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Abstract. Silicon is found in soil and is one of the most dominant mineral nutrients in plants. This

mineral helps intolerance to biotic and abiotic stresses, besides increasing photosynthetic

activity and nutrient uptake by plants. The vitromorphogenic potential of plant cells and tissues

from several species also showed a high increase through the supplementation of silicon sources

to the culture media. For this reason, the Si exogenous application to culture media can bring new

perspectives to the in vitro cultivation of plants that aim to develop organogenesis,

embryogenesis, and other clonal mass propagation techniques. In this regard, this review aims to

summarize the role and possibilities of the application of silicon on in vitro cell and tissue

cultures.
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1. Introduction

Silicon (Si) is an important inorganic constituent for
higher plants. With a few exceptions - mainly certain
highly weathered tropical soils - soils contain high
rates of Si. In most of them, Si is second only to
oxygen (0) as a constituent: the mean values of O are
49% and of Si 31% [1]. For plants, the direct source
of Siin the soil is extracted by the roots in the form of
orthosilicic acid (H4Si04) which, according to
Epstein (1994)[2] is present in concentrations
ranging from 0.1 mM to 0.6 mM, somenthing about
two orders of magnitude higher than phosphorus (P)
concentrations in soil solutions, with an average -
but highly variable - the value of 0.0016 mM.
Therefore, plants growing in the soil are directly
exposed to Si. There is a great amount of botanical,
agronomic, horticultural, and phytopathological
knowledge of Si that, together with physiological
experiments, proves that this mineral cannot be
ignored as a plant biological nullity, despite not being
considered an essential nutrient for plant growth
and development [3]. It is important to note that Si
plants content varies greatly in different species and
between genotypes of the same species. Another
factor that influences the content of this mineral in
plants is the availability of Si in the soil, in addition to
the plant itself, which can change the chemical form
and, consequently, the availability of Si in the
substrate. Furthermore, most of the absorbed Si is
transferred from the roots to the shoots, and within
the shoots, its distribution throughout the plant is
quite uneven [4]. Although the Si absorption and

transport process are not fundamentally different
from other elements, the uncharged molecule
H4Si04 is not redistributed when deposited in the
form of crystals, and its translocation within the
plant is especially affected by transpiration flux
when compared to other elements. Only in the
marine diatom Cylindrotheca fusiformisa cDNA a
plant biological nullity encoding a Si transporter was
identified, a finding that represents the first
identification of a Si transporter specific to any
organism [5]. The concentration of Si in the substrate
is affected by many factors, such as silica
condensation, temperature, pH, other polymer's
presence, different ions, and small molecules. The
distance of the Si - O bond and the angle of the Si - 0
- Sibond play an essential role in the polymerization
of different silica species. Environmental reactions
and HO groups may differ in several of these species
due to composition, solubility, hardness, density, and
viscosity. Aminoacids and peptides are effective in
the formation of polysilicon species through
interactions with different Si species [6]. From that,
there is a great amount of botanical, agronomic,
horticultural, and phytopathological knowledge of Si
that, along with physiological experiments, proves
that this mineral cannot be ignored as a plant
biological nullity, despite not being considered an
essential nutrient for plant growth and development
[3]. In this context, this brief review summarizes the
role of Si as a mineral supplement in different in vitro
plant cultures and highlights its potential for new
and future research involving this method of plant
cell and tissue growth.



