and stored at −80 ◦C for
further analysis. The fruits were collected during three harvesting events and analyzed.
All reagents used in this activities are provided by Sigma-Aldrich, St. Louis, MO, USA.

2.4. Measurements of Yield and Quality of Fruits

During the experimental trials, the following observations and measurements of plant
growth were performed: canopy cover, plant vigor, N-test, root surface. Canopy cover was
expressed as a percentage [32]. Further, plants’ visual vigor values were determined on
a sample scoring scale ranging from 1 (weak plant) to 10 (vigorous plant). Plant vigor is
a commonly used indicator of overall plant health and growth performance, reflecting the
combined effect of environmental conditions, nutrient availability, and applied treatments
on plant development. Monitoring plant vigor allows the detection of differences in
growth responses among treatments. The N-test (Konica, Minolta, Tokyo, Japan) is a non-
destructive assessment of the nitrogen status of the plant. It provides an estimation of N
content and hence the nutritional status by measuring the color, or chlorophyll index, of
the leaf. The root surface was evaluated using the app Canopeo (v1.1.7, Mathworks, Inc.,
Natick, MA, USA) as a percentage of root area against a green paper sheet placed under
the roots, which makes it easier for the app to distinguish between the roots and the
background, ensuring a more accurate percentage calculation [33].

During the ripening period, the fruits were harvested to determine the total fruit
weight and quality measurements. Fruit weight was measured by digital weighing balance
and the average was expressed in kilograms.

The total weight of the fruits was calculated by the following equation: kg marketable
fruits + kg unmarketable fruit−1 (kg plants−1).

Twenty ripened fruits were randomly selected for laboratory analyses as described
by Shao et al. [34]. The fruit firmness (kg cm−2) was detected by penetrometer, Digital
Texture Analyser mod. TA-XT2 (Stable Micro Systems, Godalming, UK). The total soluble
solids (TSS) of the tomato juice was detected with a refractometer Carl Zeiss 16531 (Zeiss,
Oberkochen, Germany) and expressed as ◦Brix. The titratable acidity (TA) was determined
by titrating 10 mL of juice with 0.1 N NaOH [35]. The ripening index (RI) was measured as
the ratio of TSS:TA.

2.5. Lycopene and Polyphenol Determination in Tomato Fruits

Lycopene was extracted from the tomato fruits with a hexane–ethanol–acetone (2:1:1)
mixture following the Sharma and Le Maguer [36] method. A sample of 1 g of blended
tomato was mixed with 25 mL of the mixture and then placed on the rotary mixer for 30 min.
Thereafter, distilled water was added and the mixing continued for another 2 min. The
obtained solution was separated into polar and no-polar layers. The blank was hexane and
the absorbance was measured at 502 nm (Jasco V-530 UV–vis spectrophotometer, JASCO,
Tokyo, Japan). The lycopene content was calculated using its specific extinction coefficient
of 3150 (E 1%, 1 cm) and expressed as mg 100 g−1 FW.

The total polyphenol content of the tomato fruits was determined following the Folin–
Ciocalteu colorimetric method [37]. The extract was prepared with 10 g of blended tomato
and 70% ethyl alcohol (v/v). After 2 h at 25 ◦C, the mixture was filtered. The extract
was diluted 1/10 and used for analysis. The reaction mixture was 0.5 mL of tomato
extract, the Folin–Ciocalteu reagent (diluted 1:10 with water), and sodium carbonate (7.5%).
For calibration curve preparation, aqueous gallic acid solution was used in the range of
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0.2–1.2 µM mL−1. After an incubation of 2 h at 20 ◦C, the absorption was measured at
740 nm (Jasco V-530 UV–vis spectrophotometer, JASCO, Tokyo, Japan). The activity was
expressed as mg of gallic acid equivalents 100 g−1 FW.

2.6. Total Protein Extraction from Tomato Leaves and Fruits

The total protein extraction from the leaves was determined following the method used
by Puglisi et al. [38]. Frozen tomato leaves were ground with an extraction buffer containing
220 mM of mannitol, 10 mM of cysteine, 1 mM of EGTA, and 5 of mM HEPES_KOH (pH 7.5)
in a 1:1.25 w/v ratio. The homogenate was then filtered and centrifuged at 13,000 rpm
for 30 min at 4 ◦C and the supernatant was again precipitated and recovered with solid
(NH4)2 SO4 at 55% saturation.

The protein extraction from the fruit was determined from 0.5 g of fruit with potassium
phosphate buffer 50 mM (pH 7.6) and 0.1 mM of disodium ethylenediaminetetraacetate.
Then, the mixture was centrifugated for 15 min at 15,000× g and the supernatant fraction
was used for enzymatic assays of catalase, superoxide dismutase, and ascorbate peroxidase.
The protein extraction for phenylalanine ammonia-lyase activity was performed from 5 g of
fruit using sodium borate buffer (pH 8.5) and 5 mM of β-mercaptoethanol as an extractant
solution. The extracts were then homogenized and centrifuged at 27,000× g at 4 ◦C for
40 min. The supernatants were used for PAL assay.

