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Abstract: The positive effect of silicon on plants is thought to be mediated by a modification of phe-
nolic metabolism. The purpose of the study was to evaluate the effect of a silicon-based mechanocom-
posite (MC) on alterations of the phenolic profile of strawberry plants in the course of development
under in vitro, ex vitro, and in vivo conditions. Aqueous ethanol extracts of aboveground parts of
in vitro–derived plants (Fragaria × ananassa cv. ‘Solnechnaya polyanka’) were subjected to HPLC.
Nineteen individual phenolic compounds (hydroxybenzoic and hydroxycinnamic acids, catechins,
ellagic acid derivatives, and flavonol glycosides) were quantified. The results revealed phenolic
profiles specific to each studied stage and significant transformations of the profiles by the MC. It
induced strong upregulation of hydroxycinnamic acid during in vitro rooting and of catechins and
hydroxybenzoic acids during ex vitro acclimation. At ex vitro and in vivo stages, the emergence of
quercetin glycosides and ellagitannins was registered, and the MC elevated their levels during ex
vitro acclimation and field growth. Principal component analysis confirmed the significant effect
of the MC on the phenolic profile at all stages, and this effect was the strongest during ex vitro
acclimation. The results are consistent with previous reports on the modification of phenolic profiles
of plants by silicon-derived biostimulants.

Keywords: strawberry; silicon chelate mechanocomposite; micropropagation; in vivo conditions;
phenolic compounds

1. Introduction

Strawberry (Fragaria × ananassa (Duchesne ex Weston) Duchesne ex Rozier) is highly
regarded throughout the world as a crop of considerable interest for research and berry
production. The world demand for this crop increases substantially every year owing
to its superior flavor, fragrance, and health-restoring qualities. Among many tools of
modern horticulture for plant propagation and production, the most promising ones are
biostimulants derived from various organic or inorganic substances and microorganisms.
The application of biostimulants improves the growth and nutrition of plants and alle-
viates the impact of environmental stressors [1–3]. Currently, much emphasis is placed
on organic agriculture. Properly selected organic biostimulants may improve crop yields
and the quality of production and can minimize harm to the environment [4,5]. Moreover,
biostimulants are ecologically friendly chemicals and address the population’s need for
environmentally friendly and toxic-chemical-free foods [6].

Among biostimulants, sources of silicon compounds have attracted much interest.
One way in which silicon-based biostimulants may be applied to plants is in the form of
silicon chelates based on plant raw materials produced by solid-phase mechanochemical
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methods without organic solvents [7–9]. As a result of this treatment, plant raw materials
and reagents remain in a stable solid form, which completely prevents their oxidation
and loss of biological activity. Silicon chelates obtained by mechanochemical activation
easily dissolve in an aqueous solution and are more efficiently absorbed by plants in
comparison with inorganic silicates. The practical significance of mechanocomposites
(MCs) is high because they enable “green chemistry” as a component of organic farming
for the cultivation of valuable strawberry cultivars.

In addition to improving product quality and quantity, silicon-based biostimulants
increase the tolerance of plants to various environmental stressors [6,10–12]. In particular,
a positive effect of silicon-based biostimulants can be explained by the activation of a
plant’s defensive mechanisms through the production of secondary metabolites, such as
phenolic compounds [10,13–16]. The latter are considered essential and active cellular
metabolites. Their participation has been demonstrated in many redox processes, in the
regulation of enzymatic reactions, in processes of photosynthesis, in growth, in develop-
ment, in reproduction, in the construction of cell walls protecting plants from mechanical
damage and pathogens, and in other processes [17,18]. The diversity of structures and of
corresponding functions of phenolic compounds helps plants to respond to a wide range
of environmental factors [19]. Molecular structure determines specific roles of individual
phenolic compounds in plant development and defense [18].

In strawberry leaves, phenolic compounds from several classes have been identified:
hydroxybenzoic and hydroxycinnamic acids, ellagic acid derivatives (including ellagitan-
nins), catechins, and flavonols [20,21]. Previously, we investigated the phenolic profile of
strawberry leaves and its changes throughout plant development in tissue culture, includ-
ing under the influence of a silicon-based biostimulant; we revealed upregulation of some
phenolic acids and ellagic acid derivatives [22,23].

Alterations of the phenolic profile have been associated with other considerable physi-
ological transformations: enhanced antioxidant enzymatic activity, vegetative growth, dry
matter production, and formation of photosynthetic pigments, as well as reduced hydrogen
peroxide accumulation and modulation of concentrations of endogenous plant growth
regulators [9,23–25]. Some authors have suggested that the silicon-stimulated production
of flavonoids and organic acids may be a strategy used by plants to cope with exogenous
stressors [26–28]. Therefore, further research is needed to investigate this type of MCs as a
trigger of various adaptive changes in strawberry.

Only limited information is available on the transformation of the phenolic profile of
F. × ananassa leaves under different conditions and its specific features in tissue culture.
Phenolic compounds in leaves and roots of F. × ananassa and the effect of inorganic silicon
on them at three developmental stages (vegetation, flowering, and fruiting) have been
investigated under greenhouse conditions [29]. There is an influence of nitrogen nutrition
on the phenolic profile of leaves of greenhouse plants [30]. There are many reports dealing
with changes in concentrations of phenolic compounds in fruits of F. × ananassa [31,32].
Meanwhile, the characteristics of the phenolic profile of leaves of in vitro–grown Fragaria
vesca plants have been described in additional detail [33,34].

