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Abstract: The world’s population continues to grow while available natural resources, such as arable
land, water, and quality soil, are decreasing. Therefore, it is essential to implement environmentally
friendly crop management strategies, which include the use of biostimulants. This study analysed
the effects on strawberry plants of ActyseiTM and Phylgreen®, two commercial biostimulants based
on extracts of the seaweed Ascophyllum nodosum. The study was conducted under field capacity
(regular irrigation) and at 50% field capacity (mild water stress conditions) for 12 weeks. Different
growth parameters of the aerial parts of the plants were measured weekly, such as the number of
leaves, length of the longest leaf, leaf area, and the number of flowers and fruits produced, as well
as the chlorophyll content, determined with a single-photon avalanche diode (SPAD) detector. At
the end of the experiment, the plant material was collected, and the roots and aerial parts were
weighed separately to obtain the fresh and dry weight of the samples. Fruit quality was assessed by
analysing morphological parameters (weight and size) and some biochemical variables (proline, total
soluble sugars, and antioxidant compounds contents). ActyseiTM application generally enhanced
plant growth in control plants and under mild water stress conditions, even though root weight was
reduced. In contrast, no significant effect of Phylgreen® on vegetative growth was observed, except
for stimulating the root growth of plants watered at field capacity. Both biostimulants, Phylgreen® to
a greater extent, showed an impact on the plants already seven weeks after their initial application,
stimulating flower and fruit production, especially at field capacity.

Keywords: algae extracts; Fragaria × ananassa; biostimulants; antioxidant compounds; proline

1. Introduction

The demand for food is increasing as the world’s population grows. By 2050, the
world’s population is expected to reach almost 10 × 109 people [1], while available arable
land, water, and soil quality are decreasing [2]. One of the major challenges facing agricul-
ture today is increasing crop production while maintaining environmental sustainability
in light of this future scenario. It is, therefore, imperative to develop crop management
strategies that do not have a negative impact on the environment. For this reason, the use
of biostimulants is gaining importance worldwide. Biostimulants are considered environ-
mentally friendly substances or microorganisms whose function is to stimulate natural
processes that improve nutrient uptake and assimilation, alleviate abiotic stress, or improve
some agronomic characteristics [3,4].

Agriculture 2023, 13, 2108. https://doi.org/10.3390/agriculture13112108 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture13112108
https://doi.org/10.3390/agriculture13112108
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-4186-334X
https://orcid.org/0000-0003-2735-8734
https://orcid.org/0000-0003-3242-3879
https://orcid.org/0000-0002-9691-4223
https://orcid.org/0000-0001-5076-3784
https://orcid.org/0000-0002-8273-2576
https://doi.org/10.3390/agriculture13112108
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture13112108?type=check_update&version=1


Agriculture 2023, 13, 2108 2 of 17

The use of seaweed in agriculture has been commonplace for a long time, but only
recently have their biostimulant effects become known, representing at present more than
33% of the biostimulant market [5]. This is largely because seaweed extracts are considered
environmentally friendly, readily biodegradable, non-toxic, and safe for humans, animals,
and the environment [6]. The seaweed used in this study was Ascophyllum nodosum (L.)
Le Jolis, which belongs to the brown algae group. It is the most widely used seaweed to
manufacture agricultural products [7] and was the source of the first liquid seaweed extract
commercialised [8]. Some studies indicate its stimulating action on seed germination, an
invigorating action on seedlings, increased root growth, earlier flowering, and a delay in
senescence. It is also involved in fruit ripening, increase in crop yield, and nutritional
quality [5,7]. Other studies on different seaweed extracts reported increased activity of
beneficial microorganisms in the rhizosphere and boosted plant tolerance to different types
of abiotic stresses and plant defence against pests and diseases [7–10]. These functions
are mainly attributed to the presence of bioactive compounds in the extracts. Most of
these compounds are auxins and cytokinins, but other growth regulators, such as abscisic
acid, gibberellins, salicylic acid, polyamines, and ethylene, have also been reported [11–15].
Polysaccharides are also bioactive compounds present in marine algae, constituting the
structural component of their cell walls or food reserves. In brown algae, the polysaccha-
rides found in the greatest quantities are alginates and fucoidans [9,16], which improve
plant physiological processes related to growth and development [7]. They also boost
immunity against pathogenic organisms and are involved in abiotic stress tolerance [17,18].
In addition to growth regulators and polysaccharides, seaweed extracts also contain amino
acids; polyunsaturated fatty acids; vitamins B, C, E, and K; and sterols that have all been
shown to activate defence mechanisms and aid crop growth [5,16,19]. Osmoprotectants
have also been identified as beneficial for crops exposed to stresses with an osmotic com-
ponent [20–22]. Seaweed extracts contain antioxidant compounds, such as flavonoids,
phenolic compounds, tocopherols, ascorbic acid, terpenoids, and carotenoids [7], and also a
large variety of macro- and micronutrients [19,23]. Using seaweeds as biodegradable, non-
toxic, non-polluting, and non-hazardous plant biostimulants is auspicious, representing an
area of active research [6,8,24].

