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‘Sabrosa’

Strawberry (Fragaria x ananassa Duch.) is a globally significant horticultural crop, appreciated for the nutritional
profile of its fruits. This study investigated uptake, accumulation, and effects of silicon (Si) supplementation
through nutrient solutions (50 and 100 mg L' K.SiOs) in Sabrosa (known by the trade name ‘Candonga’)
strawberries grown in a soilless system. Si was taken up and translocated dose-dependently, with the highest
accumulation in roots and leaves and lower levels in fruits and stems. Si supplementation significantly increased
fruit Si content, with a three-fold and five-fold increase at 50 mg L' and 100 mg L™ doses, respectively,
compared to the control. Despite the significant Si accumulation, no dose influenced growth, yield, or key fruit
quality parameters, including firmness, dry matter, total soluble solids, and nutraceutical profile. Although
mineral interactions were observed, with reductions in Ca, Mg, and K content in plant tissues and increased B in
fruits and Al in roots only at 50 mg L', this did not affect fruit nutritional or organoleptic qualities. Given the
increased electrical conductivity associated with higher Si doses, 50 mg L is recommended as an effective
biofortification dose. The lack of response suggests that strawberry is able to tolerate considerable Si enrichment
without alterations to its agronomic performance or fruit biochemical traits. These findings provide novel in-
sights into the potential for Si biofortification of strawberries, highlighting a unique opportunity to enrich fruits
with Si for human health benefits without compromising crop productivity or quality.

1. Introduction

Strawberry (Fragaria x ananassa Duch.) is a relevant and widely
cultivated horticultural crop, largely appreciated for the organoleptic
and nutritional properties of its fruits. This crop is grown globally across
different latitudes, and holds significant economic importance in
numerous countries (FAOSTAT, 2024)..

Bioactive compounds and mineral contents can be affected by
agronomic practices in many crops, including strawberry (Akhatou
et al., 2017). Preharvest management is crucial for the final quality of
the commercial fruit (Di Vittori et al., 2018). In the last years, the
practice of increasing the nutraceutical content in fruits and vegetables,
that is called biofortification, has gained popularity (Consentino et al.,
2023). In particular, strawberry is considered a good target for mineral
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biofortification (Valentinuzzi et al., 2018) because of its widespread
fresh consumption, which minimize the nutrient loss compared to the
processed fruit (Rousseau et al., 2020). Additionally, soilless growing
systems are already widely adopted for strawberry cultivation, allowing
for the efficient delivery of targeted minerals to the plant through pre-
cise management of the nutrient solution (Wanas and Khamis, 2022).
Among minerals of interest for biofortification, silicon (Si) is a beneficial
element for plant growth, plant-based food quality and human health.

Plant-based food is one of the prominent sources of Si in human diets
(Pennington, 1991; Powell et al., 2005) and the availability of
Si-enriched fruit and vegetables could serve as a valuable tool to sup-
plement this beneficial mineral in population with a poor plant-based
diet (Sadowska and Swiderski, 2020).

In plants, Si is known to play direct and indirect roles in various
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metabolic pathways (Debona et al., 2017; Deshmukh et al., 2017). Its
beneficial effects are primarily associated with increased tolerance to a
wide range of biotic and abiotic stresses (Liang et al., 2015a, 2015b;
Mostofa et al., 2021). For this reason, Si is considered an “agronomically
essential” element that could enhance vegetable growth, yield and
quality. Consequently, it is often included in the common agronomic
practice of fertilization (Luyckx et al., 2017; Yan et al., 2018; Zargar
et al., 2019). Strawberry is known to uptake and accumulate Si
(Hernandez Valencia et al., 2022), and this mineral is usually applied in
its cultivation. The benefits of Si supplementation in strawberries
include improved pest and disease management (Abd-El-Kareem et al.,
2019; Liu et al., 2020; Sun et al., 2017), enhanced tolerance to abiotic
stressors such as salinity (Park et al., 2018; Yaghubi et al., 2019, 2016),
water deficiency (Dehghanipoodeh et al., 2016; Xu et al., 2023), mineral
deficiency or toxicity (Peris-Felipo et al., 2020), and possibly promotion
of shelf-life (Lopes et al., 2014; Munaretto et al., 2018). Despite the
potential of Si supplementation to promote strawberry growth, yield,
and fruit quality, results reported in the literature remain inconsistent or
absent, often depending on specific experimental conditions and culti-
vars (Hernandez Valencia et al., 2022). Furthermore, Si interactions
with other minerals in the nutrient solution and plant tissues may in-
fluence both plant physiology and the nutritional quality of fruits,
adding another layer of complexity to its application (Greger et al.,
2018; Pavlovic et al., 2021).Both organic and mineral forms of Si can be
applied to crops at various doses, with the potassium silicate (K2SiO3)
being one of the most efficient and commonly used forms applied in
strawberry cultivation (Muneer et al., 2017; Park et al., 2018).
Furthermore, root application via nutrient solution is suggested to be
more effective than foliar application in strawberry (Xu et al., 2023).
Based on these premises, the present research aimed to investigate
uptake, accumulation and effects of different doses of Si (K2SiO3), sup-
plemented to nutrient solution, on quality, yield and biomass accumu-
lation of a commercial strawberry (cv. Sabrosa) grown in a soilless
system in optimal conditions. The hypothesis of this study is that
controlled Si supplementation through the nutrient solution can
enhance Si accumulation in strawberry fruit (biofortification) without
negatively affecting plant performance or key commercial and nutra-
ceutical quality traits. This approach aims to provide a scientific basis
for the development of Si-enriched strawberries as functional foods.

