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Abstract

The results of the study of the localization and content of silicon in the leaves of narrow-leaved cattail
(Typha angustifolia) plants, which grew in natural conditions on the shore of the Venetian Bay (in the Kyiv
area), are presented: in water and on land. To determine the localization and content of silicon in the
leaves, cytochemical and ultrastructural methods were used. Leaves were taken for the study in the
vegetative growth phase. The presence and localization of silicon ions were studied using a laser confocal
microscope and a scanning electron microscope. The presence of silicon inclusions in the epidermal walls
of cells of the convex area (above midrids), and in cells of the stomata zone (stomata, cells surrounding the
stomata, and in normal epidermal cells) on the upper and lower surfaces of cattails grown in water and in
terrestrial soil was detected by laser confocal microscopy. The intensity of silicon fluorescence in the cells
of the adaxial epidermis was significantly higher compared to that of the abaxial epidermis. The highest
silicon content was found in epidermal cells of the convex zone, above the vascular bundles, with its
content in the upper epidermis being 1.3 times higher than in the same cells of the lower epidermis. It was
found that the content of silicon in the epidermis of terrestrial plants was more than that in the leaves of
T. angustifolia grown in water. For the first time, a significant increase in the silicon content in the leaves of
terrestrial plants of this species was also detected by electron microscopy and X-ray analysis. It has been
established that the cells of the adaxial epidermis, particularly those above the conducting bundles (in the
convex zone) and the stomata, are the main silicon accumulators. It is assumed that such localization and
increased silicon content optimize the water balance of terrestrial plants and thus increase their tolerance
to soil drought. It is proposed to increase attention to the study of silicon's role in plant adaptation to
adverse changes in abiotic environmental conditions.
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Introduction drought, induce changes in the structural

and functional organization of plants, thereby
Fluctuations in soil water balance within activating adaptive mechanisms in response
biotopes, particularly flooding or soil to the stressor (Vartapetian & Jackson, 1997,
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De Micco & Aronne, 2012; Kordyum & Dubyna,
2019). Silicon is present in plants in the form
of monosilicic acid or in an amorphous or
crystalline form. It has been established that
silicon ions are in some way linked to plant
resistance to changes in water balance; in
particular, silicon enhances the lignification
and suberisation of roots, accompanied
by the activation of genes associated with
enzymes involved in the biosynthesis of
osmoprotectants, lignin and suberin (Perry
& Lu, 1992; Epstein, 1999, 2009; Fleck et al.,
2011; Khan, 2025). Silicon is also involved in
increasing the contents of chlorophylls and
carotenoids in above-ground organs and in
thickening leaf cell walls (Song et al., 2014).
In addition, silicon plays a role in optimizing
the water balance of cells, accumulating in
the cells of the leaf and stem epidermis to
form a double-thickened cuticular-silicon
wall, which protects the plant from excessive
water loss by reducing cuticular transpiration
(Kerstein, 2006; Schonherr, 2006). Within
plant cells, silicon can form hydrophilic
silicate-galactose  complexes that bind
free water, thereby increasing the water-
holding capacity of the cells and the plant as
a whole. Due to their denser cell walls and
ability to retain moisture, silicon compounds,
when present in sufficient quantities, can
significantly increase plants’ resistance to
drought and also protect them from lodging
(Hodson et al., 2005).

Given that water is one of the main factors
ensuring plant growth, development and
productivity, and that the leaf epidermis is the
primary tissue of the above-ground organs
regulating the plant’s water balance (Kerstein,
2006), we set out to investigate the localisation
and content of silicon ions in the leaves
of aquatic and terrestrial plants of Typha
angustifolia L. (Typhaceae), which, under
natural conditions, has adapted to growing
in contrasting environmental conditions,
namely in water and on land. In our opinion,
this species serves as a suitable natural
model for studying the adaptive capacity of
plants to both natural flooding and terrestrial
growth. Typha angustifolia is a closely related
monoecious aquatic-palustrine plant native to
Europe, widespread in the temperate zone of
the Northern Hemisphere. It is a heliophytic,
light-loving, herbaceous, perennial aquatic
plant, 0.8-1.5 m tall. Given that water is one
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of the main factors ensuring plant growth,
development, and productivity, and that the
leaf epidermis is the primary tissue of the
above-ground organs regulating the plant’s
water balance, we set out to investigate the
localization and content of silicon ions in the
leaves of aquatic and terrestrial T. angustifolia
plants.