Strawberry is one of the most important fruit crops, with a 20% increase in its culti-
vation area globally in the last decade [25]. Consumers’ demand steadily increases due
to its exceptional sensorial quality, high nutritional value, and antioxidant benefits [26].
Strawberries require high external inputs regarding soil management, irrigation, and fer-
tilisation [27], but have also been reported as one of the fruits with the highest pesticide
residues [28]. Therefore, there is an increasing number of studies related to the beneficial
use of biostimulants to enhance their production [25,29–31]. Nowadays, strawberries are
grown all year round, thanks to greenhouses. However, their cultivation requires constant
watering, which may be problematic in some areas due to the scarcity of this natural
resource; this is likely to be worsened by global warming. Therefore, finding biostimu-
lants with beneficial effects under reduced irrigation is of great interest. This study was
undertaken to evaluate the growth and productivity of strawberry plants treated with two
biostimulants based on Ascophyllum nodosum algae extracts and grown under two irrigation
regimes, at field capacity and under mild water stress (50% field capacity). Vegetative
and reproductive parameters, such as leaf area, leaf length, number of leaves, chlorophyll
content, number of flowers and fruits, and the weight and final size of fruits, were analysed
in the plants during and at the end of the trial. Biochemical analyses of fruits were also
performed to quantify the concentrations of total soluble sugars, proline, total phenolics,
and flavonoids.

2. Materials and Methods
2.1. Plant Material

Experiments were performed in 2021 on commercial strawberry, Fragaria × ananassa
(Duchesne ex Weston) Duchesne ex Rozier, variety Camarosa, one of the most cultivated
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varieties worldwide due to its good adaptation to different climates. Moreover, it is a
very early variety; it starts fruiting in December, is very productive, and its fruits are
of high quality [32]. Plants were purchased from the nursery Planters Peris in Valencia,
Spain, at the 2–3 true leaves seedling stage, and were transplanted individually into 2.5 L
pots. The substrate used for all pots was a mixture of peat and perlite in a 3:1 ratio. After
transplanting, the plants were separated into trays according to the treatment they were
to undergo and watered until the water retention capacity of the substrate was exceeded,
allowing them to drip.

2.2. Growing Conditions, Biostimulant Application and Water Stress Treatments

Plants were grown in a greenhouse under the conditions indicated in Table 1. Each
treatment consisted of six pots, each with a strawberry plant, placed in a plastic tray. The
trays were rotated weekly to receive the same amount of direct sunlight. The different
treatments consisted of two irrigation levels: one at the field capacity, i.e., 70% of substrate
moisture measured with a WET-2 Sensor (Delta T Devices, Cambridge, UK), and another
one under (mild) water stress at 50% field capacity, i.e., 35% of substrate moisture. To ensure
these levels, the substrate moisture was measured before each irrigation. The volume of
water needed for each pot was applied according to the moisture level to be maintained.
Watering was carried out weekly and before the application of the biostimulants to avoid
their loss through leaching. Biostimulants were applied once all the plants had been
watered so they were at the corresponding humidity. The two biostimulants used in this
study are obtained from the brown algae Ascophylum nodosoum. Phylgreen® is a 100%
(pure) seaweed extract obtained by natural cold extraction, containing 1.2% w/w (1.3%
w/v) mannitol and 2% w/w (2.2% w/v) alginic acid, dry matter (from seaweed extract):
15% w/w (16.5% w/v). ActyseiTM is a formulation developed from an extract of the same
seaweed, also containing 0.7% mannitol, 2% glycine, 1% organic N, 1% P, and 8% K. Both
products were already available on the market during the trial and registered as special
algae-based fertilisers according to Spanish fertiliser regulations.

Table 1. Greenhouse temperature and relative humidity conditions during the experimental period.

Period
Temperature (◦C) Relative Humidity (%)

Mean Max Min Mean Max Min

February 2021 19.46 33.03 14.84 55.53 75.03 19.46
March 2021 20.49 37.07 11.83 53.41 87.66 14.92
April 2021 20.84 36.04 12.92 59.46 59.46 59.46
May 2021 24.16 39.46 16.82 56.39 86.17 19.52
June 2021 26.07 39.91 17.56 57.72 84.31 15.38

The study included six experimental variants: three treatments at field capacity (i.e.,
70% substrate moisture), including plants not treated with biostimulants (control), treated
with ActyseiTM or with Phylgreen®, and the same three groups of plants grown at 50%
of field capacity (i.e., 35% substrate moisture). In all treatments, the number of replicates
was six individual plants. The applied dose of each biostimulant was 3 mL L−1, as recom-
mended by the manufacturer. Due to the density of the products and for better absorption
by the plants, the required volume of each biostimulant was thoroughly mixed with 50 mL
of water per pot and applied directly to the pot’s substrate. The same volume of water was
added to the pots from the treatments without biostimulants to avoid possible differences
in water stress levels.