2. Materials and methods
2.1. Plant material and growing conditions

The experimental activity was conducted at the experimental farm
“La Noria” of the Institute of Sciences of Food Production of the National
Research Council, in Mola di Bari, Italy (41.062156° N, 17.066914° E).
The experiment took place in an unheated polymethacrylate greenhouse
with a maximum height of 4.5 m. It was carried out in the winter-spring
growing season, from November 2021 (winter) to May 2022 (spring).

The strawberry Fragaria x ananassa Duch. ‘Sabrosa’ (Planitalia s.r.1.,
Policoro, Italy), commercially named Candonga® strawberry, was
grown into 27 L coco coir: perlite (50:50 v/v) slabs (‘Agripan cocco-
perlite’, Perlite Italiana, Corsico (MI), Italy), each measuring 1 m in
length and placed on PVC troughs with a 1,5 % slope. Rooted runners
provided by a local company (Apofruit Italia Soc. Coop., Scanzano
Jonico, MT, Italy) were transplanted at the distance of 10 cm along the
slab (10 plants per slab), with a cultivation density of 10 plants m 2. The
full experimental cycle lasted 26 weeks from the time of transplant.
Throughout the crop cycle, the average daily air temperature ranged
from 6 to 24°C, and the average daily relative humidity from 47 to 93 %.
The Daily Light Integral (DLI) grew from 0.58 to 19 mol m 2 d ™!, with a
mean value of 6 mol m~2 d~!. Temperature and relative humidity were
recorded by CS215-L temperature and relative humidity probe (Camp-
bell Scientific, Logan, UT, USA), while light intensity was measured with
a LI-190R quantum sensor (LI-COR, Lincoln, NE, USA). Both instruments
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were connected to a CR1000 datalogger (Campbell Scientific). Pollina-
tion was ensured by introducing bumblebees (Bombus terrestris L.) into
the greenhouse.

Drip irrigation was performed with drips with a flow rate of 4 Lh™?,
activated by an electronic timer providing a pre-fixed irrigation
schedule, which was periodically adjusted to achieve a target value of
~20 % leaching rate, according to common practice. The irrigation
frequency ranged from 3 to 14 irrigation events per day, from the
beginning to the end of the trial, each lasting 1 minute. It was adjusted
according to plant growth and the approach of the spring-summer sea-
son. The nutrient solution (NS) concentration was diluted during the
experimental cycle, to obtain a NS with 33, 50, 80 and 100 % of strength
of the complete NS containing N-33, K-40, P-7, Mg-5, Ca-38, S-20 (mg
L™1). Micronutrients were supplied according to Johnson et al. (1957).
Parameters of pH and EC were 5,8 and 0.50 mS cm ! in 33 % of strength
NS and 6,2 and 1,07 mS cm’l, on average between treatments, in 100 %
of strength NS.

