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Abstract

Background Silicon has an important role in regulating water management in plants. It is deposited in cell

walls and creates a mechanical barrier against external factors. The aim of this study was to determine the role of
silicon supplementation in the synthesis and distribution of callose in oilseed rape roots and to characterize the
modifications of cell wall structure of these organs after exposure to drought stress. Histological and ultrastructural
analyses were performed to determine the changes in the distribution of arabinogalactan proteins, pectins, and
extensin in roots of Brassica napus growing under drought and supplemented with silicon. Callose deposition and the
accumulation of callose synthase protein were assessed, followed by transcriptional analysis of callose synthase genes.

Results The results showed that silicon supplementation under drought conditions alter the direction of cortex
cell differentiation, promoting fiber formation and proliferation of callose-depositing cells in the roots of the tested
plants. This was reflected in an increase in the level of callose synthase and a decrease in the transcriptional activity
of the gene encoding this enzyme, indicating regulation based on negative feedback under drought stress. The
changes in abundance and distribution of investigated arabinogalactan proteins, pectins and extensin in roots of Si
supplemented plants growing under drought stress were observed, indicating cell walls remodeling.

Conclusion Silicon supplementation in oilseed rape roots induced significant changes in cell wall composition,
including increased callose deposition and altered pectins and arabinogalactan proteins distribution. These
modifications, along with the formation of fibres in the root cortex, likely contribute to enhanced cell wall strength
providing a physical barrier against water loss and mechanical stress, as a probable defence mechanism induced
during drought stress.
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Introduction

Silicon (Si) is an element occurring naturally in signifi-
cant amounts in the Earth’s crust but, due to the high
instability of silicic acid and its easy conversion into
forms unavailable to plants [1], it was not recognized for
a long time as a microelement that may have a significant
role in the growth and development of plants. However,
over the years, it has been shown that some plants can
absorb Si from the environment and accumulate it in
significant amounts—high accumulators, and others in
small amounts—low accumulators [2]. Moreover, it has
been observed that it plays an important role in plant
defense reactions against the negative effects of various
stress factors, including drought [3]. Our research to date
has proven that Si supplementation in Brassica napus var
napus brings benefits in the regulation of physiological
processes [4—6]; however, further studies are required
to explain the mechanism of its action. Si accumulation
in oilseed rape proved to be significantly higher in the
above-ground part of the plant compared to the roots [4,
6] but despite that Si stimulates the root development. It
has been shown to promote the growth of the root sys-
tem, thereby increasing its absorbent surface, improving
the water balance of plants by influencing water uptake
by the roots, and increasing water retention in cells,
which is strictly regulated by tonoplast aquaporins [6].
Moreover, Si stimulates catalase activity in the roots of
plants grown under both well-watered and drought con-
ditions, and this effect is especially pronounced under
stress conditions, which emphasizes the role of Si in
mitigating the effects of oxidative stress by activating the
antioxidant system [6]. Si is deposited in plants, creating
a mechanical barrier [7], mainly in the cell walls of the
covering, conducting, or strengthening tissue [8], where
it combines with its polysaccharide components and lig-
nin or forms silica [9]. Even very small amounts of this
element can change the structure of the cell wall as it was
shown in the case of rice, but also in plants that poorly
accumulate Si, such as oilseed rape [10]. This process
occurs by the formation of covalent bonds with plant cell
wall components such as hemicelluloses, pectin, and lig-
nin, which may be crucial in plant cell wall structure and
remodeling [8, 11].

Callose mechanically strengthens the cell wall, and the
timing and location of its accumulation in the cell wall
may be crucial for the proper progression of processes
such as megasporogenesis, microsporogenesis, embryo-
genesis [12], cytokinesis [13], transport of assimilates,
intercellular communication [14] and plant responses to
environmental stresses [15]. The levels of callose in plants

are regulated by the coordinated activities of callose
synthase (CalS, also referred to as GSL for glucan-syn-
thase-like) and [-1,3-glucanase (BG). Callose synthase
facilitates the biosynthesis of callose, whereas [-1,3-
glucanase is responsible for its breakdown. The finding
of the CalS gene family in many plant species revealed
its significance in plant development and responses to
environmental stress. So far, 15 CalS genes have been
identified in Brassica rapa, 7 in Hordeum vulgare, 12 in
Zea mays, 8 in Vitis vinifera, 32 in Brassica napus, 12 in
Citrus sinensis, and 12 in Arabidopsis thaliana [16]. In
Arabidopsis thaliana, the callose synthases are grouped
into two functional categories. The first group, which
includes CalS1, CalS2, CalS6, CalS8 and CalS10, is mainly
involved in callose synthesis during pollen development
and cell division. The second group, consisting of CalS3,
CalS4, CalS5, CalS7 and CalS12, is primarily respon-
sible for producing callose in the cell wall as part of the
plant’s defense mechanism against phytopathogen infec-
tions. The roles of other members, such as CalS9 and
CalS11 are still not well understood [17]. Studies on cal-
lose synthesis induced by plant silicon supplementation
have primarily focused on conditions of biotic stress. For
example, increased callose accumulation triggered by a
compound mimicking fungal infection has been shown
to coincide significantly with elevated silica deposition in
leaf trichomes and mesophyll tissues [18]. In oilseed rape
(Brassica napus), research on callose accumulation and
the callose synthase gene family responsible for its syn-
thesis has so far been limited to responses to infection by
the pathogen Leptosphaeria maculans [11]. However, the
effects of Si supplementation and drought stress on cal-
lose synthesis and its related mechanisms have not been
yet explored. Therefore, this study aimed to investigate
the role of Si supplementation in the synthesis and distri-
bution of callose in the roots of oilseed rape plants. Addi-
tionally, it sought to characterize modifications to the cell
wall structure of these organs, focusing on the localiza-
tion of arabinogalactan proteins, pectins and extensin.