2.3. Chlorophyll Measurement and Analyses of Physical Parameters

Chlorophyll content was measured using the Konica Minolta SPAD-502 Plus, calculat-
ing the average of ten measurements per plant. Flowers and fruits produced were counted
weekly. As they ripened, the fruits were weighed, and length and width measurements
were taken for each fruit with the help of a digital calliper. After 12 weeks, all plants were
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removed from the pots and washed with water to separate the peat and perlite adhering to
the roots. Once the substrate was removed, photographs of the whole plant were taken to
obtain the leaf area and the final length of each plant. Both measurements were performed
with the Digimizer v.4.6.1 software (MedCalc Software, Ostend, Belgium, 2005–2016). Each
plant was separated into aerial and root parts and weighed with a precision balance. Once
the fresh weights of each plant part were recorded, they were transferred to an oven main-
tained at a constant temperature of 60 ◦C for seven days for subsequent measurement of
dry weights.

2.4. Biochemical Analyses of Fruits

Total soluble sugars (TSS), proline (Pro), total phenolic compounds (TPC), and total
flavonoids (TF) were analysed in fruits produced by the strawberry plants and stored at
−20 ◦C. Fruits were sampled gradually throughout the experiment and stored at −20 ◦C in
separate pools for each treatment. For biochemical analysis, ten fruits were randomly taken
from each group. Methanolic extracts were prepared to quantitatively estimate the fruits’
TSS, TPC, and TF contents. Fresh fruit samples (0.5 g) were homogenised in 750 µL of
80% methanol (v/v), and extraction was allowed to take place overnight at 4 ◦C, followed
by centrifugation at 13,300× g for 10 min. The clear supernatant was collected, stored at
−80 ◦C, and subsequently used for biochemical assays.

The method described by Dubois et al. [33] was used to determine TSS. To the
methanolic extracts, 5% phenol (v/v) and concentrated sulphuric acid were added to
induce caramelisation of the extracted sugars via an exothermic reaction. After incubation
for 20 min at room temperature, TSS were quantified spectrophotometrically by measuring
the absorbance at 490 nm. A standard curve was prepared using known glucose concentra-
tions, and the TSS content in the samples was expressed as equivalents of glucose (mg eq.
glucose g−1 FW).

Pro was quantified according to the classical method by Bates et al. [34]. Freshly
ground fruit material (0.5 g) was extracted in 3% aqueous sulphosalicylic acid (w/v) and
mixed with acid ninhydrin. Afterwards, samples were incubated in a water bath for
one hour at 98 ◦C and subsequently cooled on ice, followed by extraction with toluene.
Spectrophotometric estimation of Pro concentration was performed by measuring the
absorbance of the organic phase at 520 nm. Solutions with known Pro concentrations were
assayed in parallel to obtain a standard curve. Pro concentration was finally calculated in
nmol g−1 FW.

Methanolic extracts were used for the spectrophotometric analyses of antioxidant
compounds, TPC and TF. The TPC content in the sample was determined following the
protocol of Blainski et al. [35], based on the reaction with the Folin–Ciocalteu reagent (FCR)
and sodium bicarbonate (Na2CO3). The samples were incubated at room temperature for
90 min in the dark, and the absorbance was measured at 765 nm. Gallic acid (GA) was
used to prepare a standard curve, and TPC contents were expressed as mg eq. GA g−1

DW. The TF content was quantified spectrophotometrically using the method developed by
Zhishen et al. [36]. To the methanolic extract of each sample, sodium nitrite (NaNO2) was
added, leading to the nitration of aromatic rings containing a catechol group, followed by
the addition of aluminium chloride (AlCl3) at basic pH. The absorbance of the samples was
measured at 510 nm, and the TF contents were expressed as equivalents of the standard
catechin (mg eq. C g−1 DW).

2.5. Statistical Analyses

The analysis of variance of the data was performed using IBM SPSS Statistics v.
23.0 for Windows (IBM Corp., Armonk, NY, USA) software. To analyse the influence
of the biostimulants on the plants’ vegetative and reproductive parameters, a one-way
ANOVA was conducted independently for plants grown at 70% and 35% substrate moisture.
The Tukey Honestly significant difference (HSD) post hoc test was applied to identify
statistically significant differences between the treatments’ mean values, with a significance
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level of p < 0.05. The effect of substrate moisture, the biostimulant treatment, and their
interactions were analysed by performing a two-way ANOVA with all analysed traits.

Finally, a principal component analysis (PCA) was performed using Statgraphics
Centurion package version XVII (Statgraphics Technologies, The Plains, VA, USA) to
explain the variation of the dataset under the two levels of substrate moisture and three
treatments (control and two biostimulants) using mean values of all analysed morphological
and biochemical traits. The dimensionality of the multivariate data was reduced to the
first two principal components and expressed graphically in a PCA biplot, indicating both
variable loadings and sample scores.