The total protein content was determined by the Bradford [39] method, using Bovine
Serum Albumin (BSA) as a standard curve, and expressed as mg protein g−1 FW [39].

2.7. Enzyme Activities in Tomato Tissues

The enzymatic activities of the tomato leaves were measured using the total protein
extract, as previously described. An aliquot (1 mL) was centrifuged at 15,000 rpm for 30 min
at 4 ◦C and the pellet was dissolved in the smallest volume possible with the appropriate
buffer for each enzymatic activity. The measurements of the enzymatic activities of the
tomato fruits were performed on fresh extracts. All activities were performed using three
replicates and were compared with a blank.

The catalase (CAT) activity of the tomato extracts was determined according to the
method by Aebi [40]. The reaction mixture, with a final volume of 3 mL, contained 50 mM
of potassium phosphate (pH 7.8), 10 mM of H2O2, and 50 µL of enzyme extract. For fruit
determination, the potassium phosphate buffer was at pH 7. The samples were read at
240 nm (Jasco V-530 UV–vis spectrophotometer), monitoring the decomposition of H2O2

for 1 min. The molar extinction coefficient was 36 mM−1 cm−1.
Measurement of the superoxide dismutase (SOD) activity was carried out as described

in Flohè et al. [41]. The assay mixture (3 mL) was made of 0.1 M of sodium phosphate buffer
(pH 7.6), H2O, 3 mM of EDTA, 1500 mM of sodium carbonate, 360 mM of L-methionine,
7.5 mM of NTB (nitro blue tetrazolium chloride), 1.5 mM of riboflavin and 100 µL of enzyme
extract. The mixture was incubated for 15 min, and the samples were read at 560 nm (Jasco
V-530 UV–vis spectrophotometer) and were expressed as units of activity per mg protein−1.

The ascorbate peroxidase (APX) activity was assayed by monitoring the initial ascor-
bate oxidation by H2O2 [42]. For the reaction, with a final volume of 3 mL, 100 µL of
enzyme extract solution was added to the assay mixture, containing 0,1 M of potassium
phosphate buffer (pH 7), 5 mM of ascorbic acid, 3 mM of EDTA, 9.7 mM of H2O2. The
activity was spectrophotometrically (Jasco V-530 UV–vis spectrophotometer) determined
at 290 nm, monitored for 2 min, and used a molar extinction coefficient of 2.8 mM−1 cm−1.
APX activity was expressed as µM C6H8O6 mg−1 protein.

The phenylalanine ammonia-lyase (PAL) activity on leaves was measured as reported
in Mori et al. [43]. The final mixture (1 mL) contained 100 mM of Tris-HCL buffer (pH 8.8),
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40 mM of phenylalanine, and the enzyme extract. The reaction mixture was incubated for
30 min at 37 ◦C, then stopped with 25% (v/v) TCA and was centrifuged at 10,000 rpm for
15 min at 4 ◦C. Then, the absorbance of the supernatant was read at 280 nm (Jasco V-530
UV–vis spectrophotometer). For PAL fruit determination, the assay was carried out as
described in Assis et al. [44]. 1 mL of enzyme extract was incubated for 60 min at 37 ◦C
with 50 mM of borate buffer (pH 8.8) and 20 mM of L-phenylalanine. The activity was
determined using a molar extinction coefficient of 16,890 L mol−1 cm−1 and was expressed
as nmol cinnamic acid h−1mg−1 protein.

All enzymatic activities were measured using three replicates, following separate
extractions.

2.8. Determination of Proline and Malondialdehyde

The proline content of the leaves was determined following the ninhydrin method
of Bates et al. [45], modified by Khedr et al. [46]. The frozen tomato leaves (1 g) were
homogenized in 3% aqueous sulphosalicylic acid. The supernatant was separated from the
pellet by centrifugation at 12,000× g for 10 min and it was mixed with glacial acetic acid
and a ninhydrin reagent in a 1:1 (v/v) ratio. The reaction mixture was incubated at 100 ◦C
for 1 h. Toluene, alongside other additions, was used for extraction, and the absorbance
of the organic phase was read at 520 nm (Jasco V-530 UV–vis spectrophotometer), using
toluene as a blank. The proline concentration was determined from a standard curve using
D-proline and the activity was expressed as µmolg−1 protein.

Malondialdehyde (MDA) content as a lipid peroxidation index was measured ac-
cording to Heath and Packer [47] for leaves. Samples (of 1 g) were homogenized in 10%
trichloroacetic acid (w/v). The mixture was centrifuged at 4000× g for 20 min. The su-
pernatant was recovered (2 mL) and was mixed with 0.67% 2-thiobarbituric acid. The
reaction mixture was incubated (at 95–100 ◦C) for 15 min and centrifuged at 4000× g for
20 min. The MDA content of the tomato fruit was determined following the method of
Hu et al. [48]. Fruit samples (of 5 g) were homogenized in 0.1% trichloroacetic acid. After
centrifugation (at 10,000× g for 20 min), 0.5 mL of supernatant was recovered and mixed
with 20% trichloroacetic acid (containing 0.5% thiobarbituric acid). The reaction mixture
was incubated at 100 ◦C for 30 min, stopped with ice, and then centrifugated at 15,000× g
for 10 min. The absorbance was measured in spectrophotometer (Jasco V-530 UV–vis) at
two different wavelengths, 532 and 660 nm, respectively. The MDA content was calculated
based on the extinction coefficient of 155 mM−1 cm−1 and expressed in µmol g−1 FW.