Materials and methods

Plant material, experimental design and sampling

The experiment was planned according to Saja-Gar-
barz et al. (2022) [5]. In the experiment plants of Bras-
sica napus var napus cv. Markus (from the Institute of
Plant Protection — National Research Institute, Poznan,
Poland) were used. The design of the experiment and
information about conditions of growth are presented in
Fig. 1.
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Fig. 1 Experimental design. In the experiment seeds of oilseed rape which were not subjected to sterilization and stratification were used. Samples were
taken from the middle part of the root (root hair zone and lateral root zone). The roots were washed several times with distilled water and excess soil was
removed with a paintbrush
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Preparation of roots for histological and
immunohistological analysis

Samples from roots were fixed in a mixture of 4% para-
formaldehyde (PFA), 1% glutaraldehyde (GA) in phos-
phate-buffered saline (PBS, pH=7.2; overnight at 4 oC),
dehydrated in increasing ethanol concentrations and
gradually embedded in Steedman’s wax as described pre-
viously by Sala et al., (2019) [19]. Cross Sect. (6-pm thick)
were cut using a HYRAX M40 rotary microtome (Zeiss,
Germany) and collected on microscopic slides covered
with Mayer’s albumin.

Callose detection

Callose (Cal) was detected by staining with 0.1% (w/v)
aniline blue (AppliChem) in phosphate buffer, pH 7.2
for 30 min, rinsed several times in PBS and mounted in
a Fluoromount anti-fading medium [20]. Aniline blue
was observed using epifluorescence microscopy (Nikon
Eclipse Ni) in UV light. The average number of cells with
callose was determined based on the number of cells
with callose per 10 cells in radial rows selected randomly
around the entire root circumference.

Ultrastructural analysis of roots

For transmission electron microscopy (TEM), the mate-
rial was prepared according to the procedure described
by Brzezicka and Kozieradzka-Kiszkurno (2021) [21]. The
samples were fixed in 2.5% (w/v) formaldehyde and 2.5%
(v/v) glutaraldehyde in a 0.05 M cacodylate buffer (pH
7.0) for 4 h at room temperature. Next, were rinsed in the
same buffer and post-fixed in 1% (w/v) osmium tetrox-
ide in a cacodylate buffer at 4 °C overnight, dehydrated
in a series of graded acetone (25-100%) and embedded
in Spurr’s low-viscosity resin (Polysciences, Germany).
Ultrathin Sects. (50-90 nm) were cut using a diamond
knife on a Leica EM UC?7 ultramicrotome (Leica, Ger-
many). The sections were stained with Uranyless (Delta
Microscopies) and Reynold’s lead citrate (Delta Micros-
copies), and examined on a Tecnai G2 Spirit BioT WIN
(FEL United States) transmission electron microscope at
120 kV. TEM analyses were done at the Bioimaging Labo-
ratory, Faculty of Biology, University of Gdansk, Poland.

Protein concentration in crude root extract

Protein extracts were prepared from roots following
Saja-Garbarz et al. (2024) [6]. Protein concentration was
determined spectrometrically using the Bio-Rad Protein
Assay, based on the Bradford method [22]. Absorbance
changes were measured with Synergy 2 BioTek. Three
independent biological replicates were used, each con-
sisting of root fragments from five plants, with two tech-
nical replicates per sample.
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Accumulation of CalS12 protein in roots

The identification of the callose synthase protein (CalS12)
was performed using immunodetection on nitrocellulose
membranes. Protein fractions (5.5 pg) were diluted in
loading buffer, denatured at 70 °C for 10 min, and sepa-
rated on 10% polyacrylamide gels according to Laemmli
(1970) [23]. Proteins were transferred to nitrocellulose
membranes using the Transblot SD Semi Dry Transfer
Cell (BioRad) at 46 mA for 1 h. Membranes were blocked
with 5% low-fat milk in TBS-T for 1 h, washed with TBS-
T, and incubated overnight with the primary polyclonal
antibody CalS12/PMR4/Callose synthase specific to pep-
tide derived from Arabidopsis thaliana CALS12 protein
sequence (Agrisera) (1:1000). After washing, membranes
were incubated with HRP-conjugated anti-rabbit second-
ary antibody (Agrisera) (1:20,000 for 2 h), washed again,
and chemiluminescence was visualized with the Super
Bright reagent (Agrisera). Blots were scanned using an
Epson Perfection V700 Photo Scanner. Three biological
replicates were used for each treatment, with two tech-
nical replicates each, resulting in six measurements per
treatment.

Expression of BnC05.CalS.a, BnC09.CalS.a and BnA10.CalS.b
genes in the roots: RNA isolation, cDNA synthesis and real-
time PCR

The accumulation of the BnC05.CalS.a, BnC09.CalS.a
and BnA10.CalS.b transcripts were measured using RT-q
PCR amplification. The analyses were carried out using
a QuantStudio™ 6 Pro Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Approximately
0.05 g of the plant tissue (central part of the root - roots
were selected from root hair zone and lateral root zone
which were not woody) was used to extract RNA using
an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol. The qual-
ity and quantity of the RNA were checked using a UV-
Vis Spectrophotometer Q5000 (Quawell, San Jose, CA,
USA). Approximately 800 ng of RNA template was
used for reverse transcription reaction combined with
genomic DNA enzymatic elimination using the Quan-
tiTect Reverse Transcription Kit (Qiagen, Hilden, Ger-
many). For the Real-Time PCR assay, cDNA was diluted
1:10 with dH,O. Primer sequences were prepared based
on the publication by Liu et al. (2018) [11] (Tab. ST1.,
supplementary material). They were prepared according
to the manufacturer’s information (Genomed) and then
diluted in a 1:10 ratio for the reaction. The GAPDH and
Actin coding genes were selected as the reference genes.
Primer sequences for GAPDH were prepared based on
the publication by Liu et al. (2018) [11] and for Actin on
the publication by Rys et al. (2020) [24] (Tab. ST1., sup-
plementary material). For each sample of the separate
gene, we used: 12.5 uL. of SYBR™ Green PCR Master Mix,
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2.5 uL of each primer (10 uM), 6.5 uL of sterile, DNAse-
free water, and 1 uL of cDNA. For each treatment, a
pooled sample was run in four technical replicates along
with negative control and 0, 10, 100, and 1000 times
diluted one of the samples to create a melting curve. The
amplification programs were set at the following condi-
tions: 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and
60 °C for 60 s.