3. Results
3.1. Vegetative Growth

The effect of the two applied biostimulants on the plants grown under two different
irrigation regimes (as indicated in Section 2.2), was studied compared with control plants
without biostimulants. Although some growth parameters were determined throughout
the 12 weeks of the experiment, the statistical analysis was performed with the final data
when the plants were sampled. The results of a two-way ANOVA considering the effect on
growth parameters of the field capacity, the biostimulant treatment, and their interaction
are shown in Table 2. Watering at 50% field capacity caused very mild water stress on
the plants, reflected only in significant changes in the fresh weight of roots (RFW) and
chlorophyll content in leaves, not affecting any of the additional growth variables analysed
(Table 2). On the contrary, the biostimulant treatments significantly affected all growth
parameters, except the leaf number, compared to the control treatment. The interaction
between the water deficit and the biostimulant treatments was significant only for the leaf
fresh and dry weight (Table 2).

Table 2. Two-way ANOVA (F values) considering the effect of the substrate moisture (A), biostimulant
treatment (B), and their interaction (A × B) on growth parameters measured in strawberry plants
after 12 weeks of treatment. Abbreviations: LN, number of leaves; LLL, length of the longest leaf; LA,
leaf area; Chl, chlorophyll content in leaves (SPAD); RFW, root fresh weight, LFW, leaf fresh weight;
RDW, root dry weight; LDW, leaf dry weight.

Parameter Substrate Moisture (A) Treatment (B) A × B

LN 0.12 ns 1.24 ns 1.35 ns

LLL 3.08 ns 6.59 ** 0.38 ns

LA 2.04 ns 4.99 * 1.03 ns

Chl 19.61 *** 14.66 *** 0.98 ns

RFW 20.76 *** 25.52 *** 2.10 ns

LFW 3.45 ns 6.10 ** 4.70 *
RDW 1.37 ns 6.38 ** 1.77 ns

LDW 2.24 ns 2.86 ** 0.76 **
*, **, *** significant at p = 0.05, 0.01 and 0.001, respectively; ns: not significant.

The number of leaves (LN) at field capacity showed a non-significant variation between
the treatments (Figure 1a). At 50% field capacity, the biostimulants, especially Phylgreen®,
increased the average number of leaves compared to control plants, but the differences
in LN between treatments were not statistically significant (Figure 1a, Table 2). On the
contrary, treatment with ActyseiTM caused a significant increase in the two other foliar
parameters analysed, namely, the length of the longest leaf (LLL) (Figure 1b) and the
leaf area (LA) (Figure 1c), whereas Phylgreen® treatment showed no significant effect
(Figure 1b,c). Similarly, ActyseiTM (but not Phylgreen®) treatment increased the mean value
of chlorophyll contents, although the difference with control plants was significant only at
50% field capacity (Figure 1d).
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Figure 1. Foliar parameters after 12 weeks of the indicated treatments: (a) leaf number (LN); (b) length
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means with SD (n = 6). Different lowercase letters over the bars indicate significant differences
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The effects of the tested biostimulants on plant biomass at the end of the 12-week
treatments are shown in Figure 2. In agreement with the above data on foliar parameters
(Figure 1b,c), ActyseiTM treatments with irrigation at field capacity led to a significant
increase in the biomass of the plants’ aerial part, both in terms of leaf fresh weight (ca.
1.7-fold higher than the control) and dry weight (1.6-fold). Reducing field capacity to 50%
resulted in non-significant differences in LFW and LDW between the ActyseiTM-treated
and control plants (Figure 2b,d). Interestingly, this biostimulant had the opposite effect on
root biomass, reducing the average fresh and dry weight of the roots at field capacity and
50% FC; the differences between ActyseiTM-treated and control plants were statistically
significant in all cases, except for the root DW at FC (Figure 2a,c). The biostimulant
Phylgreen®, on the other hand, showed no effect on plant biomass accumulation, except for
a slight (but significant) increase in root FW at FC compared to the corresponding control
plants (Figure 2a).
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(b) leaf fresh weight (LFW); (c) root dry weight (RDW); (d) leaf dry weight (RDW). Bars represent
means with SD (n = 6). Different lowercase letters over the bars indicate significant differences
between treatments according to the Tukey test (p < 0.05), at field capacity (FC) or 50% field capacity
(50% FC).