In the current study, for the first time, the phenolic profile of aboveground parts of
strawberry was investigated during adaptation to in vitro, ex vitro, and in vivo conditions,
including under the action of an MC based on silicon chelates from plant raw materials.
Each stage of the micropropagation technique is characterized by a set of specific negative
environmental factors [35,36], and we focused on quantitative and qualitative changes in
the phenolic profile correlating with the main developmental stages and with coping with
adverse environmental factors. Thus, the study was aimed at evaluating an influence of the
MC on the transformation of phenolic profiles in the aboveground part of strawberry in the
course of plant development during the micropropagation and adaptation of the plants to
in vivo conditions.



Horticulturae 2023, 9, 157 3 of 17

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

In vitro–derived strawberry plants (F. × ananassa cv. ‘Solnechnaya polyanka’) from
the collection of the Laboratory of Biotechnology in the Central Siberian Botanical Garden
(CSBG), SB RAS (Novosibirsk, Russia), were used for the assessment of phenolic profiles
during micropropagation (under in vitro or ex vitro conditions) and in vivo (in a green-
house or in the field). Single-fruiting cv. ‘Solnechnaya polyanka’ is characterized by stable
high productivity and is recommended for cultivation under Western Siberia conditions.

2.1.1. Micropropagation

In vitro multiplication of plants was carried out by the activation of axillary meristems
of microshoots on Gamborg-Eveleg’s (B5) [37] basal salt medium supplemented with
0.75 mg L−1 6-benzylaminopurine (plant cell culture tested, BioReagent, Sigma-Aldrich®)
for one passage of 8 weeks in accordance with Ambros et al. [38]. In vitro rooting was
performed on a hormone-free medium of the same composition. The duration of the
rooting stage was 4 weeks. The in vitro cultures were maintained in culture jars (15 mL of
medium per vessel) at 23 ± 2 ◦C under a 16 h photoperiod with 40 µmol m−2 s−1 light
intensity provided by cool white fluorescent lamps (Philips, Pila, Poland). For ex vitro
acclimation, the microclones were cultivated in plastic trays where individual tray cells
(90 cm3) contained peat with 20% of perlite (pH 5.5–6.0) and a coconut substrate (at 1.0:0.5,
v/v) during 4 weeks in accordance with Ambros et al. [23].

2.1.2. In Vivo Conditions

The experiment in a greenhouse was carried out from mid-April to mid-May 2022 under
natural outdoor conditions of temperature and illumination (temperature of 30± 2 ◦C during
the day and 23 ± 2 ◦C at night, relative humidity of 60 ± 10%, photoperiod of 16 h, and light
intensity of 200–250 µmol m−2 s−1). Strawberry plants (one plant per pot) grown in plastic pots
containing 250 cm3 of a soil substrate from a mixture of peat with perlite, humus, sand, and a
coco substrate (1:1:0.25:0.25, v/v/v/v) were used as plant material for assaying the adaptability
of strawberry plants to closed ground conditions.

For the field experiments, seedlings of strawberry with a closed root system [39] were
planted on the experimental plot of the CSBG (geographical coordinates 54◦49′9.87” N
and 83◦6′6.95” E) at the end of May 2022 and analyzed in August 2022. The mechanical
properties of the soil in this area are as follows: medium loamy with a large amount of
coarse dust fractions, structureless, with poor air and water permeability, rapid settlement
and compaction after processing, and a propensity for swimming and crusting. Its pH is
slightly acidic: 6.3–6.9. The soil layer from 0 to 20 cm contains 2–4% humus, and at a depth
of 50–60 cm, no more than 0.8%. The total natural reserves of nutrients are low; therefore,
humus was introduced into the holes during the planting. A two-line planting scheme was
chosen that features the distance between plants in a row of 40 cm (between rows: 35 cm)
and rows of 50 cm long.

2.1.3. Description of the MC, Treatments, and Experimental Design

The MC was prepared from rice husks (Oryza sativa, cv. ‘Liman’, Krasnodar Krai, Rus-
sia) and green tea (Camellia sinensis L.) (Krasnodar Krai, Russia) by mechanical activation
in a water-cooled flow activator (roller mill RM-20, manufactured at the Institute of Solid
State Chemistry and Mechanochemistry, SB RAS, Novosibirsk, Russia). The MC was found
to contain 1.4± 0.2% of catechins (mean± SE), 16.7± 0.9% of ash, and 15.2± 0.7% of silica.
In the MC, the mass ratio of rice husks to green tea was 10:1 [23].
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The experiments were set up without (−MC) and with the mechanocomposite
(+MC) treatment:

• In vitro, MC was added to the B5 medium at a concentration of 5.0 mg L−1 before auto-
claving (121 ◦C, 1.2 atm for 20 min) (+MC). The B5 medium without the MC served as a
control (−MC). Plant microshoots were collected for analysis at the end of each cultivation
cycle (in vitro multiplication and in vitro rooting after 4 and 8 weeks, respectively);

• At the ex vitro acclimation stage, the plants were moistened with the MC slurry at a
concentration of 0.3 g L−1 dissolved in a 1

4 -strength Murashige and Skoog’s (MS) [40]
salt solution (27 mL per cell) once a period (4 weeks) (+MC). A control group of plants
was moistened with a 1

4 -strength MS salt solution (−MC). Shoots were sampled for
analysis after 4 weeks of ex vitro acclimation of the microclones;

• In the greenhouse, each plant was watered under roots with an MC slurry at a concen-
tration of 0.3 g L−1 in tap water (90 mL per pot) at 50% of full moisture capacity twice
a period at regular intervals (2 weeks). Control specimens were moistened with tap
water (−MC);

• In the field, root treatment of plants with 0.3 g L−1 MC dissolved in tap water
(2.7 L per plant) was carried out at 2 weeks after planting (+MC). Control plants
were watered with tap water (−MC). The number of treatments during the growing
season was three at regular intervals (3 weeks).