2.9. Statistical Analysis

The data were analyzed by one-way analysis of variance (ANOVA). The means were
compared using Tukey’s HSD test of least significant difference (p ≤ 0.05). The calculations
were carried out on Excel version 2019 (Microsoft Corporation, Redmond, WA, USA) and
SPSS for Analytics (version 29.0.0 (241), IBM SPSS for Analytics, IBM, Crayon Group, Kuala
Lumpur, Malaysia). A Pearson’s correlation test was conducted among the leaf and fruit
data separately, using SPSS software, integrating Excel.

3. Results
The morpho-biometric parameters of the tomato plants were monitored and the results

are shown in Table 2. No significant differences were observed in canopy cover, N-test, or
root surface. On the contrary, the plant vigor was significantly different between the CTRL
and Kleb groups under the standard growth condition, respective to their values in the
water stressed plants (WS CTRL and WS Kleb).
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Table 2. The morpho-biometric parameters of the tomato plants at the end of the experimental
trials. CTRL: control with a standard water supply; Kleb: treatment with Klebsormidium extract
with a standard water supply; WS CTRL: control exposed to water stress; WS Kleb: treatment with
Klebsormidium extract, exposed to water stress.

CTRL Kleb WS CTRL WS Kleb

Canopy cover (%) 15.64 ± 1.03 15 ± 0.33 16 ± 1.46 15.6 ± 0.41
Plant vigor 9 a ± 0.08 9.18 a ± 0.26 6.90 b ± 0.21 6.98 b ± 0.17

N-test 754.50 ± 146.8 696 ± 158.90 652.5 ± 131.25 673.25 ± 126.79
Root surface (%) 44.63 ± 1.34 50.25 ± 3.74 40.82 ± 2.69 41.22 ± 3.37

Different letters within each column indicate significant differences according to Tukey’s HSD test (p = 0.05).
Absence of letters indicates no significant differences.

Klebsormidium sp. K39 extract positively affects the yield traits of tomato plants, as the
total weight of fruits from the treated plants was always significantly greater than that of the
control (Figure 1). As expected, the control plants grown under standard conditions produced
more marketable fruits than those under water stress. The treatment with Kleb, in cumulative
samples of tomato, determined an increase in tomato yield of around 19% respective to the
control. Interestingly, the cumulative weight of the fruits grown under water stress and treated
with the microalgae extract (WS Kleb) was 35% higher than that of the not-treated plants
(WS CTRL) and significant in their similarity to the unstressed control (CTRL). The statistical
analyses for each sample are reported in Supplementary Table S3.
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Figure 1. The yield of tomato fruits from each sampling event. CTRL: control with a standard water
supply; Kleb: treatment with Klebsormidium extract with a standard water supply; WS CTRL: control
exposed to water stress; WS Kleb: treatment with Klebsormidium extract, exposed to water stress.
Different letters indicate significance according to Tukey’s HSD test (p = 0.05). Error bars indicate the
standard error of the mean.

Table 3 reports the tomato fruit quality parameters—TA, TSS, the ratio between soluble
sugar and total acidity (RI), and firmness—and shows no significant differences among
the treatments.
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The lycopene and polyphenol contents were determined for the tomato fruits (Figure 2).
The lycopene content (Figure 2A) was not affected by water stress, but a significant increase
of around 25% was recorded in Kleb-treated plants compared to the control plants. In
contrast, polyphenol content (Figure 2B) significantly increased in plants treated with Kleb
in both water supply conditions, reaching an increase of around 42% and 35% in Kleb and
WS Kleb, respectively.
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Figure 2. The lycopene (A) and polyphenol (B) contents of the tomato fruit samples. CTRL: control
with a standard water supply; Kleb: treatment with Klebsormidium extract with a standard water
supply; WS CTRL: control exposed to water stress; WS Kleb: treatment with Klebsormidium extract,
exposed to water stress. Different letters indicate significance according to Tukey’s HSD test (p = 0.05).
Error bars indicate the standard error of the mean.

The total protein content in the tomato leaves (Figure 3) was significantly influenced
by extract application, more evidently under the water stress condition (WS Kleb), reaching
an increase of around 30% compared to the stressed control. On the contrary, no significant
differences occurred in the control conditions, in either the stressed or not stressed plants.
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Table 3. The quality parameters of the tomato fruits. CTRL: control with a standard water supply;
Kleb: treatment with Klebsormidium extract with a standard water supply; WS CTRL: control exposed
to water stress; WS Kleb: treatment with Klebsormidium extract, exposed to water stress.

Samples CTRL Kleb WS CTRL WS Kleb

TA (% Citric Acid) 0.43 ± 0.06 0.38 ± 0.03 0.39 ± 0.05 0.41 ± 0.07
TSS (◦Brix) 7.07 ± 1.85 7.62 ± 0.81 7.36 ± 0.53 7.05 ± 0.13

RI (TSS/TA) 16.34 19.81 18.89 17.21
Firmness (kg cm2) 2.78 ± 0.17 2.73 ± 0.46 2.88 ± 0.86 2.67 ± 0.50

Absence of letters indicates no significant differences.