3.2. Reproductive Traits

The number of flowers and fruits produced by the plants was recorded weekly
(Figure 3). In all treatments, two peaks were registered for flowering, the first in the second
week and the second in the eighth week. By the end of the first half of the experiment, i.e.,
in the sixth week, flowering almost ceased in all treatments, but a second period started in
the following week. Flowering phenology was similar in all plants that received abundant
irrigation at field capacity (Figure 3a), and flower production showed similar variations
throughout the 12 weeks. However, the number of flowers registered was higher in plants
treated with biostimulants during the whole period of the trial, as can be observed in
Figure 3a. For example, in the eighth week, the number of flowers reached a maximum
in the three treatments, but ActyseiTM-treated plants produced 30% more flowers than
the control.
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Figure 3. Total weekly production of flowers during the 12 weeks of plants from the indicated
treatments: (a) plants watered at field capacity; (b) plants watered to half of the field capacity.

Flower production was also maintained in plants that received half the amount of
water. The floral phenology was similar to that of plants watered at field capacity, with two
peaks of flowering, the first in the second and third weeks, followed by a drastic reduction
in the number of flowers by the middle of the test (weeks 5 and 6). In the second half of the
experiment, plants started to produce new flowers, and again ActyseiTM clearly stimulated
flowering. For example, in the eighth week, plants from this treatment almost doubled,
and in the ninth week tripled, the flower production in control plants.

The production of fruits followed the same trend as flowering, with two peaks sep-
arated by an intermediate period (weeks 5 to 7) marked by the production of very few
fruits. Comparing the plants watered at field capacity, a higher production was generally
observed in plants treated with biostimulants (Figure 4a). The highest number of mature
fruits was registered by the end of the trial in the 10th week for ActyseiTM-treated plants,
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with 60% more fruits than in control plants, and in the 11th week for plants treated with
Phylgreen®, which doubled those produced in control plants.
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Figure 4. Total weekly production of mature fruits during the 12 weeks by plants from the indicated
treatments: (a) plants watered at field capacity; (b) plants watered to half of the field capacity.

The same trend of fruit production was observed in plants watered at half the field
capacity, again with two separate phases, the first with a peak by the fourth week and the
second by the 10th week, with almost no fruit formation during weeks 5 to 7. The highest
number of fruits was registered in the 10th week, with AcyseiTM-treated plants doubling
the fruit production in control (Figure 4b).

When comparing the total number of mature fruits collected throughout the 12 weeks,
it was higher in the plants that were watered at field capacity, with the highest number
in Phylgreen®-treated plants (53), followed by ActyseiTM-treated plants (45), whereas the
lowest fruit production was found in control plants (37). At 50% field capacity, almost
an equal number of mature fruits were sampled from the plants treated with the two
biostimulants (36), but only 24 in control plants.

The size (length and width) and weight of the fruits collected from the strawberry
plants were determined after the different treatments (Table 3, Figure 5). A significant
difference was registered between the fruits produced at field capacity and those produced
at 50% field capacity, the former with significantly higher weight and width. The interaction
of the two factors (substrate moisture and biostimulant treatment) was also significant,
as Phylgreen®-treated plants showed higher fruit length and fresh weight at 50% field
capacity compared to control and ActyseiTM-treated plants (Table 3).

Table 3. Two-way ANOVA (F values) considering the effect of the substrate moisture (A), biostimulant
treatment (B), and their interaction (A × B) on fruit parameters measured in strawberry plants.
Abbreviations: Fruit width (FW); fruit length (FL); fruit fresh weight (FFW); proline (Pro); total
soluble sugars (TSS); total phenolic compounds (TPC); total flavonoids (TF).

Parameter Substrate Moisture (A) Treatment (B) A × B

FW 12.04 *** 0.68 ns 2.53 ns

FL 2.69 ns 2.93 ns 2.03 ns

FFW 23.32 *** 0.39 ns 6.66 **
Pro 0.05 * 6.80 ** 1.74 ns

TSS 0.68 ns 0.70 ns 0.50 *
TPC 2.30 ns 0.34 ns 0.86 ns

TF 0.12 ns 0.30 ns 0.64 ns

*, **, *** significant at p = 0.05, 0.01 and 0.001, respectively; ns: not significant.

When analysing the two watering levels separately, at field capacity, the only signifi-
cant difference was the width of the fruits, which was larger in control plants than in those
treated with the biostimulants (Figure 5a). On the contrary, at 50% field capacity, the plants
treated with Phylgreen® produced significantly bigger fruits in terms of length (Figure 5b)
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and weight (Figure 5c). ActyseiTM treatment did not affect significantly the size or weight
of the fruits under any tested experimental condition (Figure 5).
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Figure 5. Morphological evaluation of the sampled fruits after 12 weeks of the indicated treatments:
(a) Fruit width; (b) fruit length; (c) fruit fresh weight (bars represent means with SD (n = 20). Different
lowercase letters over the bars indicate significant differences between treatments according to the
Tukey test (p < 0.05) at field capacity (FC) and 50% field capacity (50% FC).