Immunohistological detection of arabinogalactans, pectic
and extensin epitopes

Immunofluorescence staining was done according to
Godel-Jedrychowska et al. (2023) [25]. Briefly, sections
were submerged in a blocking buffer consisting of 2%
(v/v) fetal calf serum (FCS) and 2% (w/v) bovine serum
albumin (BSA) in PBS for 30 min. Sections were treated
with the primary monoclonal antibodies (Plant Probes,
Leeds, UK; diluted 1:20 in blocking buffer) and kept over-
night at 4 °C. The antibodies used in the present studies
are shown in Tab. ST2, see online supplementary mate-
rial. The secondary antibody (Alexa Fluor 488 goat anti-
rat IgG, Jackson ImmunoResearch Laboratories; diluted
1:100 in the blocking buffer) was applied for 2 h. To visu-
alize the cellulose, the sections were counterstained with
0.01% (w/v) Fluorescent Brightener 28 (Sigma-Aldrich) in
PBS for 10 min and mounted in a Fluoromount (Sigma-
Aldrich) anti-fading medium. To confirm the specificity
of a secondary antibody, negative controls were made
in which the primary antibody step was omitted, and
the blocking buffer was applied instead. Each negative
control section exhibited no fluorescence signal (not
shown). Sections were analyzed using a Nikon Eclipse
Ni-U microscope equipped with a Nikon Digital DS-Fil-
U3 camera with the corresponding software (Nikon,
Tokyo, Japan) at a maximum excitation wavelength of
490 nm (AlexaFluor 488) or 330 nm (Fluorescent Bright-
ener 28). The epifluorescence microscopy images were
prepared as figures using Corel Draw x12 and Corel
Photo-Paint software (the brightness and contrast were
adjusted).

Statistical analysis

Statistical analysis and graphic presentation of the results
were performed using Statistica 13.1 (StatSoft, Tulsa,
OK, USA) and PAST 4.06 [26]. The main effects of the
treatments on the number of cells with callose depo-
sition and the accumulation of CalS12 protein were
determined with one or two-factor analysis of variance
(ANOVA). The significance of differences among the
treatment means was calculated with Duncan’s multiple
range test at 0.05 probability level. The figures include
mean valueststandard deviation (SD). Relative quantifi-
cation of BuC05.CalS.a, BnC09.CalS.a and BnCI10.CalS.b
transcript levels was performed based on the modified
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standard curve method proposed by Pffafl (2001) [27].
The amplification efficiency of each examined gene was
calculated based on the slope of the standard curve. The
expression level of each target gene normalized accord-
ing to the geometric means of endogenous reference
genes — GAPDH and Actin. Values of gene expression
were shown as the log2 fold change.

In immunohistological measurements, after the assess-
ment of the distribution of epitopes in 13 different loca-
tions of various tissues in roots, the frequency scale was
converted into values from 0 to 3, where +++ very strong
signal in all cell walls (=3; +++ epitope present in walls of
all cells of a given tissue), ++ epitope present in the most
of walls of cells (=2; ++ epitope present in the walls of
at least 75% of the cells of given tissue), + epitope pres-
ent in the part of walls of cells (=1; + epitope present in
the walls of less than 50% of the cells of a given tissue),
- epitope not detected (=0; Table S3-S6). Then, the sig-
nificance of differences in terms of the average frequency
of particular pectic, APG, and extensin epitopes occur-
rence in plant roots between experimental groups was
tested with Kruskal-Wallis tests (p<0.05) followed by
Dunn’s post-hoc tests. Multiple correspondence analysis
(MCA) was used to visualize the occurrence of particular
epitopes in different tissues across experimental groups
to investigate the associations between the location of a
given epitope (tissue) and the experimental group. The
frequency of individual epitopes in tissues constitutes the
mean value from three observations. The tissues in which
a certain epitope was not found were excluded from the
analysis. The analysis was performed separately for pec-
tin and AGP epitopes.

Results

Histological analysis of the roots structure

Control roots growing in well-watered conditions were
characterized by a lack of fibres in the cortex (Fig. 2A).
Fibres were detected in the roots of the remaining vari-
ants of the experiment (Fig. 2B-F) in the form of two-cell
to several-cell clusters in drought treated roots (Fig. 2B).
They were most abundant in roots treated with silicon in
well-watered conditions, where they formed an almost
continuous cylinder around the root circumference
(Fig. 2C). In roots treated with silicon in drought, fibres
formed clusters with several cells (Fig. 2D). They were
least numerous in roots treated with silicon complex in
well-watered conditions (Fig. 2E), but drought resulted in
the formation of multi-cellular clusters of fibres around
the root periphery.

Callose deposition and ultrastructural analysis of roots

The lowest number of cells with callose was found in
control roots and those treated with the silicon complex,
which grew in well-watered conditions (Fig. 3).
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Fig. 2 Presence of fibres on cross sections in roots growing under different conditions. A, B — control roots, A - well-watered, B — under drought; C, D -
roots treated with silicic acid, C - well-watered, D — under drought; E, F — roots treated with silicon complex, E - well-watered, F — under drought (arrows
point to fibres; x- xylem; ¢ — cambium; ph — phloem; cor - cortex; the analysis was carried out using a fluorescence microscope and the ability of the
lignified walls to autofluorescence; scale bars=50 um)
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Fig. 3 Number of cells with callose deposition. Values which do not differ significantly are marked with the same letter (Duncan’s multiple range test at
0.05 probability level)

The highest number of cells with callose was found in  conditions. The differences between these roots and the
control roots treated with drought stress and in roots control roots growing in well-watered conditions were
treated with silicon, regardless of whether they were statistically significant. Statistically significant differ-
subjected to drought stress or grew in well-watered ences in the number of cells with callose were also found
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between roots treated with silicon and those treated with
the silicon complex, regardless of the growth conditions
(Fig. 3).