2. Biotic and abiotic stresses
mediated by Si

The literature is full of reports that Si promotes plant
growth. In many cases, the growth stimulus was due
to the protection that Si provided to plants against
the harmful effects of biotic and abiotic stresses [2].
Plants exposed to these stresses show an increase in
the concentration of reactive oxygen species (ROS),
such as the superoxide radical (02), hydroxyl radical
(OH), and hydrogen peroxide (H202), which damage
biomolecules such as nucleic acids, photosynthetic
pigments, and proteins. A decrease in the ROS
production and an increase in the plant's antioxidant
system from Si supplementation is responsible for
greater tolerance of plants to stress [7]. In this sense,
an interesting finding is that Si can protect plants due
to its interaction with toxic metal ions (such as
aluminum, manganese, chromium, cadmium, and
lead, among others), reducing its toxicity in plants.
Tripathi et al. [8] demonstrated that the application
of Si decreased the 02 concentrations, H202, and
malondialdehyde (MDA) in maize leaves grown
under arsenic stress by increasing the activity of
peroxide ascorbate (PX), dehydroascorbate
reductase (DHAR), and glutathione reductase (GSH).
Increases in PX, catalase (CAT), peroxidase (POX),
and superoxide dismutase (SOD) activities in cotton
roots and leaves were also related to Si-mediated
reductions in cultivars stressed with zinc (Zn) [9]. As
action forms, Si seems to decrease these metals
uptake due to its action in increasing soil pH, by
managing changes in soil metal speciation through
the formation of silicate complexes, by
compartmentalizing these metals in roots and shoots
- to immobilize the molecules and prevent the
translocation of metals by the plant - or, in some
specific cases, the interaction of Si promotes a
homogeneous distribution of these metals
throughout the plant, preventing accumulation and
consequent necrosis [10-13]. In addition, Si seems to
regulate genes expression responsible for alleviating
the toxicity of these metals (as the PCS1, SAP1, and
SAP14 genes) which encode members of the stress-
associated protein (SAP) family, and the AP2
transcription factor genes Erf020, Hsf31, and NAC6
were up-regulated in the roots of cadmium-stressed
rice plants, but were down-regulated in the presence
of Si, indicating that post-stress addition of Si was
able to reverse cadmium stress [14]. A rice leaf
proteome study, also under cadmium stress, showed
that 50 proteins, including those associated with
photosynthesis, redox homeostasis, protein
regulation and synthesis, pathogen response, and
chaperone activity were up-regulated by Si, while a
POX III class and proteins such as thaumatin were
found to be regulated by Si independently of
cadmium [15]. According to Rizwan et al. [16], Si has
also been shown to decrease water stress and

salinity in plants through different mechanisms,
which include reducing oxidative stress, modifying
gene expression and regulating compatible solutes,
increasing absorption and translocation of mineral
nutrients - such as phosphorus, potassium, calcium,
and magnesium -, modification of gas exchange
attributes, osmotic adjustment, and phytohormone
synthesis. For example, in the study conducted by
Gao etal.[17], photosynthesis, stomatal conductance,
transpiration rate, water use efficiency, the number
of stomata, and stomatal size in okra plants exposed
to salt stress were increased by the application foliar
of Si. Matoh et al.[18] reported such a case for rice,
which was grown in vitro containing solution with
additions of NaCl, seawater, or polyethylene glycol in
high concentrations. In this experiment, Si reduced
NaCl translocation to shoots and increased dry mass
production of stressed plants compared to controls.
For wheat[19] and barley[20], similar findings were
reported, showing that there was the repression of
NaCl transporters in plants grown in saline solutions
supplemented with  Si, with concomitant
improvement in growth. Regarding salinity, it is
known that Si reduces Na+ uptake by stimulating the
H+ATPase activity of the root plasma membrane[21]
and reduces Na+ translocation promoting its binding
to cell walls, thus reducing Na+ in the leaf apoplast
[22]. The interaction between plants and their
environment, and in this case, diseases and pests,
occurs primarily through the surface of plants, both
below and above the ground. The cell wall and its
cuticle is the main defense against these violations. In
this sense, the granted Si defense to plants refers to
the deposition of crystals on the plant cell wall,
creating a physical barrier against pathogens and
phytophagous insects. However, Si is involved in
very complex defense mechanisms but is not fully
understood. Some studies show that Si triggers a
cascade of biochemical defense mechanisms in
infected plants[23], which showed that Si induced
resistance to fungal attack in cucumber roots and to
the precursors of fungi toxic aglycones appearance
that possibly acts as phytoalexins. Currently, Si is
related to a type of acquired systemic resistance
(SAR), which is characterized by the salicylic acid and
proteins related to pathogenesis accumulation. This
response is typically induced by pathogens, but its
effect can be mimicked by activators, such as Si.
Other defense mechanisms mobilized by Si include
the accumulation of lignin and, generally, phenolic
compounds, in addition to peroxidases and
chitinases [24]. Yet, according to Debona et al. [7],
studies have revealed that in many plant species
nourished with Si, the phenylpropanoid and
terpenoid pathways are greatly potentiated, and the
transcription of genes involved in host defense and
higher activities of defense enzymes are faster and
stronger. Unfortunately, the recognition of Si as a
fertilizer component that could be used in an
integrated pest and disease management strategy is
still very recent.