3.3. Biochemical Analyses of the Fruits

The concentration of four types of biochemical compounds generally involved in the
responses of plants to abiotic stress, including drought, was determined in the mature
strawberry fruits; namely, proline and total soluble sugars (TSS), two common osmolytes,
and total phenolics and flavonoids, representative examples of antioxidant compounds
(Table 3, Figure 6). Amongst all analysed compounds, only proline showed a significant
variation between the treatments, as a significant increase was found in the fruits from
the treatment with ActyseiTM grown at 50% field capacity. The proline concentration was
~2-fold and 2.5-fold higher than that recorded in fruits harvested from control plants at
field capacity and 50% field capacity, respectively (Figure 6a). Furthermore, at 50% field
capacity, the fruits produced by the same plants showed slightly higher concentrations of
TSS (Figure 6b), total phenolics (Figure 6c), and total flavonoids (Figure 6d); however, their
variations were not statistically significant, as indicated by the two-way ANOVA (Table 3).
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Figure 6. Biochemical evaluation of the sampled fruits after 12 weeks of the indicated treatments:
(a) proline (Pro); (b) total soluble sugars (TSS); (c) total phenolic compounds (TPC); (d) total flavonoids.
Bars represent means with SD (n = 10). Different lowercase letters over the bars indicate significant
differences between treatments according to the Tukey test (p < 0.05) at the field capacity and 50%
field capacity.
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3.4. Principal Component Analysis

A principal component analysis (PCA) was performed with the mean values of all
analysed traits in the vegetative parts of the plants and the fruits (Figure 7). Four variables
had an eigenvalue higher than one, summing up to 97% of the total variation (Table 4).
The first principal component, explaining 41.75% of the variability, was strongly positively
correlated with chlorophyll concentration (Chl) in the leaves, the leaf dry weight (LDW),
and the concentration of proline (Pro) in the fruits, and negatively correlated to the root
fresh weight (RFW). The second component explained an additional 28.92% of the variation
and was positively correlated with the leaf area (LA), length of the longest leaf (LLL),
and leaf fresh weight (LFW), and negatively correlated mostly with the total phenolic
compounds (TPC) contents in fruits.
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Figure 7. Principal component analysis. Loading and scatter plots of the PCA scores were conducted
with all the analysed traits in strawberry plants treated with two biostimulants (ActyseiTM and
Phylgreen®) and without biostimulant treatment (control) grown during 12 weeks at field capacity
(blue) and 50% field capacity (red). Abbreviations: Number of leaves (LN); length of the longest leaf
(LLL); leaf area (LA); (d) chlorophyll content (Chl); root fresh weight (RFW); root dry weight (RDW);
leaf fresh weight (LFW); leaf dry weight (LDW); number of flowers (FloN); number of fruits (FruN),
fruit width (FW); fruit length (FL); fruit fresh weight (FFW); proline (Pro); total soluble sugars (TSS);
total phenolic compounds (TPC); total flavonoids (TF).

The PCA clearly separated the score plots along the second component according to
field capacity, with those at field capacity (70% soil moisture) in the positive upper part
of the graph and those at 50% field capacity (35% soil moisture) in the negative lower
part. The scatterplots of the three treatments (Control, ActyseiTM, and Phylgreen®) were
separated along the first principal component. The most dispersed scores were that of
ActyseiTM, at field capacity positively correlated with the leaf area (LA), the length of the
longest leaf (LLL), the leaf fresh weight (LFW), and the number of flowers produced (NFlo),
whereas at 50% field capacity with the concentration of chlorophyll (Chl), proline (Pro),
and total flavonoids (TF). The smallest dispersion, indicating the most similar responses
under the two watering regimes, was found for plants treated with Phylgreen®, which was
primarily related to the root fresh weight (RFW) at field capacity and with the root dry
weight (RDW) at 50% field capacity. The score of control plants (without biostimulants)
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at 50% field capacity was primarily characterised by their higher concentrations of total
phenolics (TPC) (Figure 7).

Table 4. Correlation coefficients between morphological and biochemical traits and the two first prin-
cipal components of strawberry plants treated with two biostimulants (ActyseiTM and Phylgreen®)
and without biostimulant treatment, grown during 12 weeks at field capacity and 50% field capacity.
Abbreviations: Number of leaves (LN); length of the longest leaf (LLL); leaf area (LA); chlorophyll
content (Chl); root fresh weight (RFW); root dry weight (RDW); leaf fresh weight (LFW); leaf dry
weight (LDW); number of flowers (FloN); number of fruits (FruN), fruit width (FW); fruit length (FL);
fruit fresh weight (FFW); proline (Pro); total soluble sugars (TSS); total phenolic compounds (TPC);
total flavonoids (TF).

