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Abstract: Salt stress causes several damaging effects in plant cells. These commonly observed effects
are the results of oxidative, osmotic, and toxic stresses. To ensure normal growth and development
of tissues, the cellular compartments of multicellular plants have a unique system that provides
the specified parameters of growth and differentiation. The cell shape and the direction of division
support the steady development of the organism, the habit, and the typical shape of the organs and
the whole plant. When dividing, daughter cells evenly or unevenly distribute the components of
cytoplasm. Factors such as impaired osmotic regulation, exposure to toxic compounds, and imbalance
in the antioxidant system cause disorders associated with the moving of organelles, distribution
transformations of the endoplasmic reticulum, and the vacuolar compartment. In some cases, one
can observe a different degree of plasmolysis manifestation, local changes in the density of cytoplasm.
Together, these processes can cause disturbances in the direction of cell division, the formation of
a phragmoplast, the formation of nuclei of daughter cells, and a violation of their fine structural
organization. These processes are often accompanied by significant damage to the cytoskeleton, the
formation of nonspecific structures formed by proteins of the cytoskeleton. The consequences of
these processes can lead to the death of some cells or to a significant change in their morphology and
properties, deformation of newly formed tissues and organs, and changes in the plant phenotype.
Thus, as a result of significant violations of the cytoskeleton, causing critical destabilization of the
symmetric distribution of the cell content, disturbances in the distribution of chromosomes, especially
in polyploid cells, may occur, resulting in the appearance of micronuclei. Hence, the asymmetry of a
certain component of the plant cell is a marker of susceptibility to abiotic damage.

Keywords: asymmetry of lateral and adventitious roots; salinity; NaCl; NapySOj; ultrastructure of
organelles; asymmetry of cell division; asymmetry of the location of cell compartments

1. Introduction

A living cell has special properties that provide the possibility of its dynamic develop-
ment, providing the very possibility of the existence of multicellular organisms—tropism,
or, in other words, sensitivity [1]. A stable system of a living organism, starting from a
single cell, tends towards an ideally expedient and effective form—a sphere. However, such
organisms are found mainly when we study single cells in a liquid medium [2,3]. Under
such conditions, the sensitivity to a number of environmental factors, such as geotropism,
phototropism, or chemotropism, is reduced or not noticeable. Even under these conditions,
we are still faced with a change in the rounded shape to oval or cylindrical, and, in some
cases, more complex, for example, spiral formations [4]. However, the life of plants, as
multicellular organisms, is associated with the peculiarities of increased sensitivity to
tropisms of various kinds as a result of the existence on the border of two environments,
and, in some cases, even three environments simultaneously (air, water, and land). The
stability and inviolability of an optimal habitat for plants is very deceptive and is regulated
by the availability of resources necessary for their development and/or their limitation.
Thus, we are faced with the justified need to modify the body of a plant to ensure its
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existence and reproduction [5]. It would seem that a rounded cell should divide endlessly
in an ideal environment, ensuring sequential division with perpendicular primary and
subsequent divisions, and form a multicellular sphere with a conditionally infinite number
of symmetry planes. However, in reality, we observe the formation of a wide range of
various organs, with a very different specialization, possessing, in different applications,
both bilateral (for example, leaf, petiole) and organs with central symmetry (root, stem,
primary and secondary meristems), while the entire body of a plant can possess different
properties and types of symmetry and asymmetry at different levels and differ at different
stages of ontogenesis [6].

This situation has a logical explanation, as access to resources for cells located inside
the “ideal sphere” will be severely limited, and such cells will be unviable at some stage.
Since, in the case of cell death and destruction, there is a high probability of toxic damage
and the attack of pathogens, evolutionarily, it has been found to be more expedient to
acquire a new skill—the mechanism of programmed cell death. This can be observed,
for example, during the formation of aerenchyma in root systems with central symmetry,
where parts of parenchyma cells undergo death in order to provide roots an important
resource—air for respiration (the most important process ensuring the transformation of
chemical energy accumulated by a plant as a result of photosynthesis, which is a source of
maintenance of non-photosynthetic organs of plants) [7,8]. Moreover, specific processes
of targeted death provide the formation of vascular tissues, changes in cap cells, falling
leaves and the dying-off of roots, and the death of individual maternal tissues in the
process of generative development [9]. Thus, various types of asymmetry, along with
symmetry, are observed in the cell, tissue, organ, and the whole plant, which is constantly
exposed to gravity and other environmental factors, including stress factors (as a special
case). These factors constantly change and provide a balance between the processes that
ensure the maintenance conditional order (symmetry) and conditional chaos (asymmetry).
Significant disturbances in this balance will lead to irreversible consequences, fraught
with the death of an individual organism, or the extinction of a species or population. It
should be understood that, unlike the cells that make up the bodies of animals, plant cells
are much more interconnected due to their specific structure. Almost all plant cells, with
the exception of cells that have passed to terminal differentiation, are interconnected by
specific formations—plasmodesmata. For example, due to plasmodesmata, the rate of
calcium signal transduction may be multiplied and comparable to the transduction rate
in the animal nervous system [10,11]. Thus, we can consider that the plant organism is a
single system—a coenocyte [12,13]. However, the presence of significant limitations in the
transmission of regulatory molecules through the symplast of the cytoplasm is constrained
by the sequence of arrangement of plasmodesmata. Thus, the cells in a one-cell layer
can have a large number of plasmodesmata distributed over the entire surface area of
neighboring cells in one layer, but may not have plasmodesmata with adjacent cells of
underlying tissue. Moreover, a number of tissues have a special modification of cell walls
that prevents contact through the apoplast—for example, endoderm cells with waterproof
Casparian strips [14].