 

c

b

c

a

0

0.2

0.4

0.6

0.8

1

1.2

CTRL Kleb WS CTRL WS Kleb

To
ta

l p
ro

te
in

 (m
g 

pr
ot

ei
n 

g 
FW

-1
)

Figure 3. The total protein content in the leaves of the tomato plants. CTRL: control with a standard
water supply; Kleb: treatment with Klebsormidium extract with a standard water supply; WS CTRL:
control exposed to water stress; WS Kleb: treatment with Klebsormidium extract, exposed to water
stress. Different letters indicate significance according to Tukey’s HSD test (p = 0.05). Error bars
indicate the standard error of the mean.

The CAT activity in the leaves of the tomato plants under the stress conditions was con-
siderably higher than that recorded in plants cultivated under regular conditions (Figure 4A).

The analysis of the SOD activity in the leaves is shown in Figure 4B. Plants exposed to
water stress and treated with Klebsormidium (WS Kleb) extract showed significantly higher
activity, around 30%, with respect to the WS CTRL.

The APX activity in the tomato leaves is reported in Figure 4C. The activity of APX
was higher in plants exposed to water stress compared to those that were not stressed.

The PAL activity in the tomato leaves (Figure 4D) showed the highest value in the not
stressed plants treated with Kleb, reaching an increase of 13,6% with respect to the control.
The stressed plants showed comparable activity levels, in both cases higher than the value
observed in the not-stressed control plants.

As reported in Figure 5A, treatment with microalgae extract under water stress condi-
tions did not significantly influence the proline content.
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Figure 4. The catalase (CAT) activity (A), the superoxide dismutase (SOD) activity (B), the peroxide
ascorbate (APX) activity (C), and the phenylalanine ammonia lyase activity (D) in the leaves of the
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tomato plants. CTRL: control with a standard water supply; Kleb: treatment with Klebsormidium
extract with a standard water supply; WS CTRL: control exposed to water stress; WS Kleb: treatment
with Klebsormidium extract, exposed to water stress. Different letters indicate significance according
to Tukey’s HSD test (p = 0.05). Error bars indicate the standard error of the mean.
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Figure 5. The proline (A) and MDA (B) content of the leaves of the tomato plants. CTRL: control with
a standard water supply; Kleb: treatment with Klebsormidium extract, with a standard water supply;
WS CTRL: control exposed to water stress; WS Kleb: treatment with Klebsormidium extract, exposed
to water stress. Different letters indicate significance according to Tukey’s HSD test (p = 0.05). Error
bars indicate the standard error of the mean.

On the contrary, Kleb treatments strongly influenced the MDA levels of tomato plants
under stress water conditions. In particular, WS Kleb plants showed a decrease in MDA
content of approximately 58% compared to the stressed control plants. Interestingly, the
WS Kleb value was statistically similar to that of the CTRL and Kleb conditions (Figure 5B).

The effect of the treatments on the antioxidant enzymatic activities in the tomato fruits
was also evaluated and is reported in Figure 6.
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Figure 6. The catalase (CAT) activity (A), the superoxide dismutase (SOD) activity (B), the peroxide
ascorbate (APX) activity (C), and the phenylalanine ammonia-lyase (PAL) activity (D) in the fruits of
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the tomato plants. CTRL: control with a standard water supply; Kleb: treatment with Klebsormidium
extract with a standard water supply; WS CTRL: control exposed to water stress; WS Kleb: treatment
with Klebsormidium extract, exposed to water stress. Different letters indicate significance according to
Tukey’s HSD test (p = 0.05). Absence of letters indicates no significant differences. Error bars indicate
the standard error of the mean.

The CAT activity in the tomato fruits under stress conditions was considerably higher
than that of the control plants cultivated under regular settings and was not significantly
different between the microalgae-treated and untreated plants. Moreover, under stan-
dard conditions, Kleb-treated plants showed a value significantly higher (around 124%)
compared to the CTRL condition (Figure 6A).

The analysis of the SOD activity is shown in Figure 6B. Microalgae-treated and un-
treated plants exposed to water stress displayed significantly increased SOD values with
respect to the not stressed ones. On the contrary, in the APX activities, no significant
differences occurred (Figure 6C).

Finally, the PAL activity (Figure 6D) showed higher values for microalgae-treated
plants in both the stressed and non-stressed conditions. In particular, the Kleb condition
showed around 188% higher PAL activity respective to the control and the WS Kleb
condition had an activity around 84% higher than the WS CTRL condition.

Klebsormidium extract treatments strongly influenced the MDA content in the fruits
of tomato plants under water stress conditions. In particular, the WS Kleb condition
led to a decrease in MDA levels of approximately 19% compared to the stressed control.
Interestingly, the WS Kleb value was significantly similar to that of the CTRL and Kleb
conditions (Figure 7).
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Figure 7. The malondialdehyde content of tomato fruits subjected to microalgae treatments. CTRL:
control with a standard water supply; Kleb: treatment with Klebsormidium extract with a standard
water supply; WS CTRL: control exposed to water stress; WS Kleb: treatment with Klebsormidium
extract, exposed to water stress. Different letters indicate significance according to Tukey’s HSD test
(p = 0.05). Error bars indicate the standard error of the mean.