Material and methods

The study involved the leaves of T. angustifolia
plants that grew in water at depths of up to 50
cm on the left bank of the Dnieper River (in
Kyiv), and on the leaves of terrestrial plants that
grew on sandy soil 3-4 m from the riverbank.
The material was collected in early June during
the vegetative growth phase. The selected
cattail leaves were fixed directly on the
riverbank for cytological studies. The material
was fixed in a mixture of glutaraldehyde
and paraformaldehyde solutions (1:1, v/v) in
phosphate buffer, pH 7.2. The fixed samples
were delivered to the laboratory for analysis.
The water temperature on the day of sample
collection was +16 °C, and the air temperature
was +21°C. Standard biochemical methods
were used to determine the relative water
content in the soil and leaves.

Laser confocal microscopy

For cytochemical studies of silicon
localization and content, cross sections were
taken from the middle part of mature leaves.
For the cytochemical analysis of silicon, these
samples were processed according to the
protocol of Dabney et al. (2016) and examined
using a Zeiss LSM-5 laser-scanning confocal
microscope at an excitation wavelength of
480 nm and an emission wavelength range
of 500-530 nm. The intensity of silicon
fluorescence was determined using the Pascal
software. The intensity of silicon fluorescence
was measured in 15-20 cells of the upper and
15-20 cells of the lower epidermis from each
sample.

X-ray diffraction chemical
elements

X-ray diffraction analysis of chemical elements
in the leaf epidermis of two ecotypes of
T. angustifolia was carried out following
the method described by Biicking & Heyser

analysis of
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(2000), using a JSM-6060 LA scanning
electron microscope (SEM) with a JEOL EX-
S4175GMU X-ray diffraction unit and the ZAF
software. For standard quantitative elemental
analysis, the silicon content was determined
as a percentage of the scanned mass of the
leaf blades (mass%). The analysis time was
120 s at a voltage of 15 KV. The presence of the
following elements was determined: Si, K, Na,
Ca, Mg, Al, S, P, and Cl. The mean and standard
error were determined using Student’s t-test
(P<0.05).

Soil moisture content was determined
using the standard thermostatic-gravimetric
method. To determine the moisture content
of the soil on which cattail plants grew, soil
samples were taken at a depth of approximately
15-20 cm from the surface of dry land, and up
to 10 cm from the surface of flooded soil for
aquatic cattail plants. Soil samples were dried
in a thermostatic oven at 105°C to a constant
weight, and moisture content was calculated
from the difference. The water content in plant
samples was determined using the standard
gravimetric method. This involved weighing
the fresh plant material and subsequently
drying it in an oven at +85°C until a constant
weight was reached. It was found that the soil
moisture content of the soil in which aquatic
cattail plants grew was 82+2.5%, whilst the
soil moisture content of the soil in which
terrestrial cattail plants grew was 55.3+1.7%.
The water content in the leaves of aquatic
cattail was 65.3+0.5%, and in terrestrial cattail
it was 43.2+0.7%.

Results

The presence and content of silicon in the
leaves of narrow-leaved cattail, T. angustifolia,
were determined on the surface of the leaf
blades, the structure of which is characterized
by certain features. According to SEM data
we obtained previously (Nedukha, 2025),
the leaves of the narrow-leaved -cattail
are amphistomatic (stomata on both leaf
surfaces). The adaxial and abaxial surfaces
were characterized by the presence of two
structural zones, regardless of the growth
conditions of this species: a convex vault zone
(above the midribs and vessels), consisting
solely of one type of ordinary epidermal cells,
and a stomatal zone, in which stomata and
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ordinary epidermal cells were located. Two
structural zones were arranged parallel to
the long axis of the leaf and alternated in a
specific order (Fig. 1 A-C). It should be noted
that the structure of the epidermal cells was
not smooth, but covered with cuticular-wax-
like structures that rose above the surface by
1-3 pm.

Data from laser confocal microscopy

Leaves of Typha angustifolia plants, which grew
in the water

A study of silicon in the leaves of cattail grown
in water, using confocal microscopy, revealed
the presence of fine (<10 nm) amorphous
silicon inclusions, as well as small crystalline
inclusions in the cell walls of both leaf
surfaces. Silicon was present in the convex
zone and all cell types in the stomatal zone,
specifically in the epidermis of the guard cells
of the stomata, in the epidermis of the cells
surrounding the stomata, and in the main
(ordinary) cells of the epidermis in this zone
(Fig. 1 D, E). Amorphous silicon inclusions
covered the epidermis in a continuous layer
(green fluorescence), as evidenced by 3D
reconstructions from 12 consecutive sections
through the sample. However, on standard
sections (thickness of 1.2-1.5 um), the silicon
structures varied in shape - from rounded,
teardrop-shaped, and rod-shaped to square,
with dimensions exceeding 10 um (Fig. 1 F, G).
These silicon structures can be classified as
crystalline inclusions. The use of the Pascal
program enabled the determination of the
relative content of silicon inclusions in the
investigated samples.