2.2. Silicon supplementation

Silicon (Si) was applied in form of potassium metasilicate (K2SiO3) to
the NS at three concentrations: 100, 50 and the control 0 mg L' as
reported in others study for different vegetables (D’ Imperio et al., 2016)
and strawberry (Valentinuzzi et al., 2018). The supplementation of Si at
50 and 100 mg L~! treatments started from the beginning of the growing
cycle (December 10th, 2021). To avoid excessive electrical conductivity
in the root zone during the early stages of plant growth, the Si concen-
trations were initially set at 25 mg L and 50 mg L™! for the lower (50 mg
L1 and the higher (100 mg LY doses, respectively. On day 86 after
transplanting (DAT) (February 11th, 2022), the Si concentrations were
increased to the final levels of 50 mg L" and 100 mg L, respectively, for
50 and 100 mg L% The starting NS for all the treatments (including
control treatment, 0 mg L) already contained Si at the baseline con-
centration of 2 mg L™}, due to Si traces in the fertilizer used for NS
preparation. The baseline level of Si was determined through an analysis
of the NS. The basal Si level in the nutrient solution was consistently 2
mg L™ across all treatments. This concentration derived from trace
amounts of Si naturally present as impurities in the fertilizers used to
prepare the NS. Therefore, for the treatments supplemented with 50 and
100 mg L' Si, the basal 2 mg L' is included in the total concentration.
Potassium (K'), supplemented by K,SiOs, was considered in the
formulation of the NS, and the additional K introduced as K5SiO3 was
balanced by reducing K2SO4 in the control treatment without additional
Si.

2.3. Yield and commercial quality of strawberry

Harvesting started 17 weeks after transplanting and continued for 9
weeks. At each harvest, ripe strawberries (fully grown and with
approximately 80 % of red skin) were collected from each experimental
plant. The total yield was quantified by counting and weighting all
harvested fruits, which were subsequently classified as marketable and
non-marketable strawberry based on the characteristics required for
Extra, I and II classes by Commission Regulation EC No. 843/2002
(Commission Regulation, 2002).

Then, 10 marketable fruits per replicate were selected to sequentially
measure color, firmness and total soluble solids (TSS). Firmness was
measured using a fruit penetrometer (53207, Turoni, Forli, Italy) and
expressed in Newton (N). TSS was determined using a digital refrac-
tometer (Bormac Dbr 55, Giorgio Bormac S.r.1., Italy) and expressed in
degree Brix (°Brix). Additionally, 100 g of marketable fruits per replicate
were used to measure juice pH and titratable acidity.

2.3.1. Titratable acidity analysis
For titratable acidity (TA), 100 g of marketable fruits per experi-
mental unit previously collected (see section 2.3), were homogenized in
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a food blender for 2 min. The resulting puree was filtered to obtain a
clear juice, analyzed by a titrator inclusive of a pH meter (Hanna In-
struments HI 901 Potentiometric Titrator, Italy), according to the
method described by Teka (2013). Briefly, 5 mL of tomato juice were
sampled and diluted with 95 mL of distilled water; NaOH 0.1 N was used
for the titration. Titratable acidity (TA) was expressed as a percentage of
citric acid (g citric acid 100 mL™"), using a correction factor of 0.064.
The TSS/TA ratio was subsequently calculated.

2.3.2. Color analysis

The external color of strawberry fruit was measured on two sides of
sample fruits (10 per replicate, see section 2.3) with a portable color-
imeter (Minolta Chroma Meter CR-400; Minolta Camera Co. Ltd., Osaka,
Japan). Color was expressed in CIELAB color scale (L, a*, b*) based on
the calibration with a standard reference with L*, a*, and b* values of
104.65, 0.05, and 2.00, respectively. The scale expresses the color as a
combination of three coordinates: L*, “lightness” (values from black =
0 to white = 1); a*, “red/green chromaticity or redness” (positive values
tend to red, negative values tend to green); b*, “yellow/blue chroma-
ticity or yellowness” (positive values tend to yellow, negative values
tend to blue). Furthermore, hue angle (h° = arctan(b*/a*)) indicating
the dominant color and saturation or chroma (C = [(a*)* + (b*‘)z]l /2)s
referring the brightness were derived from L*, a*, b*.

2.4. Biomass and biometrics of the plant

Sample plants were separated in parts, hereby: “fruit” (edible
receptacle with achenes and without calix), “leaves” (blade and petiole),
“stem” (pedicel, flowers, peduncles, calices) and “root” washed from
substrate. Number of leaves per plant, plant leaf area, fresh weight (FW)
and dry weight (DW) of the four plant parts were measured for the
biometric assessment. Dry weight was determined by oven-drying the
plant parts (fruit, leaves, stem, and root) at 65°C until a constant weight
was reached. Dry matter (DM) content was derived from FW and DW
and expressed as g 100 g~ ! FW.