Aniline blue staining indicated that callose occurred in
walls of cells on the phloem side in roots from all experi-
mental variants (Figs. 4A and F, 5A and F and 6A and F).

TEM analyses were also performed to localize callose
(Cal) in the phloem cells. Electronograms are represen-
tative of the obtained results. Our observations particu-
larly focused on the plasmodesmata (Pd) among phloem
sieve elements (SEs), companion cells (CCs), and phloem
parenchyma cells (PCs). In control roots in well-watered
conditions, electron-lucent deposits of callose were seen
on the cell walls of developing sieve plates (Fig. 4B, C).
The SE and CC were interconnected by branched Pd.
Callose deposits were observed at Pd on the SE side
(Fig. 4D). Moreover, the callose aggregates were localized
in the cell wall thickenings of PC cells not only around
plasmodesmata but also in areas of the walls lacking Pd
(Fig. 4E). In roots under drought, in mature SE, callose
was present as a distinctive electron-lucent layer that
surrounds the sieve plate cell wall. Masses of P-protein
fibrils surged to the sieve plates and into the pores. The
sieve plate pores were plugged with P-protein (Fig. 4G).
During the differentiation of the SEs and CC, callose
deposits were noticed at Pd on the SE side (Fig. 4H).
Moreover, callose accumulation between the cell walls of
SEs and PCs was seen to merge and form large masses
(Fig. 41). In silicon-treated roots in well-watered condi-
tions at the beginning of phloem perforation, callose was
deposited surrounding the Pd of sieve plates (Fig. 5B,
C). The branched plasmodesmata between the SEs and
CCs contained callose deposits on the sieve element
side (Fig. 5D). In addition, the callose aggregates were
observed in the cell wall thickenings of PCs not only
around the Pd but also in those areas of the walls where
no Pd was detected (Fig. 5E). In the case of roots treated
with silicon in drought, mature sieve plates showed an
accumulation of high levels of callose collars around
the sieve pores. The sieve elements lumen contained a
dispersed network of P-protein (Fig. 5G, H). On the SE
side, callose deposits were observed at Pd (Fig. 5I). Cal-
lose deposits were also visible in the thickened cell walls
between SE/PC (Fig. 5]). In silicon complex treated roots
in well-watered conditions during the early develop-
ment of sieve plates, callose was deposited around the
Pd (Fig. 6B, C) but also in the branched Pd between the
SE and CC (Fig. 6D). Abundant callose aggregates were
also noted in the cell wall thickenings of PC cells not only
around the Pd but also in those areas of the walls lack-
ing Pd similar to the previous experiments (Fig. 6E). In
the case of silicon complex treated roots in drought, in
the cell walls of developing sieve plates, callose deposits
were detected around simple Pd (Fig. 6G, H), branched
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plasmodesmata between CC/SE (Fig. 6I), or in the thick-
ened cell wall between the SE/PC around the plasmodes-
mata (Fig. 6]).

Effect of silicon supplementation on the accumulation of
CalS12 protein and expression of BnC09.CalS.a, BnC05.
CalS.a and BnA10.CalS.b genes in the roots of oilseed

rape plants growing under well-watered conditions and
drought

The results of CalS12 protein level analyses indicated the
differences between the samples concerning both the
plant growth conditions and the type of silicon treatment
(Fig. 7 A1-2).

In the roots of plants growing in well-watered condi-
tions, a higher level of this protein was observed in the
control than in plants supplemented with silicon inde-
pendently on the silicon source, while the opposite was
true in drought. Transcriptional analysis of BnC09.CalS.a
gene encoding CalS12 showed that after silicon supple-
mentation in well-watered conditions, the expression
level of this gene increased, while in drought it decreased
relative to the control (Fig. 7 B1), which was inversely
proportional to the content of this protein (Fig. 7 Al).
Transcriptional analysis of two other callose synthase
(CalS) genes—BnA10.CalS.b and BnC05.CalS.a (Fig. 7
B2-3), showed that in well-watered conditions silicon
supplementation, similar to the BnC09.CalS.a gene,
causes a significant increase in its expression relative
to controls. In drought, in the case of the BuA10.CalS.b
gene, a slight increase was observed after silicon treat-
ment and a decrease after silicon complex treatment of
the plants (Fig. 7 B2), and in the case of the BuA10.CalS.b
gene (Fig. 7 B3), a decrease in its transcriptional activity
was observed in both types of silicon treatment.

Effect of silicon on the presence of pectic, arabinogalactan
proteins (AGP) and extensin epitopes in the roots of
oilseed rape plants growing under well-watered conditions
and drought

Representative photographs showing the locations of the
analyzed epitopes are in Figs. SF1-SF6 and Tabs. ST3-ST6
(see online supplementary material).

Control roots growing in well-watered conditions

The pectic epitopes recognised by LM19 antibody were
not detected in walls of pith and xylem vessels and xylem
parenchyma. The LM20 epitope was detected in walls
of cells from each analysed root tissues. Pectic epitope
recognised by LM5 antibody was not detected in vessels
from pith and xylem parenchyma. Pectic epitope recog-
nised by LM6 antibody was present in cambium, phloem,
cortex and pith parenchyma. The AGP detected by JIM13
antibody was observed in all tissues apart from phello-
derm. AGP detected by LM2 antibody was abundantly
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Control roots growing in well-waterd conditions