It was found that the relative fluorescence
intensity of amorphous and crystalline silicon
inclusions depended on the structural zone
of the epidermis, the cell type, and the leaf
surface (Table 1; Fig. 1 I, G'). The intensity of
silicon fluorescence in the cells of the adaxial
epidermis was significantly higher compared
to that of the abaxial epidermis. The highest
silicon content was found in epidermal cells
of the protuberance/convex zone, above the
vascular bundles, with the upper epidermis
containing 1.3 times as much as the same cells
in the lower epidermis. In the lower epidermis,
the guard cells of the stomata and ordinary
cells also contained less silicon than the cells
of the convex zone. In terms of silicon content,
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Figure 1. SEM micrographs of leaves in Typha angustifolia plants grown in water (A, B - adaxial surface)
and in terrestrial soil (C - adaxial surface): 1 - convex zone; 2 - stomata zone. Confocal microscopy of
silicon fluorescence (green color) on adaxial (D, F) and abaxial (E, G) surfaces of leaves in water plants
of T. angustifolia. D, E - 3D photographic images of adaxial and abaxial surfaces received by stacking of
12 serial scanning micrographs. F, G’ - histograms of fluorescence intensity of silicon (green line) in the
distances indicated on figures F and G, respectively.
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Table 1. Fluorescence intensity of silicon in the leaf epidermal cells of Typha angustifolia plants, which grew
in natural conditions: in water and on terrestrial soil. The data were obtained using a Pascal program

during analysis on a laser confocal microscope.

Ecotype Leaf surface ~ Fluorescence intensity of Si, relative units
Convex zone (above Stomata zone
the midrids and .
vessels) Stomata guard  Cells Usual epidermal
cells surrounding the cells
stomata
Air-water plants ~ Adaxial 154 +13.9 135+12.9 81+4.9 97+7.2
Abaxial 125 + 11.1 89+57 77+5.8 65+4.9
Terrestrial plants ~ Adaxial 201+17.5 165 +14.1 110 £ 9.8 131+ 121
Abaxial 164 £13.1 136 £ 11.4 123 +11.2 85+ 6.7

the cells can be ranked as follows: ridge zone
> stomata > cells surrounding the stomata >
ordinary epidermal cells.

Leaves of Typha angustifolia plants, which grew
in terrestrial soil

Study of silicon in the leaves of cattail
growing on dry land shown that with using
laser confocal microscopy, the presence of
fine (<10 nm) amorphous silicon inclusions,
as well as small crystalline inclusions in the
epidermis cells of two structural zones (Fig. 2
A, B) on both the upper and lower surfaces of
the cattail leaf blades, namely: in the cells of
the convex zone, as well as in all cells of the
stomatal zone. Amorphous silicon inclusions
covered the epidermis in a continuous layer,
just as in the leaves of T. angustifolia grown in
water.

It was found that the relative fluorescence
intensity of amorphous and crystalline silicon
inclusions in terrestrial plants also depended
on the structural zone of the leaf epidermis,
the cell type, and the leaf surface (Table 2;
Fig. 2 C, D, C, D’). The highest silicon content
was found in the epidermal cells of the
convex zone in comparison with that in the
corresponding cells of the lower epidermis. In
the lower epidermis, guard cells and ordinary
cells also contained less silicon than the cells
of the convex zone. In terms of silicon content,
the cells can be ranked as follows: convex zone
cells > stomata > cells surrounding the stomata
> ordinary epidermal cells. That is, this order is
similar to that in the leaves of plants growing
in water. The presence of silicon in the cells
of the adaxial and abaxial epidermis of the
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studied ecotypes of narrow-leaved -cattail,
regardless of the site of growth, was also
established using X-ray diffraction analysis

(Fig. 3).
X-ray structural analysis of leaves

Leaves of Typha angustifolia plants, which grew
in the water

Scattering X-ray structural analysis of
chemical elements in cells from two structural
zones - the papillae zone and the stomata
zone - revealed the presence of silicon on both
sides of the cattail leaf blades, regardless of the
type of epidermal cells (Fig. 3 A, B). The silicon
content in the cells of the adaxial surface was
low, at 0.09% in the convex zone (above the
veins) and 0.07-0.08% in guard and ordinary
epidermal cells. In the cells of the abaxial
surface of the epidermis, silicon content
was lower: 0.05% in the convex zone and
0.01-0.02% in the stomata and surrounding
ordinary epidermal cells. In addition to silicon,
other elements were detected in the leaf cells,
including K, Na, Ca, Mg, Al, S, P, Si, and Cl.