Correlations among the different parameters measured in tomato tissues were ana-
lyzed and displayed in two separate heatmaps, for the leaves (Figure 8A) and for the fruits
(Figure 8B).
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B 

A 

Figure 8. Pearson’s correlation coefficients of all the analyzed parameters of the leaves in the
experimental trials. Dataset: Canopy: canopy cover, N_test: N-test, Vigor: plant vigor, Root: root
surface, CAT: catalase, SOD: superoxide dismutase, APX: ascorbate peroxidase, Prol: proline, Prot:
protein, MDA: malondialdehyde, PAL: phenylalanine ammonia-lyase (A). Pearson’s correlation
coefficients of all the analyzed parameters of the fruits in the experimental trials. Dataset: TA: total
acidity, RI: refractometer index, TSS: total soluble solids, Firm: firmness, Lyc: lycopene, Weight:
total weight of fruits, Pol: polyphenols, SOD: superoxide dismutase, CAT: catalase, APX: ascorbate
peroxidase, MDA: malondialdehyde, PAL: phenylalanine ammonia-lyase (B).
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Regarding the leaves (Figure 8A), the plant vigor parameter was positively correlated
to the root surface and N-test values (r > 0.7). Instead, when plant vigor was plotted vs.
biochemical parameters, in particular, CAT (r = −0.85) and APX (r = −0.87), a negative cor-
relation was detected. Canopy cover showed a negative correlation with vigor (r = −0.71),
root surface (r = −0.92) and PAL activity (r = −0.73).

Protein content was found to be negatively correlated to MDA level (r = −0.55) and
positively related to PAL activity (r = 0.50).

SOD activity was correlated with CAT (r = 0.25) and APX (r = 0.48) activity. When
these activities were plotted vs. the PAL activity, they showed different relationships. SOD
and APX activity were positively related, with r = 0.29 and 0.32, respectively. On the
contrary, CAT activity was negatively related to PAL activity (r = −0.66). A moderate
positive correlation of APX activity was found with proline and protein content and with
MDA and PAL activity (0.32 < r < 0.51).

When the proline content was plotted vs. the MDA content, a negative correlation
was found (r = −0.58).

Regarding the tomato fruits (Figure 8B), the TSS showed a positive correlation with
the lycopene content (r = 0.81) and the RI (r = 0.95) and somewhat with the weight of fruits
(r = 0.34) and the polyphenols (r = 0.42). On the contrary, when the TSS were plotted vs.
the TA, a negative correlation was detected (r = −0.84).

The weight parameter was found to be negatively correlated to the enzyme activity,
such as that of SOD, CAT and APX, and the MDA content (−0.91 < r < −0.65).

Lycopene content was positively correlated to the weight and the polyphenols (r = 0.79)
and somewhat with PAL activity (r = 0.39).

Polyphenols, in turn, were positively correlated to PAL activity (r = 0.85) and nega-
tively related to firmness (r = −0.77), TA (r = −0.46) and APX activity (r = −0.88).

When the antioxidant enzymes were plotted vs. each other, SOD and CAT showed a
positive correlation, in particular, SOD is positively correlated with CAT activity (r = 0.77).
In addition, CAT activity was also correlated with the MDA content (r = 0.60) and PAL
activity (r = 0.64).

4. Discussion
Water stress is an important environmental factor that could influence the physiolog-

ical and biochemical responses of plants [31]. Several studies have evaluated the effect
of different types of microalgae and macroalgae extracts on several crops, but the effect
of Klebsormidium sp. K39 extract on tomato cultivation has never been tested before. The
distribution of 13C observed in the extract and the hydrophobicity index determined for
Klebsormidium sp. K39 (Table 1) are consistent with the findings reported by Barone et al. [28]
for Chlorella vulgaris and Scenedesmus quadricauda. These results confirm that microalgal
extracts are more hydrophobic than the corresponding biomass, a property that has been
associated with enhanced biostimulant activity in sugar beet [28].

In this study, regardless of water stress or microalgae extract treatment, no significant
effects on morpho-biometric parameters were detected (Table 2). Only plant vigor showed
differences between standard and stress conditions, as the water stress significantly reduced
this parameter (Table 2). The negative relationships between plant vigor and enzyme
activities (SOD, CAT, APX) and the proline, protein, and MDA content suggest that less
vigorous plants activate antioxidant stress-response mechanisms due to adverse conditions
(Figure 8A). Instead, the positive relationship of plant vigor vs. root surface indicates that
more vigorous plants enhance the development of their root surface, improving water and
nutrient uptake and reducing stress defense. These data are confirmed by the evidence that
drought stress strongly affects vigor in tomato seedlings, depending on tolerant tomato
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genotypes [49]. Furthermore, Machado et al. [50] found that, in young tomato plants grown
under 50% water stress, plant vigor decreased when the enzymes SOD, CAT, and APX were
activated, confirming the negative relationship between vigor and antioxidant responses.