Fig. 4 Histology and ultrastructure of callose deposition in control roots. A, B, C, D, E- well-watered; F, G, H, I - under drought; (A, F — cross-sections; B,
C,D,E G H,1-TEMimages). A - E Control roots growing in well-watered conditions. A — Callose deposition in root cross-section (aniline blue staining).
B - Organization of phloem cells. Two sieve elements are linked by a sieve plate and associated with companion cell and phloem parenchyma cell. C -
Developing sieve plate with callose deposits. D — Branched plasmodesma (arrows) between a differentiating sieve element and a companion cell. The
callose is visible on the sieve element side. E — Accumulation of callose in the cell wall between the sieve element and the phloem parenchyma cell. F -1
Control roots growing in drought. F- Callose deposition in root cross-section (aniline blue staining). G — Mature sieve plate with electron-lucent callose
deposits. The sieve plate pores are plugged with P-protein. H — Callose deposition at the plasmodesma. I - Aggregates of callose in the cell wall of phloem
parenchyma cell and sieve plate. Abbreviations: white arrows — callose deposits, ¢ — cambium, Cal - callose, CC — companion cell, cor - cortex, cw — cell
wall, Mi — middle lamella, Pd - plasmodesma, ph - phloem, Pp - P-protein filaments, Po — sieve pore, PC — phloem parenchyma cell, Pw — primary wall,
SE - sieve element, Sp - sieve plate, x — xylem; the color of the walls of xylem cells and fibres is their autofluorescence; scale bars=50 um (A, F), 2 um (B),
1um (C, G, 1),04 um (D, E, H)
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Silicon treated roots growmg in well-watered conditions

Fig. 5 Histology and ultrastructure of callose deposition in roots treated with silicic acid. A, B, C, D, E — well-watered; F, G, H, I, J — under drought; (A,
F cross-sections; B, C, D, E, G, H, I, J - TEM images). A — E Silicon treated roots growing in well-watered conditions. A - Callose deposition in root cross-
section (aniline blue staining). B — Organization of phloem cells. Two sieve elements are connected by a sieve plate and associated with companion cells
and phloem parenchyma cell. C — Callose deposits in the developing sieve plate. D — Callose is associated with the branched plasmodesma (arrows) on
the sieve element side. E - Callose deposits in the cell wall between the parenchyma cell and sieve element. F — J Silicon treated roots growing in drought.
G - Mature sieve plate with extensive electron-lucent deposits of callose around the pores and network of P-protein in the sieve elements lumen. H -
High magnification of sieve plate with callose and the accumulation of dispersive P-proteins. The sieve plate pores are plugged with P-protein. | - Plasmo-
desma between a differentiating sieve element and a companion cell. The callose is visible on the sieve element side. J — Callose accumulation in the cell
wall between the parenchyma cell and sieve element. Abbreviations: white arrows — callose deposits; ¢ — cambium, Cal - callose, CC — companion cell,
cor - cortex, cw— cell wall, Pd — plasmodesma, ph — phloem, Pp — P-protein filaments, PC— phloem parenchyma cell, SE - sieve element, Sp - sieve plate,
x = xylem; the color of the walls of xylem cells and fibres is their autofluorescence; scale bars=50 um (A, F), 1 um (8, G, J), 0.4 um (C, D, E, H, I)
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Fig. 6 Histology and ultrastructure of callose deposition in roots treated with silicon complex. A, B, C, D, E — well-watered; F, G, H, I, J — under drought;
(A, F cross-sections; B,C, D, E, G, H, I, J - TEM images). A- E Silicon complex treated roots growing in drought. A — Callose deposition in root cross-section
(aniline blue staining). B — Organization of phloem cells. Sieve elements are linked by a sieve plate and associated with companion cells. C — Develop-
ing a sieve plate with callose deposits around the plasmodesmata. D - Branched plasmodesma (arrows) with callose deposit on the sieve element side.
E - Abundant electron-lucent aggregates of callose in the cell wall thickenings of phloem parenchyma cells. F-J Silicon complex treated roots growing
in drought. F — Callose deposition in root cross-section (aniline blue staining). G — Organization of phloem cells. H — Developing a sieve plate with cal-
lose deposits around the plasmodesmata. I - Callose deposits at the branched plasmodesmata (arrows) between companion cell and sieve element.
J - Callose accumulation in the cell wall between the parenchyma cell and sieve element. Abbreviations: white arrows — callose deposits; Cal - callose,
CC - companion cell, cw- cell wall, Pd - plasmodesma, PC- phloem parenchyma cell, SE - sieve element, Sp — sieve plate, x — xylem; the color of the walls
of xylem cells and fibres is their autofluorescence; scale bars=50 um (A, F), 2 um (B), 1 um (E, G), 0.4 um (C, D, H, 1, J)
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Fig. 7 The effect of silicon supplementation (silicon — Si or silicon complex — Si cx) and watered with water (control — C) on accumulation level of CalS12
protein (A1). Immunoblot analysis of the CalS12 protein in the roots of oilseed rape plants growing in different conditions using CALS12/PMR4/Callose
synthase polyclonal antibody; MW — molecular weight marker (Thermo Scientific PageRuler Prestained Protein Ladder), A. th. — Arabidopsis thaliana. Load-
ing control (A2), gel stained with Coomassie Brilliant Blue solution after electrophoretic separation of proteins isolated from studied plant material (5.5 ug
total protein isolated from investigated samples was loaded on each lane). The expression of genes involved in callose synthase synthesis (B1-B3). The
expression profiles of BnC09.CalS.a, BnC10.CalS.b and BnC05.CalS.a genes in roots of oilseed rape under well-watered conditions (green) and drought (red).
The expression level of each examined gene was relative to non-treated plants in well-watered (green bars) and drought (red bars) conditions. Genes
transcript accumulation is rendered as the log2 fold change in the expression of a specific gene in a particular sample in contrast to the endogenous

reference genes - Actin and GAPDH

present in all tissues apart from cork cells. AGP recog-
nised by JIM16 antibody was present in paratracheal
parenchyma, cambium and phloem. AGP recognised
by JIM11 antibody was observed in pith paratracheal
parenchyma, cambium, phloem and cortex (Fig. SF1,
ST3-ST6).

Control roots growing in drought

Pectic epitope recognised by LM19 antibody was not
detected only in walls of pith and xylem vessels and
fibres. The pectic epitope detected by LM20 was not
present only in pith. The pectic epitope recognised by
LMS5 antibody was detected in parenchyma cells of pith,
cambium, phloem, cortex and fibres. The LM6 anti-
body was not present in walls of pith, xylem vessels and
parenchyma, fibres and periderm. AGP epitope recog-
nised by JIM13 antibody was not detected in pith paren-
chyma, cambium, phloem, cortex, phelloderm and cork
cells. Epitope recognised by LM2 antibody was detected

in walls of pith parenchyma, xylem paratracheal paren-
chyma, cambium and phloem. The JIM16 signal was not
detected in any tissue. Signal generated by JIM11 anti-
body was present in pith parenchyma, cambium, phloem
and cortex (Fig. SF2, ST3-ST6).