Trait Component 1 Component 2

LN −0.149 −0.021
LLL 0.125 0.441
LA 0.134 0.426
Chl 0.369 −0.048

RFW −0.328 −0.073
RDW −0.172 −0.295
LFW 0.112 0.369
LDW 0.333 0.094
FloN 0.041 0.290
FruN −0.145 0.330
FW −0.234 0.187
FL −0.329 0.083

FFW −0.291 0.208
Pro 0.351 0.044
TSS 0.227 −0.048
TPC 0.244 −0.319
TF 0.207 −0.019

4. Discussion

Due to the exceptional economic importance of Fragaria × ananassa and the urgency to
develop environmentally friendly agricultural practices, the use of biostimulants in this
crop is continuously increasing. There are numerous reports on the effects of different
types of biostimulants on strawberries, such as plant hydrolysates, chitosan, or silicon [37],
animal protein hydrolysates [38], probiotic bacteria [39], mycorrhizal fungi and root endo-
phytes [40], amongst many others. Seaweeds have been used in agriculture for centuries [5],
with records of their use as mulch and manure by Romans in the 1st century. However,
their extensive use as animal feed, soil additive, and agrochemical dates back to 1950 [8].
Nevertheless, it was in this century, with the shift to “green agriculture”, that biostimulants
obtained from seaweed boomed, reaching ~95% of the market share of all biostimulants
extracted from plants [8]. Seaweed extracts show great variability depending on the extrac-
tion procedure, the species used, and the place and season of seaweed harvesting, which
can significantly influence their biochemical composition [8].

The two biostimulants used in this study positively affected vegetative development
and plant productivity, but some differences were observed. Phylgreen® had a greater
effect on plant roots, with a significant increase in root fresh weight (RFW) at field capacity
(70% substrate moisture), whereas ActyseiTM enhanced leaf development in terms of leaf
size and weight. The beneficial effects of seaweed derivatives in stimulating root growth
in different crops are well-known [5]. A detailed analysis of root systems in different
strawberry varieties, including Camarosa (the one used in our study) treated with an
alkaline powdered extract derived from A. nodosum, indicated stimulation of root length,
total root area, total root volume, and root number [41], secondary root density [42], or
fresh and dry weight [27]. On the other hand, there are reports of biostimulants obtained
from the same brown algae improving leaf development in strawberries [41,43,44] even
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more than the root system [45], but there are also publications reporting no significant
effects of this type of biostimulants on leaf area or weight [27]. Seaweed extracts contain
a multitude of substances that are difficult to identify and quantify but seem to play
synergic effects when used as biostimulants. A. nodosum belongs to the category of algae
that withstands periods of immersion and periods at the water surface, following the
tidal cycles. Therefore, as it is more exposed to thermic, hydric, and saline stresses, its
biochemical composition includes compounds directly involved in stress tolerance. The
two biostimulants used in this study were obtained by the cold extraction method without
using chemical solvents or high temperatures; therefore, the algae’s active components
remained unaltered. Phylgreen® is reported by the producer [46] as effective in favouring
the vegetative growth and especially the development of the root system, improving
essential nutrients absorption, and enhancing tolerance to stress. ActyseiTM is also reported
as a natural activator of biological and physiological processes in plants, formulated from an
extract of A. nodosum with nitrogen and potassium [47]. It can be easily absorbed, favouring
the uptake of nutrients by plants. In this study, we detected only the improvement of the
root system at field capacity in Phylgreen®-treated plants. However, there was a clear effect
of ActyseiTM at the foliar level, improving the length of the longest leaf, mean leaf area
and chlorophyll content under both irrigation conditions and leaf fresh and dry weight
in plants watered at field capacity. This biostimulant has a high K content, an essential
nutrient for plant growth, photosynthesis, regulating stomatal opening, enhancing cell
turgor, and is involved in the translocation of sugars and starch [48–50]. A direct correlation
between K nutritional status and plant drought resistance has been reported [51,52]. In
addition, ActyseiTM contains glycine, the smallest amino acid that is an ideal chelating agent
that helps mineral uptake by roots. It also has a stimulating effect on photosynthesis by
favouring chlorophyll synthesis [53]. The chlorophyll concentrations in our experimental
conditions were higher in plants treated with ActyseiTM under both watering levels. Several
reports indicate that using products from A. nodosum can increase the chlorophyll levels
in various crops [48–51,54–57], including strawberries [27]. Improved chlorophyll content,
related to increased yields, may also be associated with betaine and betaine-like compounds
present in A. nodosum extracts [58]. In addition to their role as compatible solutes, betaines
have been implicated in reducing chlorophyll degradation and may represent a nitrogen
source [5]