Moreover, the results showed a significant increase in the yield of tomato fruits from
plants treated with Klebsormidium extract, either in standard or water stress conditions
(Figure 1). This improvement suggests a positive effect of the microalgae extract, improv-
ing nutrient uptake and stimulating plant fruit production, as indicated by the increased
quantity of marketable fruit obtained in the treated plants (Figure 1). The results showed
that the treated stressed plants reached a fruit yield comparable to that of non-stressed
control plants, thus suggesting a potential role of the extract in improving plant resilience.
The positive effects observed on tomato yield under water stress conditions with Kleb-
sormidium extract are in accordance with other findings, reporting that microalgae-based
biostimulants significantly improved plant performance, enhanced nutrient uptake, and
allowed the achievement of a fruit yield in the water stressed plants comparable to the
well-irrigated ones [51,52].

Although quality parameters such as TA, TSS, RI, and firmness were not significantly
affected (Table 3), differences in the secondary metabolite contents of fruits such as ly-
copene and polyphenols were observed (Figure 2). While lycopene content increased in
plants treated with the microalgae extract under standard conditions only (Figure 2A),
polyphenol content significantly increased in the fruits treated with the microalgae extract
under stressed conditions, also (Figure 2B). This suggests that the microalgal treatment
may activate the phenylpropanoid pathway, promoting the accumulation of these bioactive
compounds [19]. A positive relationship was also found between lycopene and polyphe-
nols suggesting that, although they are involved in different metabolic pathways, their
biosynthesis may be affected by oxidative stress and microalgae application. The nega-
tive relationship observed between polyphenols and firmness and TA suggests that high
polyphenol levels are related to mature fruits, justifying minor levels of firmness and acid
content in fruits. Farid et al. [53] supported this hypothesis, showing that foliar appli-
cation of polysaccharides extracted from Chlorella vulgaris and Chlorella sorokiniana can
significantly increase both lycopene and polyphenol concentrations in tomato fruits under
both water stress and standard conditions. Although the accumulation of lycopene and
polyphenols does not seem to be correlated to the water stress, it seems strictly related to
the microalgae extract treatment, posing a positive trait of the nutritional quality of the
fruits as these bioactive constituents have antioxidant, anti-mutagenic, anti-proliferative,
anti-inflammatory, and anti-atherogenic activities, playing a protective role in humans
against various degenerative diseases [54].

The increase in total protein content in the leaves of tomato under WS Kleb treatment
suggests that the application of microalgae extracts enhances protein accumulation and
this may have a potential role in mitigating the negative effects of water stress on the
protein metabolism of tomato plants (Figure 3). These results are in accordance with the
previous studies of Marques et al. [55], who have demonstrated the role of microalgae in
activating metabolic pathways related to protein synthesis and stress response in plants. In
fact, plants have defense mechanisms that include increased protein levels in tissues. Some
proteins are essential for reactive oxygen species (ROS-sequestering ability), protecting
the cell membranes [55]. This suggests that the increase in protein synthesis induced
by microalgae application directly influences the plant’s ability to support its resilience.
Indeed, microalgae are known for their ability to produce bioactive compounds that can
act as elicitors of defense and adaptation responses in plants [56]. Furthermore, in leaves, a
negative correlation was found when protein content was plotted vs. MDA (Figure 8A).
MDA is a biomarker of lipid peroxidation and oxidative stress; this negative correlation
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suggests that the higher protein levels can reduce oxidative damage. Moreover, a positive
correlation of protein vs. PAL activity suggests a potential correlation between protein
synthesis and the activation of phenylpropanoids compound synthesis.

Plants have defenses against oxidative damage including physiological and biochemi-
cal status changes, which may be enhanced by using biostimulants to facilitate protection
and improve plant tolerance to abiotic stress [57]. In this study, the ability to counteract wa-
ter stress was also evaluated by monitoring the activities of the antioxidant enzymes CAT,
SOD, and APX in leaves (Figure 4A–C). As expected, CAT activity significantly increased
under water stress conditions but decreased in microalgae-treated plants under standard
conditions, suggesting a potential mitigating effect of microalgal extracts on oxidative
stress under regular growth conditions of tomato plants. These results are in accordance
with Silva et al. [58], who reported that in tomato plants treated with a natural antioxidant
peptide, CAT activity decreased under well-watered conditions, while remaining elevated
under water stress conditions, indicating treatment-specific modulation of antioxidant
responses. SOD is another important antioxidant enzyme that increases the recovery of
the plant after a period of water stress, catalyzing the dismutation of superoxide anion
into hydrogen peroxide and molecular oxygen. Subsequently, other antioxidant enzymes,
including CAT, detoxify hydrogen peroxide to water [59]. In this experiment, the SOD
activity in tomato plants exposed to water stress and treated with Klebsormidium extract (WS
Kleb) was significantly higher than the stressed control and all other treatments (Figure 4B),
thus suggesting that the extract may enhance the ability of tomato plants to neutralize the
free radicals generated during water stress via increased SOD activity. It is well-known
that SOD plays a key role in mitigating oxidative damage under water stress conditions,
although the antioxidant response to stress is rather complex. For instance, in tomato
plants, an increase in SOD activity under water-deficit stress has been consistently ob-
served, highlighting its central function in scavenging superoxide radicals and initiating
cellular defense [60–62]. Saed-Moucheshi et al. [63] demonstrated that SOD was the most
responsive antioxidant enzyme under water deficit, confirming its predominant role, and
Patanè et al. [64] showed a correlation between SOD activity and water stress. Moreover, in
tomato plants, CAT and SOD activity can respond differently to abiotic stresses depending
on the different genotype. While SOD activity generally increases under water deficit
across various tomato genotypes, CAT activity shows a more variable response and is often
correlated with stress tolerance in specific genotypes only [65,66].