Silicon treated roots growing in well-watered conditions

Signal generated by the LMI19 pectic epitope was
detected only in cambium, phloem and fibres. The signal
generated by LM20 antibody was detected in cells of each
root tissues. The LM5 epitope was not detected in pith
an xylem vessels, fibres and phellem and cork cells. The
LMB6 epitope was present in pith and xylem parenchyma,
cambium, phloem, cortex and fibres. The signal gener-
ated by the JIM13 antibody was detected in pith, xylem,
phellogen and cork cells. The LM2 antibody was detected
in pith paratracheal parenchyma, xylem parenchyma,
cambium, phloem, cortex, phelloderm and phellogen.
The signal generated by JIM16 antibody was present only
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in cambium and phloem. In case of JIM11 antibody sig-
nal was not detected in xylem and cork cells (Fig. SF3,
ST3-ST6).

Silicon treated roots growing in drought

The LM19 and LM20 epitopes were present in all anal-
ysed tissues. The LM5 antibody was not detected in pith
an xylem vessels, xylem parenchyma and fibres. In the
case of LM6 antibody, this epitope was not detected only
in pith vessels, phellogen and cork cells. Signal generated
by JIM13 antibody was weak and detected in vessel and
paratracheal parenchyma of pith, xylem parenchyma,
fibres, phelloderm and phellogen. The LM2 antibody was
present in pith and xylem parenchyma, cambium and
phloem. The JIM16 was detected in pith parenchyma,
xylem, cambium and phloem. The JIM11 antibody were
found only pith paratracheal parenchyma and cambium
(Fig. SF4, ST3-ST6).

Silicon complex treated roots in well-watered conditions

The LM19 was detected in each analysed root tissues,
however in xylem was present only in differentiating
part, similarly to LM20 antibody. Moreover the LM20
was not detected in pith vessels, cambium and cork
cells. The LM5 antibody was detected in pith and xylem
parenchyma, cambium, phloem and cortex. Signal gener-
ated by LM6 antibody was not detected in vessels from
pith, fibres and cork cells. The JIM13 AGP epitope was
detected only in xylem paratracheal parenchyma, fibres
and phellogen. The LM2 epitope was not present in pith
vessels, xylem, cortex, fibres phelloderm and cork cells.
The JIM16 and JIM11 epitopes were not detected in most
cells (Fig. SF5, ST3-ST6).

Silicon complex treated roots growing in drought

The LM19 was not detected only in pith vessels and
xylem. In the case of LM20 antibody signal was absent
in periderm. The LM5 antibody was not detected in pith
and xylem vessels, xylem parenchyma and periderm and
the LM6 epitopes was absent in walls of pith vessels,
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xylem parenchyma and periderm. The JIM13 epitope
was not detected only in pith vessels, pith parenchyma,
cortex and cork cells. The LM2 antibody was detected in
pith paratracheal parenchyma, xylem parenchyma, cam-
bium, phloem and phellogen. The JIM16 antibody was
not detected and the JIM11 antibody was detected only
in pith parenchyma and phelloderm (Fig. SF6, ST3-ST6) .

The JIM13 epitope had significantly higher frequency
in silicon optimal irrigation compared to silicon com-
plex optimal irrigation group (Table 1). As regards JIM16
epitope, significantly lower frequency of this epitope was
found in the roots from well-watered control group than
in roots from silicon optimal irrigation group in which
the highest frequency was recorded. In the case of LM19
pectic epitope, the highest frequency was recorded in
roots from silicon optimal irrigation group, which differ
significantly from the remaining groups. Control roots
growing under drought was characterized by the lowest
frequency of LM20 epitope and this group differ signifi-
cantly from the remaining groups with the exception of
silicon complex well-watered group.

The CA diagram of pectic epitopes in different root tis-
sues shows a gradient along the first axis, with control
roots in drought on the left and silicon-treated roots in
well-watered conditions on the right (Fig. 8; Figs. SF1-
SF6). The groups on the right (silicon-treated roots in
well-watered and drought conditions, and control roots
in well-watered conditions) had higher frequencies
of LM5, LM20, and LM6 epitopes compared to other
groups, especially the drought-stressed control roots on
the left. Drought-stressed control and silicon complex-
treated roots on the left had the highest LM19 epitope
frequencies in cortex fibres. Silicon-treated roots under
well-watered conditions were farthest from LM19 epi-
topes, indicating the lowest frequency. Notably, sili-
con-treated roots in drought and control roots under
well-watered conditions were closely positioned, indicat-
ing similar pectic epitope frequency patterns.

Table 1 Mean frequency (+SE; n=13) of the AGP and pectic epitopes in different locations of the root tissues in particular
experimental groups along with the results of Kruskal-Wallis tests (H values; p < 0.05). The different letters next to means indicate
statistically significant differences (p < 0.05) according to Dunn’s post-hoc tests.