In between, when the soils dried out, the plants were moistened with water under
in vivo conditions. The plant’s aboveground parts were selected for analysis 1 week after
the last treatment with the MC.

2.2. High Performance Liquid Chromatography (HPLC) Analysis of Phenolic Compounds

For this analysis, the aboveground part from three randomly selected plants (without
roots) was air-dried completely (for 1 day). Dry weight concentrations in the samples of
plant material were calculated by the gravimetric method. Then, the samples of plant
material were ground up, weighed (0.2 g), and extracted three times with an ethanol–water
mixture (70:30, v/v) in a water bath at 60–70 ◦C. HPLC analysis of the aqueous ethanol
extracts was carried out using an Agilent 1200 system with a diode array detector and the
ChemStation software for data processing (Agilent Technologies, Santa Clara, CA, USA).
The chromatographic separation was performed at 25 ◦C on a Zorbax SB-C18 column
(4.6 × 150 mm, 5 µm internal diameter). The mobile phase consisted of MeOH (solvent A)
and 0.1% orthophosphoric acid in water (solvent B).

The separation of compounds in the extracts was performed through gradient 1. The
run via this gradient was started with an A–B mixture at 22:78 (v/v), followed by a linear
gradient to 70:30 (v/v) for the first 30 min, and then to 100:0 (v/v) from minute 30 to
minute 32. A return of the mobile phase to 22:78 (v/v) was implemented from minute 32 to
minute 36.

Flavonoid aglycones were identified after acid hydrolysis of the extracts to confirm
glycoside composition. The aqueous ethanol extracts of aboveground parts of F. × ananassa
were hydrolyzed with 2N HCl for 1 h in a boiling water bath. The hydrolyzed extracts were
separated via gradient 2. The run via this gradient was started with a solvent A–solvent
B mixture at 50:50 (v/v), followed by a linear transition to 52:48 (v/v) for the first 15 min,
then to 100:0 (v/v) from minute 15 to minute 17, with a return to 50:50 (v/v) from minute 17
to minute 20. The flow rate in both gradients was set to 1 mL min−1. The sample injection
volume was 10 µL. Tracking of chromatograms was conducted by means of absorbance at
220, 255, 270, 290, 325, 340, 350, and 370 nm.
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Phenolic compounds were quantified by the external standard method. Reference stan-
dards of gallic, p-hydroxybenzoic, syringic, neochlorogenic, p-coumaric, caffeic, and ellagic
acids, (+)-catechin, quercetin, kaempferol, kaempferol rutinoside (Sigma-Aldrich, St. Louis, MO,
USA), epigallocatechin gallate (Teavigo, Gevelsberg, Germany), vanillic acid (Serva, Heidelberg,
Germany), and ferulic acid (Koch-Light Lab Ltd., Haverhill, Suffolk, UK) were used for building
calibration curves in the concentration range of 10–100 µg mL−1. Ellagic acid derivatives and
quercetin glycosides were quantified as ellagic acid and rutin, respectively.

2.3. Statistical Analysis

For micropropagation, 30 shoots or plants were used, and the experiments were
conducted thrice. The greenhouse experiments were carried out in duplicate at 20 plants
per treatment group. The field experiment was carried out two times independently at
40 plants per treatment group.

The presented data are means of three independent experiments with three technical
replicates each. Concentrations of the compounds were expressed in milligrams per gram
of absolutely dry mass. The data were analyzed in the STATISTICA 10.0 software (Statsoft
Inc., Tulsa, OK, USA), are reported as mean ± standard error from three biological and
three technical replicates, and were compared by Duncan’s multiple-range test. Differences
between the means were considered statistically significant at p < 0.05.

To evaluate variations among the samples of strawberry, principal components analy-
sis (PCA) was performed.

3. Results
3.1. The Phenolic Profile of the Aboveground Parts of F. × ananassa

In the aqueous ethanol extracts from the aboveground parts of F. × ananassa, more
than 20 peaks of individual phenolic compounds were detected. The quantified compounds
included hydroxybenzoic acids (compounds 1, 4, 8, and 9), hydroxycinnamic acids (2, 7, 10,
and 13), catechins (3 and 5), flavonol glycosides (14, 15, and 19), ellagic acid (18), and its
derivatives (6, 11–12, and 16–17) (Supplementary Materials Table S1).

Not all these compounds were present at all the stages. Under the in vitro conditions,
ellagic acid derivatives 1 and 2 (6 and 11) and quercetin glycosides (14 and 15) were absent.
Ellagic acid derivative 1, however, was also absent during ex vitro acclimation, and at this
stage, two hydroxycinnamic acids (p-coumaric and ferulic) disappeared. Except for ferulic
acid, all the other compounds were present under the greenhouse conditions, and all the
compounds were detectable in the field (Table S2; Figure 1).