Accordingly to the other antioxidant activities, APX activity was higher in tomato
plants under water stress than in plants under normal conditions. The application of mi-
croalgae extract did not significantly influence APX activity in stress conditions, whereas the
microalgae treatment increased APX activity in the standard control conditions (Figure 4C).
As mentioned above regarding CAT, SOD represents the first line of defense from ROS
and APX, as well as CAT, can show a more variable response. This variability depends on
different factors such as the availability of ascorbate as substrate, intracellular localization,
and the hydrogen peroxide levels. Consequently, APX activity could not always mirror
SOD activity, highlighting the complexity and dynamic nature of the plant’s antioxidant
defense system under stress conditions [67]. PAL activity results (Figure 4D), in leaves,
suggesting that treatment with Klebsormidium sp. K39 extract enhances this enzymatic
response under standard conditions, whereas under water stress conditions the level of
PAL activity does not differ significantly between treated and untreated plants, although
their values are always greater than the unstressed control. These results are according to
previous studies that have demonstrated the role of microalgae in increasing content of
total phenolics compound [68,69].
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The correlation analysis in leaves showed a positive relationship between the three
antioxidant activities (CAT, SOD, and APX), confirming their cooperative role in the an-
tioxidant system to mitigate oxidative damage under water stress conditions (Figure 8A).
Additionally, the negative correlation between CAT and PAL activity contrasts with the pos-
itive correlation observed when APX was plotted vs. PAL activity. This different response
may be explained by the different roles of catalase and superoxide dismutase/ascorbate
peroxidase. Several studies confirmed that H2O2 activates the phenylpropanoid pathway
and its concentration upregulates PAL expression in response to stress [70]. This suggests
that CAT activity rapidly detoxifies H2O2, preventing the necessary signaling required for
PAL activation. Instead, APX modulates H2O2 levels gradually [71], suggesting a possible
action of the activation of the phenylpropanoid pathway.

Proline content in leaves (Figure 6A) was not affected by water stress conditions, thus
suggesting that the metabolic pathway involved in the response to stress does not involve
this amino acid [31]. In fact, although proline accumulation plays a crucial role in water
stress tolerance, the constant proline level in leaves under water stress suggests that proline
accumulation is not the primary metabolic pathway involved in the plant’s immediate
response to the stress [72]. Instead, MDA concentration indicates the severity of damage
occurring, because it is one of the consequences of the peroxidation of polyunsaturated
fatty acids in cells [64]. In this study, MDA level was significantly increased in stressed
plant leaves (Figure 6B). Interestingly, a significant decrease of around 58% was observed
in treated plants, reducing MDA levels to those of the control under standard conditions
(CTRL). This suggests a potential antioxidant effect of Klebsormidium extract in reducing
oxidative stress in tomato plants. Indeed, as confirmed by other studies, MDA is a strong
indicator of stress-induced oxidative damage [2,8]. The correlation analysis showed a
positive relationship between proline content and APX activity and a negative correlation
when proline content was plotted vs. MDA level, thus suggesting that APX plays an
important role in mitigating oxidative damage. On the contrary, the negative correlation
of proline content vs. MDA level supports the idea that proline has a protective action.
Despite no significant differences in proline content, its relationship with APX activity and
MDA level suggests an indirect role in enhancing the plant’s resilience to abiotic stress.

A high level of ROS can decrease the quality of tomato fruits by promoting oxida-
tive damage to cellular structures such as membranes, pigments, and enzymes. How-
ever, the presence of antioxidant enzyme activities improves the primary and secondary
metabolisms, enhancing both shelf-life and overall quality of fruits during ripening [60,73].
In this study, the antioxidant enzymes in tomato fruits were also determined (Figure 6) in
order to better understand their role in counteracting oxidative damage and maintaining
fruit quality under water deficit conditions. Regardless of Klebsormidium extract application,
according to Dere et al. [60], the activity of SOD and CAT increased under water stress
conditions, suggesting that the microalgae extract treatment does not significantly influ-
ence fruit response. This confirms the role of CAT in detoxifying H2O2 during oxidative
damage in fruits. SOD activity was influenced by oxidative stress in fruits, in contrast to
the response observed in leaves, indicating a tissue-specific regulation and severity of the
oxidative stress [74]. For APX activity, fruits showed no significant difference despite the
microalgae extract treatment and stress, suggesting that the APX response in fruits is less
sensitive to water stress and microalgae application than in leaves. Moreover, previous
studies showed that APX activity can be influenced by the localization and H2O2 levels [71].
The positive correlation between SOD and other enzymatic activities in fruits (Figure 8B)
suggests a coordinated and complex response to oxidative stress. Moreover, CAT activity
showed a positive relationship with PAL activity, thus suggesting a key role of secondary
metabolism for fruits to mitigate oxidative damage. However, lycopene showed a nega-
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tive correlation with CAT, SOD, and APX activities, suggesting that in mature fruits, the
enzymatic antioxidant defense declines and other protective mechanisms increase, such as
the production of no-enzymatic antioxidant compounds [75]. Probably, this shift reflects
a transition from active enzymatic stress protection to passive chemical defense as fruits
reach their full ripeness.