Control, well-wa- Control, Silicon, Silicon, drought Silicon complex, Silicon com- H p
tered conditions drought well-watered well-watered plex, drought
conditions conditions

JIM11 023+0.17 0.15+0.10 054+0.18 023+0.17 0.23+0.17 0.23+0.17 551 0357
JIM13 0.85+0.27ab 1.31+0.26ab 1.54+0.29b 046+0.18ab 0.23+0.12a 0.85+0.19ab 17.73 0.003
JIM16 0.23+0.17ab 0.00+0.00a 0.54+0.14b 0.23+0.17ab 0.31+0.17ab 0.08+0.08ab 13.17 0.022
LM2 062+0.27 0.54+0.22 0.85+0.22 1.08+0.37 092+0.29 062+0.21 231 0.804
LM5 146+0.39 0.85+0.30 115036 146+0.33 1.00+£0.36 1.08+0.31 2.75 0.738
LM6 0.23+0.17 1.00+0.30 1.85+0.32 1.08+0.35 146+0.33 1.08+0.31 5.70 0336
LM19 2.00£0.34b 1.92+0.26b 0.38+0.14a 1.92+0.33b 2.08+0.21b 208+031b 21.70 0.001
LM20 1.85+0.27b 0.54+0.18a 1.69+0.24b 1.69+0.29b 0.77 +£0.20ab 1.77+0.28b 21.66 0.001
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Fig. 8 Scatter diagram presenting the results of multiple correspondence analysis (MCA) for particular experimental groups concerning pectic epitopes
(A) and for particular experimental groups concerning AGP and extensin epitopes in different root tissues (B). Colors indicate epitopes and shapes indi-

cate plant tissues. Experimental groups are marked with black circles

Discussion

Silicon supplementation of plants under drought condi-
tions exhibits a protective role by improving plant hydra-
tion and increasing water use efficiency [28]. According
to our studies, this effect concerns not only high silicon
accumulators but also species like oilseed rape which is
known to poorly accumulate silicon [4—6]. Research on
the role of silicon in plants primarily concerns the physi-
ological, biochemical, and molecular levels, while its
influence on plant histology and cytology has not been
commonly studied even though it is also significant.
Changes in the structure of organs and tissues, as well as
the remodeling of cell walls, are inherent results of the
action of various types of stresses constituting a defense
mechanism. This leads to a whole range of other adapta-
tions at deeper levels of plant functioning. In this study,
we have shown for the first time that silicon supplemen-
tation influences deposition of low- and highly-esterified
pectins and AGP recognized by JIM13 and JIM16 anti-
body which could mean that reconstruction of cell wall
in B. napus roots is taking place, probably to prevent the
effects of drought. Our finding of cortical cell differen-
tiation into fibres under the influence of drought and Si
supplementation is consistent with the commonly rec-
ognized response of cells to stress [29]. The observed
changes in the differentiation of cortical cells can be
interpreted as a manifestation of tissue strengthening,
which can counteract changes in turgor, especially under
drought-stress conditions [30]. Moreover, the presence of
thick cell wall of fibres and middle lamella may constitute
a reservoir of water protecting from water loss in drought
conditions. A similar role of fibres was observed in the
organs of non-woody xerophytic and hydrophytic spe-
cies where in addition to mechanical support, G-fibres
were involved in water storage [31]. According to Bessa-
dok et al. (2007) [32] water enters in the fibres and breaks
the secondary bonds between the macromolecules of

cellulose and water molecules could link to the network
via hydrogen bonds resulting in a swelling of the material
[33].

Callose deposition on plant cells can be considered a
marker of silicon-influenced tissue remodeling, as callose
polysaccharides provide suitable microenvironments for
silicic acid condensation [8]. The increased abundance of
cells with callose under various stress conditions is well-
documented [17, 18, 34]. We also observed an increase in
the number of cells with callose in silicon-treated roots
under water deficit conditions, supporting the hypothesis
that silicon induces a protective mechanism involving
callose synthesis in roots of oilseed rape growing under
drought stress.

Callose deposition in plant cells involves the activity
of specific enzymes known as callose synthases (CalS),
which belong to the group of glucan synthase-like
enzymes. These enzymes catalyze the synthesis of callose
using UDP-glucose as the initial substrate [35]. In plants,
callose is synthesized on the cell membrane from UDP-
glucose, which binds directly to the catalytic subunit of
callose synthase and is degraded by [-1,3-glucanases
[36]. All CalS are encoded by genes belonging to the cal-
lose synthase gene family, and they are conserved across
plant species [37]. Members of the callose synthase gene
family are differentially expressed in various tissues
and they might be specifically activated in the response
to various biotic and abiotic stressors [15]. In Brassica
napus, 12 BnCalS genes out of 32, showing the highest
similarity with 12 AtCalS genes, were characterized, and
their tissue-specific expression patterns were analyzed
by Liu et al. 2018 [11]. Until now, most research on the
change in expression of CalS genes in plants is related
to their involvement in processes such as pollen devel-
opment, cell plate formation during cytokinesis, and
defense against pathogens [11, 15]. Similarly the reac-
tions of these genes in B. napus tissues in response to a
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fungal pathogen attack were studied [11]. Recent stud-
ies have uncovered a novel function of callose in silicon
accumulation. In Arabidopsis thaliana, impaired callose
synthesis led to reduced silicon content in leaves [17].
Similarly, in rice overexpression of a callose hydrolase
altered silicon distribution by degrading callose [38].
These findings suggest that callose plays a crucial role
in silicon deposition within plant cell walls. Among the
genes studied by Liu et al. (2018) [11] in Brassica napus,
several showed root-specific expression and shared simi-
larity with corresponding genes in Arabidopsis thaliana.
Based on this, we selected three genes, BnC05.CalS.a,
BnC09.CalS.a and BnA10.CalS.b, to investigate for the
first time the changes in their expression in Brassica
napus var. napus growing under different hydration con-
ditions and after silicon supplementation. We found that
under well-watered conditions, silicon supplementation
increased the expression of all tested genes in the roots.
However, under drought conditions, silicon supplemen-
tation led to decrease in these genes activity. Silicon com-
plex had stronger inhibitory effect than orthosilicic acid.
In our previous studies we focused also on the changes
in the level of CalS12 protein encoded in A. thaliana by
AtCalS12 — a homolog of BnC09.CalS.a gene, investi-
gated in our studies. In A. thaliana roots it was expressed
in the stele and quiescent cells and controls root devel-
opment by regulating the symplast transport via plasmo-
desmata [11, 39]. Our results did not indicate a positive
correlation between BnC09.CalS.a gene expression and
the level of CalS12 protein. Specifically, silicon increased
BnC09.CalS.a gene expression and reduced CalS12 pro-
tein accumulation under well-watered conditions, but
this correlation was reversed under drought conditions.
This finding may be explained by post-translational
regulation of callose synthase activity through phos-
phorylation [40]. However, it must be underlined that
the complex interaction between genes expression and
protein level in (B) napus might result from genes redun-
dancy. B. napus ( 2n=38) is an allotetraploid species
that was formed by hybridization between ancestors of
Brassica oleracea (2n=18) and Brassica rapa (2n=20),
followed by allopolyploidy [41]. In allopolyploid species
epigenetic modifications and transcriptional regulation
can play a crucial role in regulating gene expression. It
is also important to consider that, under drought stress,
other silicon-induced defense mechanisms, besides cal-
lose synthesis, might play a more prominent role in stress
protection. Silicon’s ability to form covalent bonds with
cell wall components suggests that it can actively remodel
the cell wall, leading to structural changes that benefit the
plant cell under stress conditions [42].