The total phenolic content without the MC decreased from in vitro multiplication
to in vitro rooting; then, it slightly increased until ex vitro acclimation and, after that,
drastically rose during greenhouse growth and significantly declined in the field (Figure 2).
The decrease at the in vitro rooting stage was mediated by a reduction or insignificant
variation of levels of most of the phenolic compounds. Concurrent shifts up and down of
concentrations of the majority of the phenolic compounds (approximately half of them)
resulted in a small increase in the total phenolic content during ex vitro acclimation. A
sharp rise of the total phenolic content during greenhouse growth occurred due to an
increase in concentrations of the vast majority of the phenolic compounds (except for
three), including the compounds that emerged at this stage. A more modest upregulation
of the total phenolic content in field-derived plants took place because of an increase in
concentrations of a smaller number of compounds: 13.
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rooting stage, (C) ex vitro acclimation stage, (D) greenhouse conditions, (E) field conditions. Black 
curve: −MC treatment; red curve: +MC treatment. MC: mechanocomposite. Peaks: 1, gallic acids; 2, 
neochlorogenic acid; 3, (+)-catechin; 4, p-hydroxybenzoic acid; 5, epigallocatechin gallate; 6, ellagic 
acid derivative 1; 7, caffeic acid; 8, vanillic acid; 9, syringic acid; 10, p-coumaric acid; 11, ellagic acid 
derivative 2; 12, ellagic acid derivative 3; 13, ferulic acid; 14, quercetin glycoside 1; 15, quercetin 
glycoside 2; 16, ellagic acid derivative 4; 17, ellagic acid derivative 5; 18, ellagic acid; and 19, 
kaempferol rutinoside. 

Figure 1. Representative sections of HPLC chromatograms of the extracts of the aboveground part
of strawberry cv. ‘Solnechnaya polyanka’ plants. (A) The in vitro multiplication stage, (B) in vitro
rooting stage, (C) ex vitro acclimation stage, (D) greenhouse conditions, (E) field conditions. Black
curve: −MC treatment; red curve: +MC treatment. MC: mechanocomposite. Peaks: 1, gallic acids;
2, neochlorogenic acid; 3, (+)-catechin; 4, p-hydroxybenzoic acid; 5, epigallocatechin gallate; 6,
ellagic acid derivative 1; 7, caffeic acid; 8, vanillic acid; 9, syringic acid; 10, p-coumaric acid; 11,
ellagic acid derivative 2; 12, ellagic acid derivative 3; 13, ferulic acid; 14, quercetin glycoside 1; 15,
quercetin glycoside 2; 16, ellagic acid derivative 4; 17, ellagic acid derivative 5; 18, ellagic acid; and 19,
kaempferol rutinoside.
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MC-untreated plants) substantially went up, and thereafter, it did not show significant 
changes under different conditions (Figure 2). At all the stages, the compounds responded 
differently to the MC. Downregulation, upregulation, and statistically insignificant effects 
were registered. As compared with untreated plants, the total phenolic content decreased 
in the +MC group during in vitro multiplication and greenhouse growth (Figure 3). Con-
centrations of neochlorogenic acid, (+)-catechin, caffeic acid, p-coumaric acid, ellagic acid, 
and its derivatives 3 and 4 diminished under the influence of the MC during both stages. 

Figure 2. The total phenolic content in the aboveground part of strawberry cv. ‘Solnechnaya polyanka’
plants at different propagation stages without (−MC) or with mechanocomposite (+MC) treatment.
The same lowercase letters for each compound indicate the absence of significant differences in
concentration between groups −MC and +MC according to Duncan’s multiple-range test (p < 0.05).
Abbreviations: MC, mechanocomposite; −MC, mechanocomposite free; +MC, mechanocomposite
treatment; DW, dry weight.

3.2. The Effect of the MC on the Phenolic Profile

The MC modified this course. Plants showed a slight increase (approximately equal
between the groups −MC and +MC) in the total phenolic content under in vitro conditions,
but during ex vitro acclimation, the total phenolic content of +MC plants (in contrast to
MC-untreated plants) substantially went up, and thereafter, it did not show significant
changes under different conditions (Figure 2). At all the stages, the compounds responded
differently to the MC. Downregulation, upregulation, and statistically insignificant effects
were registered. As compared with untreated plants, the total phenolic content decreased
in the +MC group during in vitro multiplication and greenhouse growth (Figure 3). Con-
centrations of neochlorogenic acid, (+)-catechin, caffeic acid, p-coumaric acid, ellagic acid,
and its derivatives 3 and 4 diminished under the influence of the MC during both stages.

At the in vitro multiplication stage, a decrease was also manifested by gallic acid
by 2.1-fold, p-hydroxybenzoic acid by 1.5-fold, p-coumaric acid by 1.3-fold, ellagic acid
derivative 3 by 1.2-fold, and kaempferol rutinoside by 1.3-fold (p < 0.05), whereas during
greenhouse growth, concentrations of caffeic acid dropped by 1.4-fold, quercetin glycosides
1 and 2 by 1.3- to 1.1-fold, ellagic acid by 1.2-fold, and ellagic acid derivatives 1 and 2 by
1.1- to 1.3-fold (p < 0.05) (Figure 3). At the other three stages, the MC induced an increase in
the total phenolic content as compared with untreated plants. Some phenolic compounds’
levels diminished during the multiplication stage and contributed to the positive effects of
the MC on the total phenolic content during in vitro rooting (gallic acid by 1.4-fold, caffeic
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acid by 2.3-fold, and p-coumaric acid by 1.3-fold, p < 0.05) and ex vitro acclimation (gallic
acid by 2.4-fold, (+)-catechin by 1.9-fold, caffeic acid by 1.3-fold, ellagic acid by 1.3-fold,
and its derivatives 3 and 4 by 1.8- and 1.4-fold, respectively, p < 0.05; Figure 4).
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Horticulturae 2023, 9, 157 9 of 18 
 

 

 
Figure 4. Concentrations of phenolic compounds in the aboveground part of strawberry cv. 
‘Solnechnaya polyanka’ plants contributed to the increase in the total phenolic content under the 
influence of the MC during in vitro rooting, ex vitro acclimation, and field growth. Abbreviations: 
MC, mechanocomposite; −MC, mechanocomposite free; +MC, mechanocomposite treatment; DW, 
dry weight. 