PAL activity in fruits demonstrated a significant increase in microalgae-treated plants
under water stress (Figure 6D). This suggests the enzyme’s involvement in the mitigation
of stress by enhancing secondary metabolism, which improves fruit quality. Positive
correlation between PAL activity and polyphenol content confirmed the biological and
biochemical correlation (Figure 8B). In fact, PAL is the key enzyme in the phenylpropanoid
pathway, driving the synthesis of polyphenols as a protective antioxidant mechanism,
which can also improve the resilience and nutritional value of fruits. However, the negative
correlation of PAL with TA and firmness suggests that PAL increases during ripening and
stress responses. In fact, during fruit maturation, organic acids are metabolized, causing
a decline in acidity content. Therefore, although PAL is beneficial for stress tolerance, its
upregulation may accelerate certain ripening-associated processes, which potentially may
shorten postharvest stability [76].

Our results showed that MDA is accumulated in tomato fruits during water stress
(Figure 7), in accordance with the findings of Azuma et al. [74]. However, the Klebsormidium
extract is successful in causing a significant reduction in MDA levels, decreasing cell
membrane damage by around 19%, hence reducing the oxidative damage also at the fruit
level. Notably, these results suggest that this microalgae biostimulant may confer partial
membrane protection by enhancing antioxidant defenses or reducing ROS generation,
thus highlighting its potential role in improving plant stress tolerance and promoting crop
quality under water stress conditions.

Finally, a preliminary cost–benefit consideration highlights the negligible cost of the mi-
croalgal input used in this study. Based on the application volumes (750 L ha−1 followed by
two applications of 1000 L ha−1), the total carbon supplied corresponds to 2.75 g Corg ha−1,
equivalent to approximately 5.5 g of dry microalgal biomass. When contextualized within
current techno-economic analyses (TEA), this amount of biomass represents an extremely
small economic input. Large-scale TEA studies report minimum biomass production costs
of 1.38–2.04 USD kg−1 (depending on Current Change, CC, EUR 1.18–1.74 kg−1) for batch
cultivation in open raceway ponds [1]. Industrial production in tubular photobioreac-
tors followed by downstream processing is more expensive, with reported values of USD
60–65 kg−1 (CC EUR 51.12–55.38 kg−1 [2]. Even under the most conservative of these sce-
narios, in our study the 5.5 g of biomass applied to the 14.280 plants ha−1 (considering the
density used in this experimental trial) corresponds to a microalgal extract cost around USD
0.35 ha−1 (CC EUR 0.30 ha−1), although under our experimental conditions the costs asso-
ciated with CO2 supply and nutrient provision should not be considered. When compared
with the yield improvements (~19% in non-stressed plants and ~35% in stressed plants),
it becomes evident that the agronomic benefit exceeds the microalgal extract input cost,
supporting the economic feasibility of this innovative microalgae-based plant biostimulant.
Indeed, considering that growers obtain approximately USD 0.59 kg−1 of fresh tomatoes
(CC EUR 0.50 kg−1), and assuming an average surplus yield of about 2 kg of tomatoes
per plant under both standard and stress conditions (Figure 1), the estimated additional
economic return amounts to approximately USD 16.850 ha−1 (CC EUR 14.280 ha−1).

5. Conclusions
The innovative aspect of this work is related to its application of a novel microalgal extract

from Klebsormidium sp. K39, derived from a cost-effective biomass obtained by phycoreme-
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diation of wastewater, as a biostimulant in the mitigation of water stress,. It is remarkable
that this study represents the first investigation reporting the use of Klebsormidium extract for
increasing the response of tomato plants to water stress.

Overall, the results obtained confirm our initial hypothesis that the foliar application
of the Klebsormidium K39 extract can enhance tomato tolerance to water stress, improving
yield performance and modulating key antioxidant enzyme responses, thus supporting its
potential use as an innovative and sustainable biostimulant. In fact, the extract improved
tomato yield under water stress and enhanced specific antioxidant and secondary metabolic
responses, indicating its potential to boost plant resilience.

In conclusion, Klebsormidium extract emerges as a promising and sustainable strategy to
improve tomato productivity under water-limited conditions, while microalgae cultivation
in wastewater reduces production costs. To fully exploit its potential, further research is
required to clarify the underlying mechanisms and evaluate its long-term effectiveness
across different tomato cultivars and other crops.
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