2.5. Chemical analysis for nutritional and nutraceutical profile

2.5.1. Sample material and chemicals

At the beginning (“first harvest”, 17 weeks from transplant), mid-
point (“intermediate harvest”, 20 weeks from transplant) and end of
the fruit harvesting period (“final harvest”, 26 weeks from transplant),
100 g of marketable strawberries per replicate were harvested and
immediately stored in plastic bags at -20°C until processing. Then, fruits
were freeze-dried using a freeze dryer (ScanVac CoolSafe 55-9 Pro
LaboGene ApS, Lynge, Denmark) and grounded into fine powder. This
product was defined as the DW of processed fruit.

Authentic standards of kuromanin (cyanidin 3-O-glucoside chloride)
were purchased from Extrasynthese, Genay, France. Folin—Ciocalteu
(F—C) phenol reagent, gallic acid, (S)-(-)-6-hydroxy-2,5,7,8-tetrame-
thylchroman-2-carboxylic acid (Trolox), 2,2’-azino-bis (3-ethyl-
benzothiazoline-6-sulphonic acid) (ABTS), acetonitrile, methanol, and
formic acid (all HPLC grade) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). In all experiments, Milli-Q (Merck Millipore, Darm-
stadt, Germany) water was used.

Mineral analyses for the content of Si and principal mineral elements
were performed on the sample of plant parts (fruit, leaves, stem, and
roots) harvested at full harvest period and heat dried as described in
Section 2.4.

2.5.2. Silicon content

To determine Si concentration in the different part of strawberry
plant (fruit, leaves, stem and root), samples of dried tissues were ashed
in a muffle furnace (A024, Matest spa, Treviolo (BG), Italy) at 550°C and
digested with HCI (1 mol L in boiling Milli-Q water (99.5 + 0.5°C) for
30 min. The resulting solution was filtered, diluted and analysed using a

Scientia Horticulturae 350 (2025) 114322

spectroscopy method to determine Si content, as reported in Montesano
et al., (2016). Standard solutions (concentrations from 0.72 to 5.75 mg
L™1) were used to obtain a calibration curve (R*> = 0.9993) used to
quantify Si in the different part of strawberry plant.

2.5.3. Mineral analysis

The mineral elements Al, B, Ca, Cu, Fe, K, Mg, Mn, Na and Zn were
determined according to the method described by D’Imperio et al.
(2022). Samples were analysed with an Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES; 5100 VDV, Agilent
Technologies, Santa Clara, CA, USA) to measure Ca, K, Mg and Na in
radial mode and Al, B, Fe, Mn, Zn and Cu in axial mode.

2.5.4. Extraction of anthocyanins and polyphenols

Freeze-dried fruit powder (100 mg), taken individually from each
triplicate treatment, was macerated in 10 mL solvent (Methanol/
Ethanol): water: formic acid= (35/35): 28: 2 (v/v/v), at 4°C overnight.
Samples were centrifuged at 4000 g for 10 min and re-extracted with an
additional 10 mL solvent on a rotary shaker for 1 h, at room tempera-
ture. Pooled supernatants were evaporated at 32°C using an R-205 Buchi
Rotavapor (Buchi Labortechnik, AG, Flawil, Switzerland) and brought at
a final volume of 5 mL with acidified (0.5 % formic acid) Milli-Q water,
portioned and stored at —20°C.

2.5.5. Identification of phenolic compounds and antioxidant capacity
assays

Polyphenolic fruit extracts were filtered through 0.45 pm nylon
membranes and injected into an HPLC apparatus, equipped with a
photodiode array (PDA) detector (Agilent 1100 series, Agilent Tech-
nologies, Santa Clara, CA, USA). Peaks separations were performed at
30°C on a Luna RP-C18 column (250°¢ 4.6 mm I.D., 5 mm) (Phenom-
enex, Torrance, CA, USA), equipped with a guard cartridge column. The
chromatographic conditions were the same reported in Blando et al.
(2018). UV-Vis spectra were recorded in the 200-800 nm range and
chromatograms were acquired at 280 and 520 nm. Individual poly-
phenolic compounds were identified by comparing their peak retention
times and UV-Vis spectra with those of commercial standards, when
available.

The Folin-Ciocalteu reagent (FCR) assay and the TEAC assay of the
polyphenolic fruit extracts were assessed as described by Blando et al.
(2018).