 
Figure 5. Phenolic compounds with the greatest concentration shift during development under in 
vitro, ex vitro, and in vivo conditions under the influence of the MC treatment. MC, mechanocom-
posite. 

Consequently, the impact of the MC manifested itself mostly at the ex vitro acclima-
tion stage, when the total phenolic content of MC-treated plants was 1.5 times higher than 
that of the same plants at the previous stage and 1.7 times higher than that of untreated 
plants at the same stage (p < 0.05) (Figure 2). 

A comparison of phenolic profiles at different stages revealed compounds most re-
sponsive to environmental conditions: their concentrations varied ≥3-fold. In both groups 
of plants, there were epigallocatechin gallate, gallic, neochlorogenic, p-hydroxybenzoic, 
syringic, vanillic acids, ellagic acid derivative 5, and kaempferol rutinoside 

Figure 4. Concentrations of phenolic compounds in the aboveground part of strawberry cv. ‘Sol-
nechnaya polyanka’ plants contributed to the increase in the total phenolic content under the
influence of the MC during in vitro rooting, ex vitro acclimation, and field growth. Abbrevia-
tions: MC, mechanocomposite; −MC, mechanocomposite free; +MC, mechanocomposite treatment;
DW, dry weight.
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The compounds whose levels declined during greenhouse growth contributed to the
positive effect of the MC on the total phenolic content during field growth (syringic acid,
quercetin glycoside 1, and ellagic acid derivatives 1 and 2 by 1.3-, 1.1-, 1.1-, and 1.6-fold,
respectively, p < 0.05; Figure 4).

The levels of other phenolic compounds mostly increased during the growth of the
total phenolic content. Epigallocatechin gallate, ellagic acid derivative 5, and ferulic acid
showed a substantial increase by 1.5-, 2.3-, and 5.9-fold, respectively (p < 0.05), under
the influence of the MC during in vitro rooting (Figure 4). The first two compounds
also contributed to the rise of the total phenolic content by 2.8- and 1.3-fold, respectively
(p < 0.05), during ex vitro acclimation (Figure 4). On the other hand, vanillic acid, ellagic
acid derivative 2, and quercetin glycoside 1 (Figure 5) made a contribution to the increase
in the total phenolic content during both ex vitro acclimation (their levels rose by 2.6-, 1.8-,
and 1.3-fold, respectively, p < 0.05) and field growth (by 1.4-, 1.6-, and 1.1-fold, respectively,
p < 0.05). At the ex vitro acclimation stage, the MC caused an upregulation of the largest
number of compounds and the greatest increase in the total phenolic content.
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Consequently, the impact of the MC manifested itself mostly at the ex vitro acclimation
stage, when the total phenolic content of MC-treated plants was 1.5 times higher than that
of the same plants at the previous stage and 1.7 times higher than that of untreated plants
at the same stage (p < 0.05) (Figure 2).

A comparison of phenolic profiles at different stages revealed compounds most re-
sponsive to environmental conditions: their concentrations varied ≥3-fold. In both groups
of plants, there were epigallocatechin gallate, gallic, neochlorogenic, p-hydroxybenzoic,
syringic, vanillic acids, ellagic acid derivative 5, and kaempferol rutinoside (Supplementary
Materials Figures S1–S5). The MC made concentration shifts more substantial. For instance,
during the transition to the ex vitro stage, the concentration of vanillic acid increased
9.9-fold without the MC treatment, whereas in treated plants, its concentration increased
53.9-fold (p < 0.05). The concentration of epigallocatechin gallate diminished considerably
only under the MC influence in in vivo conditions. The transition to the greenhouse from
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the ex vitro stage caused its reduction by 10.3-fold, and the transfer to the field led to a
13.4-fold decrease (Figure 5). In addition, phenolic compounds that emerged only under ex
vitro (quercetin glycosides and ellagic acid derivative 2) or in vivo conditions (ellagic acid
derivative 1; Figures 3 and 5) or disappeared at these stages (p-coumaric and ferulic acids;
Figure 5) revealed a transformation of the phenolic profile of the plants during these big
environmental changes.

A comparison of the levels of the main classes of phenolic compounds indicated a
significant difference between the classes in their response to the MC treatment (Figure 6).
Concentrations of hydroxybenzoic acids diminished by 1.3- and 1.5-fold (p < 0.05) during
in vitro stages and went up during ex vitro acclimation and field growth by 2.7- and 1.4-
fold, respectively (p < 0.05). Upregulation of catechins by 2.2-fold (p < 0.05) during ex vitro
acclimation coincided with the increase in hydroxybenzoic acids’ content.
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Changes in the levels of ellagic acid derivatives matched those of hydroxybenzoic
acids in general. Meanwhile, alterations of contents of hydroxycinnamic acids differed
drastically from them. Hydroxycinnamic acids underwent considerable upregulation by
3.5-fold (p < 0.05) at the in vitro rooting stage and a decrease by 1.5-fold (p < 0.05) during
greenhouse growth with the MC treatment. Under the influence of the MC, concentrations
of flavonoid glycosides were significantly higher during ex vitro acclimation (1.2-fold,
p < 0.05) and field growth (1.1-fold, p < 0.05) than without the MC, and the opposite was
registered during greenhouse growth (a decrease by 1.2-fold, p < 0.05) (Figure 6).