Leaves of Typha angustifolia plants, which grew
in terrestrial soil

X-ray analysis using an electron microscope
also showed that the silicon content in the
leaves of the terrestrial plants of T. angustifolia
was higher compared to that in the cattail
growing in water (Fig. 3 C). On the upper
surface, in the cells of the papillary zone,
it was 0.09%. In the stomata zone it was:
in the guard cells of the stomata - 0.15%; in
the cells surrounding the stomata and in the
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Figure 2. Confocal microscopy of silicon fluorescence (green color) on adaxial (A, C) and abaxial (B, D)
surfaces of the leaves in Typha angustifolia plants, grown in terrestrial soil. A, B - 3D photographic images
of adaxial and abaxial surfaces received by stacking of 12 serial scanning micrographs. C', D’ - histograms
of fluorescence intensity of silicon (green line) in the distances indicated on figures F and G, respectively.

ordinary epidermal cells - 0.46% and 0.68%, - 0.27%, and in ordinary epidermal cells -
respectively. On the lower surface of the leaf, 0.46%, respectively. The other elements were
the silicon content was lower than on the also detected in the leaf cells, including K, Na,
upper surface and amounted to the following: Ca, Mg, Al, S, P, Si, and Cl.

in the convex zone - 0.07%, in the stomata -

0.10%, in the cells surrounding the stomata
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Table 2. Silicon content in the leaf epidermal cells of Typha angustifolia plants, which grew in natural
conditions: in water and on terrestrial soil. The data were determined by X-ray diffraction analysis using

a scanning electron microscope.

Ecotype Leaf surface  Si content, %mass
Convex zone (above Stomata zone
the midrids and .
vessels) Stomata guard  Cells Usual epidermal
cells surrounding the cells
stomata
Air-water plants ~ Adaxial 0.09 £ 0.01 0.08 +0.01 0.08 + 0.002 0.07+0.005
Abaxial 0.05+0.009 0.01+ 0.001 0.01+ 0.001 0.02 +0.001
Terrestrial plants ~ Adaxial 0.09 + 0.001 0.15 + 0.001 0.46 + 0.002 0.68 + 0.004
Abaxial 0.07 + 0.001 0.10 £ 0.001 0.27 £ 0.001 0.43 £ 0.001

Discussion

Previous comparative studies of the leaves of
aquatic and terrestrial plants of T. angustifolia
have shown similarities in leaf morphology
(Nedukha, 2025). Our findings on the silicon
content in cattail leaves showed that,
regardless of the plant’s growing conditions,
silicon is present in all types of epidermal
cells: above the veins (in the convex zone)
and in the stomata and cells surrounding the
stomata (in the stomatal zone). The form of
silicon we detected in the leaves of common
reed was predominantly amorphous, and
only occasionally did we observe crystal-like
structures when examining individual (1-1.5
um thick) sections. A similar silicon structure
has also been previously described in the
leaves of Phragmites australis (Cav.). Trin. ex
Steud. (Poaceae) growing in water and on land
(Nedukha, 2018). However, the silicon content
was higher in the leaves of terrestrial plants.
To explain this phenomenon, it should also
be noted that the relative water content in
the leaves of aquatic plants was 65.3+0.5% at
a soil moisture content of 82.0+2.5%, and in
terrestrial plants, it was 65.3+0.5% and a soil
moisture content of 43.2+0.7%.

We hypothesize that increased silicon
content in the leaf epidermis of these
plants plays a significant role in maintaining
optimal cellular water balance in terrestrial
plants. Silicon is known to be absorbed by
the root system and deposited in the cell
walls of leaves and stems (Ma & Takahashi,
2002; Raven, 2003), thereby thickening the
cell wall and enhancing suberinisation and
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lignification of cells (Suzuki et al., 2012). The
thickened cuticular-silica wall in all types
of T. angustifolia epidermal cells protects
the plant from excessive water loss, reduces
cuticular  transpiration, and increases
resistance to lodging and to drought and
oxidative stress compared to aquatic plants
of this species grown in water (under high soil
moisture conditions).

We detected silicon ions in the stomata
of leaves, regardless of the ecotype of
T. angustifolia. It is known that water
evaporation promotes the condensation of
salts in the xylem and contributes to the
formation of soluble deposits, including silica.
Although most of the water evaporates from
the epidermal and mesophyll cells and passes
through the stomata into the atmosphere,
silicon deposition in the cells occurs gradually.
It increases with plant age (Motomura et al.,
2008), especially over the cells of the midribs
and conducting bundles, which provide crucial
structural-mechanical support to keep the
leaf flat and upright for sunlight exposure
and act as a vascular highway to transport
water, minerals, and aqueous solutions of
sugars between the stem and leaves (Coomes
et al, 2008; Taneda & Terashima, 2012).
Perhaps this is why the stomatal guard cells
in T. angustifolia leaves exhibit weaker silicon
fluorescence than epidermal cells above the
veins and vessels (in the convex zone).