The present study reports a positive effect of seaweed-derived biostimulants on flower
and fruit production. Seaweed extracts contain plant hormones, such as cytokinins and
auxins, which advance cell division during the early stages of plant growth and can induce
early and more vigorous flower formation [41]. There are many reports on the beneficial
effects of A. nodosum extracts on reproductive phenology, fruit production, and quality
in different crops [59,60], including that of Phylgreen® [61,62]. In our study, the two
biostimulants tested favoured flowering, increasing the number of flowers formed in plants
irrigated at field capacity. The same trend was found concerning fruit set at the same
field capacity. In both cases, Phylgreen® was more effective, inducing increases of about
50% and 40% in the number of flowers and fruits, respectively, with respect to the control
plants. The corresponding values for ActyseiTM-treated plants were approximately 40% and
20%. Several researchers reported yield increases of strawberries treated with A. nodosum-
derived products [27,41,42,63,64] (yield and fruit size), and there is increasing information
on the positive effect of the algae extract on different crops, as discussed in several recent
reviews [5,6,24,57,65–69]. Seaweed extracts have also been reported to increase the fruit
size and fruit weight in strawberries [64], along with an increase in the concentrations of
TSS, TPC [43], fructose, sucrose, and quercetin [70]. However, there are also many studies
in which no significant effect was observed in terms of carbohydrates, phenolic compounds,
and flavonoids [64], or in general, no effect on fruit quality [27], which is consistent with
our experiment on plants irrigated at field capacity. The two biostimulants are reported by
the producers to increase the plants’ natural phytohormonal levels and improve metabolic
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action, resulting in better sprouting, flowering, development, fruit growth, fruit quality,
and seed germination [71].

Watering at half the field capacity, maintaining substrate moisture at about 35% during
plant growth resulted in mild water stress for the plants. Under these conditions, their
vegetative growth was not substantially impaired, but the flower and especially fruit
set were much lower than in those plants grown at field capacity. Strawberries require
large amounts of water because of their shallow rooting system, large leaf area, and high
fruit water content [72]. As water availability in many areas where they are cultivated is
shrinking [72], finding methods to improve their productivity under reduced irrigation
has become a priority. Algae-based biostimulants target the plants main stress mitigation
mechanisms, potentially affecting membrane stability, synthesis of compatible solutes and
osmoprotective compounds, and stimulating antioxidant ROS scavenging mechanisms [17].
Seaweed extracts have effectively mitigated the effects of different abiotic stressors, such as
salinity, drought, and temperature extremes [5,14,24]. It is difficult to fully understand how
seaweed extracts increase plant stress tolerance due to the high number of genes involved
in such complex processes and the difficulty of separating direct effects from secondary
ones [73]. However, it is generally agreed that biostimulants enhance plant stress tolerance
due to the bioactive molecules they contain, such as betaines [58] and cytokinins [74]. In
plants treated with algal extracts, endogenous levels of proline, phenolics, flavonoids and
other stress-related molecules, and the activity of antioxidant enzymes have been reported
to increase [74–76]. Both biostimulants have a higher concentration of alginates, mannitol,
and polyphenols than traditional seaweed extracts. Alginates are present in the cell walls
of A. nodosum and play a role in cellular water balance and protection against salt stress.
Mannitol is a polyol that acts as a compatible solute, enhancing cellular water retention
and protecting plants from osmotic stress. In addition, mannitol, and polyphenols, present
at high concentrations in these biostimulants, are powerful ROS scavengers, acting as
antioxidants and preventing metabolic damage produced by oxidative stress [77]. Applying
glycine was reported to enhance enzymatic and non-enzymatic defence mechanisms against
salt stress, stimulating the expression of genes related to salt tolerance such as AOX, NHX1,
and SOS1 in wheat plants [78].

In the present work, differences were observed between the effect of the two tested
biostimulants on plants irrigated at 50% field capacity. Phylgreen® induced significantly
higher mean fruit weight and mean fruit width than control plants. On the other hand,
ActyseiTM triggered the highest accumulation of proline, TSS, TPC, and flavonoids, al-
though only the variation in proline was significant compared to the control.

The most abundant flavonoids in strawberries are kaempferol, quercetin, and cate-
chin, all with potent antioxidant properties. A diet rich in fruits and vegetables with a
high antioxidant content may reduce cardiovascular disease incidence by preventing LDL
cholesterol oxidation, fostering plaque stability, enhancing arterial endothelial function,
and reducing the propensity for thrombosis [79]. The healthy properties of its fruits increase
the interest in improving strawberry crop yields under limited irrigation.

5. Conclusions

The two biostimulants applied had a beneficial effect on strawberry plants under
control conditions (watering at field capacity) and mild water stress (watering at half
field capacity). However, their effects on plants were different. ActyseiTM enhanced the
development of the foliar part of the plants, as indicated by significant increases in the
length of the longest leaf, the mean leaf area, the concentration of chlorophyll, and the leaf’s
fresh and dry weight. In contrast, Phylgreen® did not significantly influence vegetative
growth except for the increase of the fresh weight of roots in plants watered at field capacity.
Applying the two biostimulants was mostly beneficial regarding reproductive traits, as
they stimulated the production of flowers and fruits under both irrigation regimes. The
total number of fruits produced was higher in the plants treated with the biostimulants
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than in the control, untreated plants, and the plants watered at 50% field capacity produced
larger fruits when treated with Phylgreen®.
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