3.3. PCA

This analysis confirmed most of these responsive compounds as variables that con-
tributed to the observed variation (Figure 7). Vanillic acid showed a strong positive
correlation (0.87) with the first principal component (PC1). Meanwhile, p-coumaric acid
(−0.79), gallic acid (−0.85), p-hydroxybenzoic acid (−0.66), and kaempferol rutinoside
(−0.77) highly negatively correlated with this component. Neochlorogenic acid (−0.88),
syringic acid (−0.63), and ellagic acid derivative 5 (−0.67) strongly negatively correlated
with the second principal component (PC2), whereas epigallocatechin gallate (0.87) showed
a strong positive correlation with the third principal component (PC3). Quercetin gly-
cosides (0.98) and ellagic acid derivative 2 (0.91), which were absent at in vitro stages,
manifested the highest positive correlation with PC1. The total phenolic content strongly
positively correlated with this component too (0.80). Ellagic acid derivative 1 (0.85), which
was detected only during greenhouse growth and in the field, also strongly positively
correlated with PC1 (Figure 7C,D).
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Figure 7. PCA score plots of PC1 versus PC2 (A) and PC2 versus PC3 (B) from PCA of a 20-variable
matrix for the five different propagation stages without (−MC) and with mechanocomposite (+MC)
treatment of strawberry cv. ‘Solnechnaya polyanka’ plants. Projections of the variables on the factor
plane of PCA of the 20 parameters of the phenolic profile of the plants: (C) loading plots for the
compounds’ variables contributing to PC1 and PC2; (D) loading plots for the compounds’ variables
contributing to PC2 and PC3. Abbreviations: MC, mechanocomposite; −MC, mechanocomposite free;
+MC, mechanocomposite treatment; G, gallic acid; Nch, neochlorogenic acid; Cat, (+)-catechin; p-Hb,
p-hydroxybenzoic acid; Eg, epigallocatechin gallate; Ed 1–5, ellagic acid derivatives 1–5; C, caffeic
acid; V, vanillic acid; S, syringic acid; pC, p-coumaric acid; F, ferulic acid; Qugl 1 and 2, quercetin
glycosides 1 and 2; E, ellagic acid; Krut, kaempferol rutinoside; and Total, total phenolic content.

Some compounds—whose levels did not vary widely under the influence of environ-
mental changes or of the MC—also strongly correlated with principal components. Caffeic
acid showed a strong positive correlation (0.80) with PC1, whereas ellagic acid and ellagic
acid derivative 3 strongly correlated with it negatively (−0.82 and −0.69, respectively).
Ellagic acid derivative 4 showed a strong negative correlation with PC2 (−0.85) (Figure 7C).

PCA revealed relations among all the stages of micropropagation and in vivo adapta-
tion with and without MC treatment (Figure 7A). Two principal components explaining
71% of the overall variance (51% and 20% for PC1 and PC2, respectively) divided the
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analyzed stages of development into a separate cluster, and data points involving the MC
treatment were found to be separated from data points without the treatment.

The location of in vitro stages in the scatterplot of PC2 against PC1 characterized their
phenolic profiles as correlating negatively with PC1. They featured high levels of gallic,
p-hydroxybenzoic, p-coumaric, and ellagic acids and of kaempferol rutinoside (Figure 7A).
Meanwhile, in vitro multiplication and rooting stages occupy opposite positions relative
to the PC2 axis. Phenolic profiles at the multiplication stage were found to be located
in an area of an elevated influence of neochlorogenic acid and ellagic acid derivative 4.
The MC weakened this correlation. On the other hand, the location of phenolic profiles
during in vitro rooting indicated a moderate positive correlation with PC2, and the MC
strengthened this correlation. Stages ex vitro and in vivo proved to be located in an area
of a positive correlation with PC1 under the influence of quercetin glycosides, ellagic
acid derivatives 1 and 2, caffeic acid, and vanillic acids and of the total phenolic content.
Meanwhile, greenhouse plants, just as plants during in vitro multiplication, occupy an
area with a negative correlation with PC2, and the MC weakened this correlation under
the influence neochlorogenic acid. Ex vitro phenolic profiles ended up in an area with a
positive correlation with PC2, and the MC attenuated this relation. The phenolic profiles of
the greenhouse plants and plants in the field are characterized by the strongest positive
correlation with PC1. For the former, the MC weakened this correlation for the transition
from the area of quercetin glycosides to the area dominated by ellagic acid derivatives 1
and 2 and caffeic and vanillic acid. For the plants in the field, on the contrary, the MC
strengthened this positive correlation. Thus, in this regard, the field-grown plants treated
with the MC are under the strongest influence of quercetin glycosides.

The score plot of PC2 versus PC3 illustrates considerable differentiation between
ex vitro plants treated and untreated with the MC in terms of the correlation with PC3
(Figure 7B). Plants treated with the MC showed the highest positive correlation with the
third principal component in an area of the highest level of epigallocatechin gallate; how-
ever, the phenolic profile of untreated plants under the same conditions barely correlated
with PC3. Other strong correlations with PC3 were not detectable. Therefore, PCA revealed
phenolic profiles specific to each stage of micropropagation and in vivo adaptation as well
as significant effects of the MC at all these stages.

4. Discussion

Our phenolic profiling of all five stages of propagation indicates transformations of the
phenolic profile in the course of plant development and under the influence of environmen-
tal changes. Moreover, the results point to specific features of in vitro stages. The absence of
quercetin glycosides and ellagic acid derivatives 1 and 2 is the main characteristic of these
stages (Figures S3 and S5). Phenolic acids and ellagic acid derivatives 4 and 5 primarily
constitute a pool of biologically active compounds presumably helping to overcome the
effects of negative environmental factors. The original profiles of phenolic compounds and
the prevalence and accumulation of phenolic acids, including ellagic acid, in tissue culture
have been described previously [19,41,42], including our work [43]. Aside from having
antioxidant properties, phenolic acids participate in cellular respiration and photosynthesis,
lignin metabolism processes, water movements, and hormonal balance [44].