It is known that silicon reduces water
evaporation from the leaf surface, even in the
absence of stress, as demonstrated in rice
seedlings (Ma & Takahashi, 1993), on drought-
tolerant wheat seedlings (Gong et al., 2005),
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Figure 3. Micrographs of different epidermal cells with spectra of Si and other ions measured by the
X-ray technique of Typha angustifolia air-aquatic (A, B) and terrestrial (C) plants at the vegetative stage
of growth. On the left side of each figure (A, B, C), outlined in the green square is the cell or part of the
epidermis surface that was investigated by the X-ray method. On the right side of each figure (A', B', C') is
the histogram of the content of chemical elements, including silicon. The axes on C' and D": y-axis shows
counts per second (cps), notably impulses eV per second; and x-axis shows energy in keV (kilo-electron volts).

and sorghum (Hattori et al., 2005; Ahmed et al., In cell walls, silicon forms part of
2011). It is also worth noting another function hydrophilic silicate-galactose complexes,
of silicon - namely, its influence on water including pectin and callose, which bind
transport and the regulation of cell osmotic free water, thereby enhancing the water-
potential (Pei et al., 2010; Ming et al., 2012). holding capacity of cells and significantly
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increasing plant drought tolerance whilst
providing mechanical support to plants
(Guerriero et al., 2016). Taking into account
these data and the findings regarding
increased silicon content in the terrestrial
cattail, it can be assumed that the aquatic
and terrestrial ecotypes of T. angustifolia
differ significantly in terms of both water
uptake and water consumption, as well as in
the different speed of silicon synthesis and
accumulation. The mechanisms underlying
these processes require further study.

It has previously been established that
silicon can also activate water transport
from the root system to the leaves by
regulating the function of aquaporins
(water channel proteins in the cytoplasmic
membrane and organelle membranes)
and by influencing the osmotic potential
of cells (Hodson et al.,, 2005; Pei et al.,
2010; Ming et al., 2012). Furthermore, the
increase in silicon content in the leaves of
the terrestrial T. angustifolia plants may
be mediated by the activation of numerous
genes encoding various proteins, including
transcription factors associated with the
ethylene-sensitive stress signaling pathway,
which ensure the stability of proteins
and nucleic acids by preventing their
denaturation during dehydration (Rotat,
2006).

The effect of silicon on the expression
of genes encoding dehydratases during
dehydration of Oryza sativa L. (Poaceae)
plants under drought and osmotic stress
has been established (Liu et al., 2014). Based
on an analysis of literature data and our
own findings, it can be suggested that it
is precisely the increased accumulation of
silicon in the epidermal cells of terrestrial
plants that helps maintain optimal water
status of plants when soil moisture decreases
and is one of the factors determining the
widespread distribution of T. angustifolia in
ecologically diverse regions of Ukraine and
Europe. Thus, the data obtained indicate
the potential for further research into
the role of silicon in plant adaptation to
adverse environmental changes in natural
communities and agrocoenoses, given the
current increase in anthropogenic pressure
and projected global climate change.

Plant Introduction * 111

Conclusions

The research was conducted using
comprehensive  modern and  classical
approaches. The results are fundamental

and contribute to our understanding of
the mechanisms underlying phenotypic
plasticity in plants growing under various
natural conditions, which is important for the
conservation of aquatic vegetation.

Using cytochemical methods involving laser
confocal microscopy and X-ray analysis, the
presence of silica ions in the epidermis of the
leaves of aquatic and terrestrial cattail plants
(Typha angustifolia) was established, and their
content depended on the ecotype and the
surface of the leaf epidermis. For the first time,
a significant increase in the silicon content in
the leaves of terrestrial plants of this species
was detected by electron microscopy with
X-ray analysis. It was established that the cells
of the adaxial epidermis, particularly those
above the conductive bundles (in the convex
zone) and the stomata, are the main silicon
accumulators.

References

Ahmed, M., Fayyaz-ul-Yassen, Q.U., & Aslam, M.A.
(2011). Silicon application and drought tolerance
mechanism of sorghum. African Journal of
Agricultural Research, 6(3), 594-607.

Bucking, H., & Heyser, J.B. (2000). Subcellular
compartmentation of elements in non-
mycorrhizal and mycorrhizal roots of Pinus
sylvestris: an X-ray microanalytical study. Il. The
distribution of calcium, potassium and sodium.
New Phytologist, 145(2), 321-331. https://doi.
org/10.1046/j.1469-8137.2000.00574.x

Coomes, D.A., Heathcote, S. Godfrey, E.R,
Shepherd, JJ., & Sack, L. (2008). Scaling of
xylem vessels and veins within the leaves of oak
species. Biology Letters, 4(3), 302-306. https://doi.
org/10.1098/rsbl.2008.0094

Dabney, C., Ostergaard, J., Watkins, E., & Chen, C.
(2016). A novel method to characterize silica
bodies in grasses. Plant Methods, 12,3-10. https://
doi.org/10.1186/513007-016-0108-8

De Micco, V. & Aronne, G. (2012). Morpho-
anatomical traits for plant adaptation to drought.
In R. Aroca (Ed.), Plant responses to drought stress,
from morphology to molecular features (pp. 37-61).
Springer, Berlin.