3. The role of Si in plant
tissue culture
development

The growth and morphogenesis of in vitro cultures of
plant cells, tissues, and organs are directly influenced
by the composition of the culture medium, which is
often modified to stimulate the growth and
development of specific plant materials. In general,
the plant tissue culture medium is composed of
inorganic nutrients, organic supplements, a carbon
source, growth regulators, and a solidifying agent.
The optimization of mineral nutrients is a
fundamental step in the process of preparing the
culture medium, aiming at the growth and
morphogenesis of plant cells, tissues, and organs
cultivated through in vitro techniques[25,26]. As
previously seen, the exogenous application of Si
improves the growth and yield of several plant
species, especially when subjected to different types
of biotic and abiotic stresses [27]. Although the
availability of Si in hydroponic culture systems and
the substrate is still quite restricted, it is known that
the supplementation of this mineral in nutritious
culture media or soilless substrate has significantly
improved the growth characteristics, yield, and
quality of several crops [28]. The Si inclusion in the
culture  medium also  demonstrated the
morphogenetic potential improvement in plant cells,
tissues, and organs cultivated in vitro. Studies have
shown that the Si inclusion in the tissue culture
medium increases callus growth, stem regeneration,
and root induction and stimulates somatic
embryogenesis, in addition to improving the
morphological, anatomical, and physiological
characteristics of shoots [29-33]. Beyond that, Si
treatment prolongs the longevity of calluses and
organs with the potential for plant regeneration [26].
Concerning somatic embryogenesis, some studies
show that Si promotes viable embryo development
in its most diverse forms. For example, Na2S5i03
induced somatic embryos formation in callus
generated from root explants of Phragmites australis
[34]. Abiri et al. [35] showed the efficiency of
potassium metasilicate in callus proliferation and
somatic embryo formation from root explants of rice
cultivar. In palm leaf explants, K2Si03 and Na2Si03
demonstrated the highest rates of somatic embryo
formation - and germination of these embryos -
from in vitro cultured embryogenic calluses,
compared to treatments in which there was no
addition of somatic sources [36]. In vitro tissue
culture of woody plants often includes many
disorders, such as tissue browning, which results
from the phenolic oxidative activity, in addition to
hyperhidrosis. In this sense, it has been shown that Si
can completely prevent this tissue oxidation in guava
(Psidium guajava) by sealing the nodal explants cut
ends using a silicone mixture, without causing any
subsequent damage to the rest of the propagation in
vitro. [37]. Fadl [36] demonstrated that the levels of
oxidation and hyperhidrosis decreased with the

greater addition of K2Si03 and Na2SiO3 to the
culture medium of embryogenic palm callus. The
addition of Si to the culture medium caused less
hyperhidrosis in Ornithogalum dubium
[38] and Cotoneaster wilsonii [39]. Si treatment also
improved the survival rate of grape callus at low
temperatures due to the prevention of tissue
oxidation [40]. Si has not been included in any
commercial tissue culture medium formulation
despite its demonstrated efficacy. These studies
indicate that the effect of Si on the morphogenetic
potential of in vitro plant cultures depends on the
species used, the genotype, and the concentration of
Si in the culture medium. Furthermore, it is
important to note that the absorption and transport
of Si depend on the plant species being used, as well
as the external concentration of Si and the active or
passive capacity of Si absorption by each different
plant species [6,41]. Despite knowing that Si is a
mineral that can be efficiently used as a supplement
to the culture medium of several plant species,
further studies are needed to better understand the
biochemical and molecular mechanism of Si in other
mass propagation methods such as organogenesis
and somatic embryogenesis. In conclusion, Despite
knowing that more studies are needed to better
understand the biochemical and molecular
mechanism of Si in other methods of mass
propagation, such as organogenesis and somatic
embryogenesis, it is necessary to admit that Si is a
mineral that can be efficiently used. as a supplement
to the culture medium of several plant species which
aim at mass propagation.
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