Our study aimed to deepen understanding of the
molecular components of Brassica napus cell walls,
focusing on how silicon supplementation influences
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drought responses. We utilized cytochemical methods
and monoclonal antibodies, particularly targeting AGP,
extensin, and pectic epitopes known to affect wall exten-
sibility and mechanical strength [43—-45].

Silicon accumulation in plants is proposed to involve
covalent bonding with cell wall components like pec-
tin, potentially influencing wall structure and remodel-
ing [46]. Recent research has revealed that silicon can
interact with plant cell walls in intricate ways. Beyond
non-covalent associations with amorphous silica, Si can
form covalent bonds with polysaccharides like hemicel-
lulose and pectin, as well as lignin. These covalent bonds,
likely formed through Si-O-C linkages between mono-
silicic acid and cis-diol groups in cell wall components,
highlight a novel role for Si in shaping plant cell wall
structure and function [43]. Covalently bound organo-
silicon, distinct from amorphous inorganic silica, may
significantly contribute to plant growth and stress toler-
ance. Si-induced cell wall remodelling has been shown
to benefit plasma membrane integrity, osmotic and salt
stress tolerance, and nutrient homeostasis. Additionally,
it is possible that these cell wall modifications trigger
cell wall integrity signalling pathways, further enhancing
plant growth under stress conditions [47, 48]. This study
revealed changes in the presence of unmethyl-esterified
homogalacturonans in root cell walls under silicon treat-
ment and drought stress, suggesting that wall stiffening
is possibly linked to drought tolerance and turgor main-
tenance [49]. This response parallels known changes in
cell wall chemistry under stress conditions as described
in existing literature [45, 50—52].

The results of our analysis reveal varying distributions
of epitopes across different root tissues. Pectic epitope
differences, especially in walls of xylem cells under sili-
con treatment and drought stress, were mainly associ-
ated with galactans. Galactans were absent in xylem
of most of drought-stressed roots. Arabinans hydrate
faster than galactans, suggesting their role as pectic plas-
ticizers, maintaining cell wall flexibility under stress.
LM6 antibody recognized more pectic epitopes in roots
responding to drought, indicating increased synthesis
and localization of arabinans in the cell wall. Galactan
sidechains of rhamnogalacturonan I (RG-I) contribute to
cell stiffness. Reduced presence of LM5 antibody-recog-
nized pectic epitopes in drought-treated roots suggests
decreased cell stiffness, potentially explaining the adverse
effects of drought on root growth [52, 53].

The conducted studies showed that roots grown under
well-watered conditions and treated with silicon exhib-
ited a significant reduction in low-esterified pectins com-
pared to roots from other experimental variants. On the
other hand, the level of highly esterified pectins increased
compared to control roots growing under drought stress.
In normal growth, HG is highly methyl-esterified when
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exported into cell walls and then within the wall are de-
esterified by pectin methylesterases (PMEs) [54]. This
suggests that silicon leads to the presence of esteri-
fied pectins in well-watered roots, possibly due to PME
functional disorders [55]. While both organosilicon and
inorganic SiO, coexist in plants, differentiating their spe-
cific contributions to plant growth and stress responses
remains a challenge. A multidisciplinary approach com-
bining genetics, omics, imaging, and biochemical tech-
niques will be crucial to unravel the functional roles
of these two Si forms and their underlying molecular
mechanisms.

Our study unveils how silicon and drought stress
impact AGPs and extensins in root cell walls. In silicon-
treated, drought-stressed roots, the absence of AGP epi-
tope recognized by LM2 antibody contrasts with control
roots across various treatments. Th obtained results
indicate changes in the presence of AGP and extension
depending on the treatment. There seems to be an inter-
action between drought stress, silicone form and changes
in the chemical composition of the cell walls. While
literature data suggest a link between AGP synthesis
and stress, the specific response to drought and silicon
remains unclear. Overall, our cytohistochemical studies
enhance our understanding of plant responses to stress,
elucidating the intricate changes in cell wall structure and
tissue differentiation essential for adaptation to changing
environmental conditions.

Conclusions

1. Silicon supplementation under drought stress can
induce anatomical changes in root cortex, including
the formation of fibres.

2. Callose deposition increased significantly in response
to drought stress, both in control and silicon-treated
roots. This suggests that callose may play a protective
role against drought-induced cellular damage. Silicon
supplementation can differentially modulate the
expression of callose synthase genes in Brassica
napus roots depending on plant growth conditions,
suggesting a complex interplay between silicon
signalling and cell wall defense mechanisms against
drought.

3. Silicon supplementation altered the cell wall
composition, affecting the abundance of low- and
high-esterified pectins, arabinans, galactans, and
AGPs. These changes may contribute to enhanced
drought tolerance.

Abbreviations

AGP Arabinogalactan protein
C Cambium

Cal Callose

CcC Companion cell
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cor Cortex

cw Cell wall

HG Homogalacturonan
HRP Horseradish peroxidase
PC phloem parenchyma cell
Pd Plasmodesmata

ph Phloem

PMEs  Pectin methylesterases
Po Sieve pore

Pp P-protein filaments
RG- Rhamnogalacturonan |
SE Sieve element

Si Silicon

Sp Sieve plate

M Middle lamelle

Pw Primary wall

X Xylem
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