2.6. Experimental layout and Statistical Analysis

The experimental layout consisted of a randomized block with three
replicates of each treatment. Each replicate (experimental unit) was
composed of 3 slabs for a total of 30 plants, 26 experimental plans and 4
border plants. All data underwent analysis of variance (ANOVA) using
the General Linear Model (GLM; SAS Software, Cary, NC, USA).

3. Results and discussion
3.1. Silicon and mineral content

Silicon (Si) was taken up and translocated throughout the plant, with
the highest concentrations observed in roots and leaves, where the Si
level was almost five times higher than in fruit and stem (Table 1).
Supplementing the NS at a Si dose of 50 mg L ™! more than doubled the Si
concentration in the plant compared to the control (0 mg L), whilea Si
dose of 100 mg L™! resulted in nearly a four-fold increase in Si con-
centration in the plant (+ 61 % compared to the 50 mg L™ dose)
(Table 1, Supplementary Materials Figure S1). While the dose-
dependent accumulation of Si in strawberry plant has already been-
studied for agronomic purposes (Lanning, 1960; Miyake and Takahashi,
1986; Voogt and Sonneveld, 2001), the Si enrichment of the edible part
has been poorly explored. In the present study, the dose-dependent
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Table 1

Silicon (Si) content of dry weight (DW) of fruit (edible receptacle with achenes
and without calix), leaves (blade and petiole), stem (pedicel, flowers, peduncles,
calices) and roots of strawberry cultivar *Sabrosa’ fertigated with three nutrient
solutions supplemented with Si at doses of 0, 50 and 100 mg L. Si doses refer to
additional Si to the nutrient solution having a starting Si concentration of 2 mg
L L

Si concentration

(mg kg~ DW)
Si dose (mg LY
0 120 c
50 275 b
100 460 a
Plant part
Fruit 158 b
Leaves 494 a
Stem 41 b
Root 448 a
Significance
Si dose
Plant part i
Si dose x Plant part ns

@ significance: ns = not significant; * and ** for p < 0.05 and p < 0.01,
respectively. Different lowercase letters indicate significant differences (p =
0.05) between groups within the same column of the table.

pattern was investigated and confirmed in details for specific organs,
with particular attention to the edible part for their impact on quality.

In strawberry fruit (edible receptacle with achenes and without
calix), Si accumulation followed a significant dose-dependent pattern,
regardless of the weeks following the supplementation beginning. Spe-
cifically, the application of 50 mg L ™! Si boosted the accumulation of Si
in the fruit of almost three times compared to the control. At the higher
Si dose (100 mg L~1) almost a five-folded Si content occurred, compared
to the control, and an increase by 79.1 % compared to the lower dose
(Table 2). Results of Si content in fruit on fresh weight basis are reported
in Supplementary materials, Table S1. The possibility of tailor the Si
content is not typical of all the Si-biofortified vegetable crops (Somma
et al., 2024; D’Imperio et al., 2015); hence, representing a further
advantage of strawberry as biofortification target. While there is no
established Recommended Dietary Allowance (RDA) or Tolerable Upper
Intake Level (UL) for Si (Martin, 2007; Trumbo et al., 2001), Si sup-
plementation in diet is recommended (Pritchard and Nielsen, 2024). The
health benefits of this mineral are well-documented, and Si deficiency

Table 2

Silicon (Si) content of commercial fruit (edible receptacle with achenes and
without calix) of strawberry cultivar *Sabrosa’ fertigated with three nutrient
solutions supplemented with Si doses of 0, 50 and 100 mg L-1 and in three
harvests (first, intermediate, last harvest). Si doses refer to additional Si to the
nutrient solution having a starting Si concentration of 2 mg L™!. Weeks from
transplant: first harvest = 17; Intermediate harvest = 20; final harvest = 26.