In our work, the effects of the MC were specific to each in vitro stage. The decrease in
the total phenolic content caused by the MC during in vitro multiplication as compared
with the −MC group most likely can be explained by the optimization of gas and water
exchange in plantlets and a consequent reduction in the stress load. At the in vitro rooting
stage, when the total phenolic content of untreated plants decreased, MC-treated plants
showed a significant (for gallic, caffeic, and p-coumaric acids) or manyfold (for ferulic acid)
increase in the levels of certain phenolic acids, although the total phenolic content was
approximately equal to that at the previous stage (Figures S1 and S4). This increase means
more intensive development of MC-treated plants and involvement of the majority of
these phenolic acids in lignin synthesis. Esterified and etherified cinnamic acids (primarily



Horticulturae 2023, 9, 157 13 of 17

ferulic, caffeic, and p-coumaric acids) are structural components of the cell wall, including
lignin [18,45].

Our analysis of subsequent stages indicates that concentrations of p-coumaric and
ferulic acids significantly declined under ex vitro and in vivo conditions compared with
in vitro conditions, down to an undetectable level during ex vitro acclimation (Figure S1).
Then, ferulic acid was found only in field plants in trace quantities, and p-coumaric acid
was barely detectable at both in vivo stages. This variation confirms that these components
are sources of lignin and shows the propensity of ferulic and p-coumaric acids to convert
to a bound form usually. Some authors have also reported on the absence of ferulic acid
in Fragaria leaves even in the cell-wall-bound fraction; they explained this phenomenon
by extremely tight bonds via ether linkages in lignin and by consequent difficulties with
extraction [46,47]. It is noteworthy that p-coumaric acid, along with some other compounds
(ellagic acid, gallic acid, and kaempferol hexoside), has been also identified in the cell-
wall-bound fraction [47]. This finding leads us to believe that the significant variation
and transient absence of p-coumaric acid may be caused by cell wall binding. Cell-wall-
associated phenolics have been shown to protect epidermal cells from UV radiation [48]
and to limit water loss by maintaining the integrity and hydrophobicity of the cell wall [49].

Our results suggest that the MC induced upregulation of precursors of lignin especially
at the rooting stage. Roots are reported to accumulate large amounts of lignin in xylem
vessels and in the endodermal cells surrounding vascular tissues for Casparian strip
formation [50]. In our previous study, we demonstrated an increase in the mass, length,
and number of roots per microshoot under the influence of the same MC [25].

A reduction in p-coumaric acid concentration in F. vesca leaves was also observed dur-
ing greenhouse growth [29]. Those authors associated this decrease with higher utilization
of this intermediate for the synthesis of flavonols and flavanols. Our results confirm this
supposition because an undetectable level of p-coumaric acid at the ex vitro stage coincided
with the emergence of quercetin glycosides.

The overproduction of vanillic acid under the action of the MC during ex vitro acclima-
tion is also worth noting (Figure S4). The levels of catechins (Figure S2) and syringic acid
(Figure S4) considerably increased too, and the concentrations of the majority of the pheno-
lic compounds also rose. Vanillic acid, just as syringic acid, was shown to participate in
lignification [51]. However, in this stage, antioxidant properties of phenolic compounds can
exert an action too. This expansion of the total antioxidant pool probably occurs in response
to an increase in the stress load from the environment. Individual phenolic compounds
contribute to total antioxidant activity in accordance with their molecular structure [52,53].
The upregulation of catechins is very important because these flavonoids are considered
highly effective antioxidants [54]. Some authors demonstrated a similar ability of silicon to
reinforce the antioxidant pool of phenolic compounds [55].

On the other hand, vanillic acid, along with some other phenolic acids, catechins, and
tannins, has been found to take part in plants’ antiherbivore and antimicrobial mecha-
nisms [56–58]. Meanwhile, silicon is reported to upregulate toxic compounds and antin-
utrients. For example, in miniature roses, silicon causes the accumulation of fungitoxic
phenolic compounds (chlorogenic acids and flavonoids), which correlates with an approxi-
mately 50% reduction in the incidence of infection by the biotrophic pathogen Podosphaera
pannosa [59].

Although quercetin derivatives are the most abundant class of low-molecular-weight
phenolic compounds in strawberry leaves [60], results of the present study suggest that
quercetin derivatives are specific only to ex vitro and in vivo plants (Figure S5). By contrast,
kaempferol rutinoside was detected at all the tested stages. This finding once again indicates
the unique properties of quercetin glycosides as antioxidants and defensive compounds
whose content usually grows in response to harsh stressors [61,62]. Similar ratios between
quercetin and kaempferol glycosides have been registered in in vitro–grown leaves of
F. vesca; the level of rutin is negligible, whereas the concentration of kaempferol glucoside
is substantial, albeit significantly lower as compared with field-grown plants [33].
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The opposite effect in strawberry leaves has been reported too: after treatment with a
high concentration of nitrogen, flavonol content diminishes, while the kaempferol/quercetin
ratio rises [30].