11


https://doi.org/10.1046/j.1469-8137.2000.00574.x
https://doi.org/10.1046/j.1469-8137.2000.00574.x
https://doi.org/10.1098/rsbl.2008.0094
https://doi.org/10.1098/rsbl.2008.0094
https://doi.org/10.1186/s13007-016-0108-8
https://doi.org/10.1186/s13007-016-0108-8

Nedukha

Epstein, E. (1999). Silicon. Annual Review of Plant
Physiology and Plant Molecular Biology, 50,
641-664. https://doi.org/10.1146/annurev.
arplant.50.1.641

Epstein, E.(2009). Silicon: its manifold rolesin plants.
Annals of Applied Biology, 155(2), 155-160. https://
doi.org/10.1111/j.1744-7348.2009.00343.x

Fleck, A.T., Nye, T., Repenning, C., Stahl, F,
Zahn, M., & Schenk, M. (2011). Silicon enhances
suberization and lignification in root of rice
(Oryza sativa). Journal of Experimental Botany, 62(6),
2001-2011. https://doi.org/10.1093/jxb/erq392

Gong, HJ., Zhu, X.Y., Chen, K.M., Wang, S.M., &
Zhang, C.L. (2005). Silicon alleviates oxidative
damage of wheat plants in pots under drought.
Plant ~ Science, 169(2), 313-321. https://doi.
org/10.1016/j.plantsci.2005.02.023

Guerriero, G., Hausman, J.F., & Legay, S. (2016).
Silicon and the plant extracellular matrix.
Frontiers in Plant Science, 7, Article 463. https://doi.
org/10.3389/fpls.2016.00463

Hattori, T., Sonobe, K., Araki, H., Inanaga, S.,
An, P., & Morita, S. (2008). Silicon application
by sorghum through the alleviation of stress-
induced increase in hydraulic resistance. journal
of Plant Nutrition, 31, 1482-1495. https://doi.
org/10.1080/01904160802208477

Hodson, M.J., White, PJ., Mead, A., & Broadley, M.R.
(2005). Phylogenetic variation in the silicon
composition of plants. Annals of Botany, 96(6),
1027-1046. https://doi.org/10.1093/aob/mci255

Kerstein, G. (2006). Cutiular water permeability
and its physiological significance. journal of
Experimental Botany, 47(12), 1813-1832. https://
doi.org/10.1093/jxb/47.12.1813

Khan, A.L. (2025). Silicon: a valuable soil element for
improving plant growth and CO, sequestration.
Jouranl of Advanced Research, 71, 43-54. https://
doi.org/10.1016/j.jare.2024.05.027

Kordyum, E.L., & Dubyna, D.V. (2019). Phenotypic
plasticity in plant adaptation and coexistence.
Intenational  Journal of Advanced Research in
Botany, 5, 8-13. https://doi.org/10.20431/2455-
4316.0503002

Liu, P., Yin Deng, X., Wang, S., Tanaka, K., &
Zhang, S. (2014). Aquaporin-mediated increase
in root hydraulic conductance is involved in
silicon-induced improved root water uptake
under osmotic stress in Sorghum bicolor L. Journal
of Experimental Botany, 65(17), 4747-4756. https://
doi.org/10.1093/jxb/eru220

Ma, J.F., & Takahashi, E. (1993). Interaction between
calcium and silicon in water-cultured rice plants.
Plant and Soil, 148(1), 107-113. https://doi.
org/10.1007/BF02185390

12

Ma, J.F., & Takahashi, E. (Eds.). (2002). Soil, fertilizer
and plant silicon research in Japan. Elsevier,
Amsterdam. https://doi.org/10.1016/B978-0-
444-51166-9.X5000-3

Ming, D.F., Pei, Z.F., Naeem, M.S., Gong, HJ., &
Zho, W. (2012). Silicon alleviates PEG-induced
water-deficit stress in upland rice seedlings
by enhancing osmotic adjustment. journal of
Agronomy and Crop Science, 198(1), 14-26. https://
doi.org/10.1111/j.1439-037X.2011.00486.x

Motomura, H., Hikosaka, K., & Suzuki, M. (2008).
Relationships between photosynthetic activity
and silica accumulation with ages of leaf in
Sasa veitchii (Poaceae, Bambusoideae). Annals of
Botany, 101(3), 463-468. https://doi.org/10.1093/
aob/mcm301

Nedukha, 0.M.(2018). Leaf blade micromorphology
and the silicon content in Phragmites australis
(Poaceae) are correlated with water balance in
the environment. journal of Plant Physiology &
Pathology, 6, 1-11. https://doi.org/10.4172/2329-
955X.1000177