Si concentration

(mg kg™* DW)
Si dose (mg L™!)
0 48.5 c
50 150.0 b
100 268.7 a
Harvest
First 134.7
Intermediate 168.4
Final 152.8
Significance
Si dose *
Harvest ns
Si dose x Harvest ns

@ significance: ns = not significant; * for p < 0.05. Different lowercase letters
indicate significant differences (p = 0.05) between groups within the same
column of the table.
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can contribute to the onset of health issues (Martin, 2007). On the base
of the recommended daily Si intake in human diet of 25 mg day*
suggested by Rondanelli et al. (2021), the consumption of 100 g of fresh
strawberry biofortified with Si supplementation of 50 and 100 mg L~}
can contribute to approximately 5 % and 10 % of the suggested daily
amount, respectively. This result confirmed the previous assessment of
strawberry as a good target for Si biofortification by Valentinuzzi et al.
(2018). Strawberry can be considered a poorer Si accumulator compared
to other Si-biofortified vegetables such as green bean (Montesanto et al.
2016) and cucurbitaceous fruits (Buttaro et al. 2009; Hu et al., 2022),
which can fully satisfy the RDA with less than 100 g of fresh product, and
leafy vegetable (D’Imperio et al. 2015). Nevertheless, the raw con-
sumption avoid mineral losses by cooking and the strawberry itself is a
valuable source of various other healthy compounds within horticultural
crops (Suchankova et al. 2015). Consequently, Si biofortification of
strawberry represents an additional value to an already estimated
nutritional profile of its fruit (Bouis, 2003).

3.2. Biomass, Yield, and quality parameters of strawberry

The supplementation of Si in the NS did not affect biomass accu-
mulation, biometric parameters (Supplementary materials, Table S2),
yield and commercial quality as all the harvested strawberries were
classified as marketable according to the characteristics required for
Extra, I and II classes by Commission Regulation EC No. 843/2002
(Table 3). The lack of effect is apparently in contrast with literature,
where Si is usually studied in relation to suboptimal growth conditions
as stress moderator, resulting beneficial on yield and quality (Buttaro
et al., 2009; Debona et al., 2017; Zargar et al., 2019). This discrepancy
could be attributed to the optimal growing conditions adopted in the
present experiment. Moreover, the impact of Si application is influenced
by several factors, including its form, doses, application method, envi-
ronmental conditions, but a comprehensive knowledge is missing
(Coskun et al., 2019; Yan et al., 2018). While the increase of yield and
quality is desirable, the accumulation of Si without negative effects is
valuable. Dry matter content of the fruit, pulp firmness, TSS, TA, TSS/TA
and pH of the juice were not influenced by Si application (Table 3). Fruit
firmness, an essential textural attribute, was reported to increase with Si
application in Dehghanipoodeh et al. (2016) and unaltered in Valen-
tinuzzi et al. (2018). The lack of influence of Si on strawberry response is
also reported in another study in reference to fruit setting, yield and total
soluble solids (Dehghanipoodeh et al., 2016). Valentinuzzi et al. (2018)
reported in Si-fed strawberry a decrease of TA and TSS/TA, determinant
features to the flavor and quality. Although a possible contribution of Si
to albinism of strawberry through the reduction of anthocyanin in
strawberry fruit is supposed by Lieten et al. (2002), neither anthocyanin
content nor colour parameters were affected in the current study
(Table S3 of Supplementary Materials).

On average, the marketable yield of fresh strawberry was 256.8 g
plant™!, fruit DM content 8.1 g 100 g~! FW, fruit firmness 3.1 N, TSS 7.7
°Brix, TA 0.37 g citric acid 100 mL! fruit juice, TSS/TA 26.8, juice pH
3.9.

3.3. Nutraceutical Profile of strawberry

The HPLC of the polyphenolic fruit extracts did not show differences
in the profile of the separated peaks, that is compounds occurrence. Most
polyphenolic compounds were represented by anthocyanins. Pelargo-
nidin 3-glucoside (Pg 3-gluc), cyanidin 3-glucoside (Cy 3-gluc) and
perlargonidin 3-rutinoside (Pg 3-rut) were the main anthocyanins (data
not shown), as already reported by literature, specifically for ‘Sabrosa’
strawberry (Cerezo et al. 2010). The averages of the total anthocyanin
content were similar in the extracts from different treatments (Table 4).
The total phenolic content (TPC) was also not affected by Si supple-
mentation at any dose (Table 4). The same occurred for the evaluation of
antioxidant capacity by Trolox Equivalent Antioxidant Capacity (TEAC)
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Table 3
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Parameters of yield and commercial quality of strawberry cultivar *Sabrosa’ fertigated with three nutrient solutions supplemented with silicon (Si) at doses of 0, 50 and
100 mg L1, Si doses refer to additional Si to the nutrient solution having a starting Si concentration of 2 mg L™!. FW = fresh weight; TSS = Total soluble solids; TA =

titratable acidity; TSS/TA = ratio between TSS and TA.