Ellagic acid derivative 1 (Figure S3) proved to be another phenolic compound char-
acteristic of in vivo stages. Ellagic acid derivative 2 was not detectable at in vitro stages
either and was first detected in the plants during ex vitro acclimation. The increase in
the concentrations of ellagic acid derivatives, along with phenolic acids’ levels, under
various stresses has been documented previously [20,47]. On the other hand, our results
point to the functional heterogeneity of ellagic acid derivatives similar to that of the above-
mentioned flavonol glycosides. According to the spectral maxima of these derivatives,
they are agrimoniin-like ellagitannin [63]. Similar compounds are abundant in strawberry
leaves [47]. The sensitivity of ellagitannins to external factors has been reported before.
Their biological properties, including their valuable therapeutic activities, are very di-
verse [64]. In this context, it is noteworthy that our findings expand the knowledge about
the usefulness of strawberry leaves for biotechnology. Obviously, the spectrum of phenolic
compounds in tissue culture here was limited, and the alterations induced by exogenous
active compounds (MC) consisted of only quantitative shifts of certain compounds, but a
qualitative transformation of the phenolic profile occurred during environmental changes.

5. Conclusions

For the first time, we present results about the phenolic profile of aboveground parts
of F. × ananassa plants during the propagation cycle under in vitro, ex vitro, and in vivo
conditions after treatment with a silicon-derived biostimulant. The results revealed phenolic
profiles specific to each stage and transformations of the profiles by the MC treatment.
Quantitative changes induced by the MC, especially significant for phenolic acids, were
documented at the in vitro rooting and ex vitro acclimation stages. A strong increase
in the hydroxycinnamic acid content during in vitro rooting correlated with elevated
lignin synthesis in MC-treated plants. During ex vitro acclimation, the MC triggered
considerable upregulation of antioxidants (primarily catechins and hydroxybenzoic acids).
In ex vitro and in vivo stages, the emergence of the most effective flavonoid antioxidants
(quercetin glycosides) and ellagitannins was registered, and the MC boosted their levels
during ex vitro acclimation and field growth. PCA uncovered a significant influence of
the MC on phenolic profiles at all stages, and this effect was most pronounced during
ex vitro acclimation. Our findings expand the knowledge about poorly studied phenolic
compounds of strawberry plantlets during in vitro development and may help to improve
the yield of biologically active compounds. On the other hand, clarifying the roles of
individual phenolic compounds opens up prospects for the modulation of the adaptation
of strawberry plants to fruit production. An MC based on silicon chelates from plant raw
materials apparently is useful for these processes and technologies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9020157/s1, Figure S1: Concentrations of hy-
droxycinnamic acids in the aboveground part of strawberry cv. ‘Solnechnaya polyanka’ plants at dif-
ferent propagation stages without (−MC) or with mechanocomposite (+MC) treatment;
Figure S2: Concentrations of catechins in the aboveground part of strawberry cv. ‘Solnechnaya
polyanka’ plants at different propagation stages without (−MC) or with mechanocomposite (+MC)
treatment; Figure S3: Concentrations of ellagic acid derivatives in the aboveground part of straw-
berry cv. ‘Solnechnaya polyanka’ plants at different propagation stages without (−MC) or with
mechanocomposite (+MC) treatment; Figure S4: Concentrations of hydroxybenzoic acids in the
aboveground part of strawberry cv. ‘Solnechnaya polyanka’ plants at different propagation stages
without (−MC) or with mechanocomposite (+MC) treatment; Figure S5: Concentrations of flavonol
glycosides in the aboveground part of strawberry cv. ‘Solnechnaya polyanka’ plants at differ-
ent propagation stages without (−MC) or with mechanocomposite (+MC) treatment; Table S1:
Phenolic compounds in the aboveground part of strawberry cv. ‘Solnechnaya polyanka’ plants;
Table S2: Total phenolic concentrations of compounds (mg g−1 DW) in the aboveground part of
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strawberry cv. ‘Solnechnaya polyanka’ plants at different propagation stages without (−MC) and
with mechanocomposite (+MC) treatment.
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64. Grochowski, D.M.; Skalicka-Woźniak, K.; Orhan, I.E.; Xiao, J.; Locatelli, M.; Piwowarski, J.P.; Granica, S.; Tomczyk, M. A
comprehensive review of agrimoniin. Ann. N. Y. Acad. Sci. 2017, 1401, 166–180. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/jf063452p
http://doi.org/10.1038/s41467-022-29460-9
http://doi.org/10.1007/s00438-016-1276-y
http://doi.org/10.1038/s41467-021-22550-0
http://doi.org/10.1016/j.biopha.2018.09.069
http://doi.org/10.1016/0891-5849(95)02227-9
http://doi.org/10.3390/molecules25030498
http://doi.org/10.3390/molecules23040965
http://doi.org/10.1002/jpln.200700101
http://doi.org/10.1016/0965-1748(94)90023-X
http://doi.org/10.4137/IJIS.S39619
http://doi.org/10.1016/j.plaphy.2021.05.023
http://doi.org/10.1111/j.1365-3059.2011.02493.x
http://doi.org/10.1002/jsfa.8027
http://www.ncbi.nlm.nih.gov/pubmed/27611634
http://doi.org/10.1038/s41598-017-18073-8
http://doi.org/10.1515/znc-2012-11-1201
http://doi.org/10.1111/nyas.13421

	Introduction 
	Materials and Methods 
	Plant Material and Growth Conditions 
	Micropropagation 
	In Vivo Conditions 
	Description of the MC, Treatments, and Experimental Design 

	High Performance Liquid Chromatography (HPLC) Analysis of Phenolic Compounds 
	Statistical Analysis 

	Results 
	The Phenolic Profile of the Aboveground Parts of F.  ananassa 
	The Effect of the MC on the Phenolic Profile 
	PCA 

	Discussion 
	Conclusions 
	References