Nedukha, O.M. (2025). Structural-functional signs of
Typha angustifolia leaves plasticity depending on
the growth conditions. Plant Introduction, 105/106,
3-14. https://doi.org/10.46341/P12024013

Pei, Z.F., Ming, D.F,, Liu, D., Wan, G.L., Geng, X.X.,
Gong, H., & Zhou, W.J. (2010). Silicon improves
the tolerance to water-deficit stress induced by
polyethylene glycol in wheat (Triticum aestivum L.)
seedlings. Journal of Plant Growth Regulation, 29(1),
106-115. https://doi.org/10.1007/s00344-009-
9120-9

Perry, C.C., & Lu, Y. (1992). Preparation of silica
from silicon complexes: role of cellulose in
polymerization and aggregation control. Journal
of the Chemical Society - Faraday Transactions,
88(19), 2915-2921.

Raven, J.A. (2003). Cycling silicon - the role of
accumulation in plants. New Phytologist, 158(3),
419-421. https://doi.org/10.1046/j.1469-
8137.2003.00778.x

Rotat, T. (2006). Plant dehydrins - tissue location,
structure and function. Cellular and Molecular
Biology  Letters, 11, 536-556. https://doi.
org/10.2478/s11658-006-0044-0

Schénherr, J. (2006). Characterization of aqueous
pores in plant cuticles and permeation of ionic
solutes. journal of Experimental Botany, 57(11),
2471-2491. https://doi.org/10.1093/jxb/erj217

Song, A., Li, P, Fan, F., Li, Z., & Liang, Y. (2014).
The effect of silicon on photosynthesis and
expression of its relevant genes in rice (Oryza
sativa L.) under high-zinc stress. PLoS One, 9(11),
Article e113782. https://doi.org/10.1371/journal.
pone.0113782

Plant Introduction * 111


https://doi.org/10.1146/annurev.arplant.50.1.641
https://doi.org/10.1146/annurev.arplant.50.1.641
https://doi.org/10.1111/j.1744-7348.2009.00343.x
https://doi.org/10.1111/j.1744-7348.2009.00343.x
https://doi.org/10.1093/jxb/erq392
https://doi.org/10.1016/j.plantsci.2005.02.023
https://doi.org/10.1016/j.plantsci.2005.02.023
https://doi.org/10.3389/fpls.2016.00463
https://doi.org/10.3389/fpls.2016.00463
https://doi.org/10.1080/01904160802208477
https://doi.org/10.1080/01904160802208477
https://doi.org/10.1093/aob/mci255
https://doi.org/10.1093/jxb/47.12.1813
https://doi.org/10.1093/jxb/47.12.1813
https://doi.org/10.1016/j.jare.2024.05.027
https://doi.org/10.1016/j.jare.2024.05.027
https://doi.org/10.20431/2455-4316.0503002
https://doi.org/10.20431/2455-4316.0503002
https://doi.org/10.1093/jxb/eru220
https://doi.org/10.1093/jxb/eru220
https://doi.org/10.1007/BF02185390
https://doi.org/10.1007/BF02185390
https://doi.org/10.1016/B978-0-444-51166-9.X5000-3
https://doi.org/10.1016/B978-0-444-51166-9.X5000-3
https://doi.org/10.1111/j.1439-037X.2011.00486.x
https://doi.org/10.1111/j.1439-037X.2011.00486.x
https://doi.org/10.1093/aob/mcm301
https://doi.org/10.1093/aob/mcm301
https://doi.org/10.4172/2329-955X.1000177
https://doi.org/10.4172/2329-955X.1000177
https://doi.org/10.46341/PI2024013
https://doi.org/10.1007/s00344-009-9120-9
https://doi.org/10.1007/s00344-009-9120-9
https://doi.org/10.1046/j.1469-8137.2003.00778.x
https://doi.org/10.1046/j.1469-8137.2003.00778.x
https://doi.org/10.2478/s11658-006-0044-0
https://doi.org/10.2478/s11658-006-0044-0
https://doi.org/10.1093/jxb/erj217
https://doi.org/10.1371/journal.pone.0113782
https://doi.org/10.1371/journal.pone.0113782

The role of silicon ions in the resistance of Typha angustifolia to reduced soil moisture

Suzuki, S., Ma, J.F., Yamamoto, N., Hattori, T., Vartapetian, B., & Jackson, M.B. (1997). Plant