Total yield Marketable Yield Fruit Dry Matter Fruit Firmness TSS TA TSS/TA Juice pH
Si dose (mg L™Y) ¢ FW plant™! g FW plant™? 2100 g ' FW N Brix g citric acid 100 mL™! fruit juice
0 295.0 293.6 8.1 2.9 7.4 0.3 24.7 3.9
50 229.8 229.8 8.5 35 7.2 0.4 18.0 3.8
100 245.8 245.8 7.8 3.0 8.5 0.3 28.3 4.0
Significance ns ns ns ns ns ns ns ns

@ Significance: ns = not significant.

Table 4

Trolox Equivalent Antioxidant Capacity (TEAC), Total Phenolic Content (TPC),
and anthocyanin in strawberry fruits, cultivar *Sabrosa’, fertigated with three
nutrient solutions supplemented with silicon (Si) at doses of 0, 50 and 100 mg
L1, Si doses refer to additional Si to the nutrient solution having a starting Si
concentration of 2 mg L1

TEAC
umol TE g~! DW
(2)

TPC
mg GAE g~! DW
[€)

Anthocyanin

Si dose (mgL™!) mg KuroEq g~! DW
“@

0 141.1 18.2 2.4
50 146.8 19.1 2.5
100 137.3 18.6 2.3
Significance " ns ns ns

@ sjgnificance: ns = not significant.

@ TEAC expressed as umol of Trolox equivalent referred to grams of straw-
berry dry weight (DW).

® TPC expressed as umol of Galic Acid equivalent referred to grams of
strawberry DW.

™ Anthocyanin content is expressed as Kuromanin (cyanidin 3-glucoside
chloride) Equivalent per gram of DW.

assay (Table 4). Contradictory effects of Si on nutraceutical compounds
are reported in previous studies: for instance, TPC remained unchanged
in Mimmo et al. (2017), while Valentinuzzi et al. (2018) observed a
reduction following Si supplementation. In our case, the optimal growth
conditions likely did not activate a stress-induced response after Si
treatment. Consequently, there was no increased polyphenol biosyn-
thesis at the fruit level, despite the Si accumulation in fruit tissue.

3.4 Mineral Profile of StrawberryOnly a few minerals showed changes
in response to Si supplementation (Table 5), while the interaction be-
tween Si and other minerals is documented in conditions of nutrient
deficiency (Ali et al., 2020; Hernandez-Apaolaza, 2014) or metal
toxicity (Bhat et al., 2019; Khan et al., 2021), as well as in non-stressed
plants (Greger et al., 2018; Pavlovic et al., 2021). Mineral profile

Table 5

expressed per 100 g FW is provided in the Supplementary materials
(Table S4).The accumulation of Ca and Mg in the whole plant decreased
by 13 % and 14 %, respectively, with the application of 50 mg L' Si
compared to the control. Among the various and contrasting effect of Si
on Ca accumulation in plants (Pavlovic et al., 2021), the reduction of Ca
concentration in aerial part in Ca-sufficient growing conditions is re-
ported (Brackhage et al., 2013; da Silva et al., 2021). However, it was
not affected by the application of 100 mg L™" of Si. To date, the effect of
Si on Mg concentration in plant is less studied and the opposite effects of
Si have been reported (Buchelt et al., 2020; Hosseini et al., 2019).

The supplementation of Si in the NS resulted in a reduction of K
content in the plant by 13 % compared to the control. This nutrient is
abundant in strawberries (Giampieri et al., 2012; Liang et al., 2015c;
USDA, 2018). Although previous studies reported that Si can enhance K
uptake and accumulation (Beier et al., 2022; dos Santos Sarah et al.,
2022), K content was slightly reduced in Si-fed plants, particularly in the
aboveground organs. This reduction could be attributed to the lower Si
accumulation capacity of strawberry compared to stronger accumulator
species, which typically exhibit enhanced K uptake (Greger et al., 2018).
Furthermore, previous research suggest that Si may not consistently
improve K accumulation in non-stressed plants (Barreto et al., 2022; dos
Santos Sarah et al., 2022).

The Si supplementation led to a 35 % increase of Al content in root
only at 50 mg L™ Si dose compared to the other doses, whereas the
highest Si dose had no significant effect on Al content in roots (Fig. 1A).
This increase did not affect the plant, resulting negligible. The Al content
in other plant organs was unaffected by Si application. A similar effect
was observed in fruit for B content, which increased threefold at 50 mg
L! compared to the other doses (Fig. 1B). Si is known to influence the
dynamics of this essential element in plant, particularly in Si-
accumulator species (Greger et al., 2018). This micronutrient is essen-
tial for growth and reproductive processes, contributing to yield and
morphological quality of fruit (Brown et al., 2002; Marschner, 2011;
Neilson and Eaton, 2022). Moreover, the B concentration in 100 g of

Mineral profile of strawberry cultivar ’Sabrosa’ fertigated with three nutrient solutions supplemented with silicon (Si) at doses of 0, 50 and 100 mg L. Si doses refer to
additional Si to the nutrient solution having a starting Si concentration of 2 mg L™!. DW= dry weight.

P K Ca Mg Na Fe Zn Mn Cu
gkg! DW mg kg~! DW
Si dose (mg LY
0 6.5 34.16 a 125 a 4.2 a 1.52 206 212 34 38
50 6.1 28.78 b 10.9 b 3.6 b 2.17 209 200 33 42
100 6.4 30.66 b 11.4 ab 3.8 ab 2.19 196 230 32 35
Plant part
Fruit 7.1 a 34.85b 4.03 c 2.3 d 0.14 c 16 c 33 d 28 be 5 b
Leaves 7.6 a 36.13 b 17.4 a 4.5 b 0.99 c 98 be 89 c 49 a 3 b
Stem 7.5 a 41.25 a 12.2 b 3.8 c 0.48 b 132 b 173 b 30 b 14 b
Root 3.2 b 13.96 ¢ 12.2 b 5.0 a 7.35 a 562 a 561 a 25 c 139 a
Significance
Si dose ns i * * ns ns ns ns ns
Plant part wkk Hkk kK *kk *kk *kk Hkk Hk H

Si dose x Plant part ns ns ns ns

ns ns ns ns ns

@ significance: ns = not significant; *,
0.05) between groups within the same column of the table.

*and *** for p < 0.05, p < 0.01, and p < 0.001, respectively. Different lowercase letters indicate significant differences (p =
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Fig. 1. Visual representation of the interaction effect between silicon (Si) dose and part of the strawberry plant on the concentration of (A) aluminium, and (B) boron
in strawberry (commercial fruit without calix) cultivar *Sabrosa’ fertigated with three nutrient solutions supplemented with Si at doses of 0, 50 and 100 mg L', Si
levels refer to additional Si to the nutrient solution having a Si level of 2 mg L™". Significance *, and ** for p < 0.05 and p < 0.01, respectively; different lowercase
letters indicate significant differences (p = 0.05) between groups within the same column of the table. Error bars are the standard errors of the mean.

Si-biofortified strawberry (0.2 mg 100 g FW ™! in strawberry grown at
0 and 100 mg L7 si; 0.7 mg 100 g’l FW grown at 50 mg L7 Si) can
contribute to the acceptable safe range of boron intakes of 1-13 mg
day ™! for adults, according to the World Health Organization (Pizzorno,
2015; Trumbo et al., 2001).

4. Conclusion

Although Si application in agriculture has traditionally focused on
enhancing plant resistance to biotic and abiotic stresses, this study
demonstrates that strawberry plants are capable of absorbing and
translocating Si when supplied through the nutrient solution, resulting
in a dose-dependent accumulation in plant tissues. Si primarily accu-
mulated in roots and leaves, with lower concentrations detected in fruits
and stems. While Si supplementation did not affect plant biomass, yield,
or fruit quality under optimal soilless cultivation conditions, it signifi-
cantly increased Si content in the fruits. This finding highlights the po-
tential of Si biofortification as a strategy to produce strawberries
enriched with a mineral known to benefit human health. From a prac-
tical perspective, the application of 50 mg L™ Si in commercial soilless
systems appears advantageous for the functional food market. This dose
effectively enhances fruit Si content without compromising yield or key
quality parameters, while also minimizing the risk of increased nutrient
solution salinity compared to higher Si concentrations. Future studies
should investigate the role of Si supplementation under sub-optimal
growing conditions—such as salinity, drought, or pathogen pressur-
e—to fully assess its agronomic potential. Additionally, exploring how
these cultivation protocols may positively influence not only the nutri-
tional quality (e.g., silicon content) but also the productive performance
of strawberry plants will be essential for optimizing biofortification
strategies in applied agricultural systems.
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