Sakamoto, M., & Umezawa, T. (2012). Silicon adaptation to anaerobic stress. Annals of
deficiency promotes lignin accumulation in rice. Botany, 79(1), 3-20. https://doi.org/10.1093/
Plant Biotechnnology, 29(4), 391-394. https://doi. oxfordjournals.aob.a010303

org/10.5511/plantbiotechnology.12.0416a

Taneda, H., & Terashima, I. (2012). Co-ordinated
development of the leaf midrib xylem with the
lamina in Nicotiana tabacum. Annals of Botany, 110(1),
35-45. https://doi.org/10.1093/aob/mcs102

Ponb ioHiB KpeMHito B cTilikocTi pocnuH Typha angustifolia po 3HW>XeHHS BONOrocTi B
IPYHTI

OneHa Heayxa

IHCTUTYT 60TaHikn imeHi M.I'. XonogHoro HAH YkpaiHu, Byn. TepelieHkiBcbka, 2, Kuis, 01601, YKpaiHa;
o.nedukha@hotmail.com

MNpeacTaBneHo pesynbTaTy AOCNIAXKEHHS NoKanisauil Ta BMICTY KPeMHil0 B NNCTKaX POC/UH pPOrosy
By3bkonucrtoro (Typha angustifolia), ki 3pocTann B NPUPOAHMX yMOBax Ha bepesi BeHeLiaHCbKOT 3aTOKM
(B 30Hi Knesa): y Bogi Ta Ha cyxogoni. Ana BU3HaYeHHSA foKanisauil Ta BMICTY KPeMmHito B NINCTKax
BMKOPWUCTOBYBa/IM LMTOXIMIUHI Ta yNbTPACTPYKTYPHI MeToan. Ansa AOCNiAKeHHS 6pann nUCTKn y ¢asi
BereTaTMBHOro pocTty. HasgBHICTb Ta JI0KaNi3aLito iOHIB KPeMHito BUBYaM i3 BUKOPUCTAHHAM J1a3epHOT
KOH$OKaNbHOI Ta CKaHyBa/IbHOI e/1eKTPOHHOI Mikpockonii. MeTof0M nasepHoi KOHPOKaNbLHOI MiKpOoCKonii
BCTAHOB/IEHO HAsABHICTb KPEMHIEBUX BKIKOYEHb Y CTIHKAX enigepMicy KNiTUH HaA XUAKamu, y Npoamxax,
KNITUHAaX, Lo OToYyBanu MPOAUXM, Ta Y 3BUYANHUX enijepManbHUX KAITUHAX Ha BEPXHIA Ta HWXKHI
NOBEPXHAX POro3y, L0 3pOCTaB Y BOAI Ta Ha CyX0A0i. IHTEHCMBHICTb $ayopecueHLii KPeMHIO B KAITUHAX
ajjakcianbHOro enigepmicy 6yna 3Ha4YHO BULLOK MOPIBHAHO 3 abakCianbHUM enigepMicoM. Hansuwinia
BMICT KpEMHIIO BUSIBNEHO B enigepManbHUX KAITUHAX 30HM Naropbis (Haz CyAMHHUMU MyYKaMu), MpUyYomy
M0ro BMICT y BEpXHbOMY LLapi enigepMicy 6yB y 1,3 pasa BULLNM, HIXX Y TUX CaMUX KAITUHAX HUXHbLOIO
enigepmicy. Takox 6yn0 BUSBAEHO, LLO enijepMic YCiX AOCAIAKEHUX TUNIB KAITUH Y CYXOA4iINTbHUX POCNH
MICTVB Bifblue KPEeMHIto, HiX KAITUHW porosy, Wo pic y Bodi. HaMm TakoX 6yn10 BCTAHOBNEHO 3HAa4He
NiABULLEHHS BMICTY KPEMHIO Yy JINCTKaX CYXOAiNbHUX POCANH LbOro BUAY MeToAaMW efeKTPOHHOI
MiKpOCKOMIi Ta peHTreHiBCbKOro aHanisy. BctaHoBneHo, Wo KAITUHW ajakcianbHOro enigepMicy, 3okpema
KAITUHW ¥ 30Hi Narop6is Ta NpoAnXiB, € FOMIOBHUMN aKyMynsaTOpaMn KpeMHito. MpunyckaeTbes, LWo Taka
nokanizauia Ta nigBMLLEHNIA BMICT KPEMHIO ONTUMI3YHOTb BOAHWI 6anaHC CyXO4iNbHUX POCAMH | TaknMm
YNHOM CNPUSAIOTb MiABULLEHHIO iXHBOT CTINKOCTI 40 I'PYHTOBOI MOCYXW. [PONOHYETLCA NOCUINTY yBary 40
BMBYEHHS PO KPeMHIto B ajanTaLii pOCIVH 40 HECNPUATANBUX 3MiH abioTUUHKX GakTopiB AOBKINNS.

Kntouosi cnosa: Typha angustifolia, nNcToK, enigepmic, KpeMHIEBI BKAHOYEHHS, I'PyHTOBAa Nocyxa
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