The cytoskeleton is a unique and sensitive system of cells capable of qualitatively
providing trophic reactions (in the form of a specific enhancement or limitation, depending
on the interaction of an individual organ or cell fragment). Similar to other components
of cells, it exists in the range of constant fluctuations of temperature, humidity, pressure,
helio- and gravitropism, constant and variable magnetic fields, as well as other wave
phenomena, such as light and sound, which a researcher, due to the limited systems of
perception and recognition during the performance of experiments, takes into account
only partially [15-17]. In plant cells, the functions of the cytoskeleton, represented by actin
filaments and tubulin microtubules, generally coincide with functions in other eukaryotes.
However, there are significant differences; for example, in plant cells there is no centriole
associated with microtubules (it is replaced by a cell center with an indefinite structure),
with the exception of unique plants that acquire the ability to form similar structures when
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the flagellum of the male gametophyte is laid. Another feature of the plant cytoskeleton
(corresponding to the interphase stage) is its participation in the formation of cell walls,
both during their formation in the late telophase in the form of a phragmoplast, and when
modifying the cell wall of the vascular bundle cells, in which it becomes necessary to
stimulate the formation of protrusions [18]. Other important functions of the cytoskeleton
(manifested during the transition to mitosis and directly during mitosis and meiosis)
are the formation of a preprophase band that determines the location of the division
spindle, as well as securing the centromeric region of chromosomes through the kinetochore
and the distribution and movement of chromosomes during the distribution of material
between daughter cells [19,20]. Disturbances of the tubulin cytoskeleton can lead to both
reversible and irreversible consequences, depending on the duration, phase, and intensity
(dose) of the active factor [21,22]. The actin cytoskeleton promotes the fast and efficient
intracellular transport and movement of organelles, which, in the event of damage, leads
to the displacement or complete blockage of associated processes.

Salt stress is one of the simplest model systems for studying impairing impacts on
plants. Salinity effects are well studied and described in detail both from the point of view
of plant physiology and from the point of view of changes in individual cellular organelles
and their ultrastructure [23-25]. Cells of various plant tissues and organs were found to be
highly sensitive to the stress effects accompanying the action of salt, causing osmotic, oxida-
tive, and toxic stresses. All cellular compartments undergo significant modification, which
causes a change in the growth rate, violation of division, modification of the fine structure,
and redistribution of organelles and compartments, including vacuoles [23]. In addition,
for the early stages of salt exposure, the effect of plasmolysis has been described, which is
caused by the action of external osmotic pressure and causes a reversible compression of
the cell cytoplasm [26]. Most important, however, is the apparent disturbance in the growth,
habitus, and shape of the organs of the exposed plants. For example, seedlings under a salt
influence can form roots with a pronounced spiral structure. A number of these processes
are accompanied and ensured by specific or nonspecific modification of the fine structure,
affecting the regulation of expansion processes, as well as cell division [27,28]. Obviously,
the sensitivity of an individual element can lead to a disturbance in the symmetry and
asymmetry ratio, as a kind of algorithm of a given order. On the other hand, assessing the
value (as adaptive potential) and danger (as an adverse effect) of such violations presents
certain difficulties, except for the differences between death and survival.

In this work, only those effects will be demonstrated that, in our opinion, have a sig-
nificant effect on the balance of symmetry and asymmetry, which ensures the maintenance
of organ (tissue) habitus and development and leads to significant, but not fatal, damage to
cell systems at the meso- and ultrastructure levels. The goal of this study is to demonstrate
the processes caused by a shift in the symmetry/asymmetry ratio towards asymmetry
while maintaining the viability of the organism, and borderline states when the viability is
preserved but stable development and the transition to the generative phase can be limited
by significant injuries and delaying or cessation of development.

2. Materials and Methods
2.1. Plant Material

Grains (kernels) of winter wheat Triticum aestivum L. cv Moskovskaya 39 were imbibed
in salt solutions or water between two layers of moistened filter paper in Petri dishes
(25 kernels per dish) in four replicates. The seeds were preliminarily analyzed and the
largest kernels without obvious mechanical damage were selected with uniform right and
left moieties, uniform color and pubescence, and without traces of damage by insects or
fungi. For soaking and germination, solutions of the following composition—0.1 M NaCl,
0.1 M Na,SOs—and water as a control were used. Each variant of treatment was carried
out in four replicates, with 25 kernels per replicate. The germination temperature was
18-20 °C. On days 2, 3, and 4, plant seedlings were photographed and the length of the
main and lateral roots (if any) was measured.
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2.2. Arraying of an Ideal Model of Juvenile Seedling

To identify changes in symmetry/asymmetry in the development of wheat seedlings,
we made an assumption that the maximum elongation is an option for the optimal imple-
mentation of the germplasm potential. For comparison, the maximum indicators achieved
in the experiment were used.

2.3. Immunodetection of Cytoskeleton Transformations

The main root of 4-day-old seedlings was used as a model to reveal the characteristic
lesions of the microtubular cytoskeleton. For immunofluorescent identification of micro-
tubules, a double staining method was used: antibodies to mouse 3-tubulin (clone DM1A)
and FITC-conjugated anti-mouse IgG, Alexa-conjugated anti-rat IgG (Life Technologies,
Bourgoin-Jallieum, France) [29]. To fix and obtain the preparations of macerated cells,
0.5 cm of the root of each plant was cut off and fixed in a solution of 4% paraformaldehyde
in PHEM buffer pH 6.9 (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl,) for
2 h at room temperature (18-20 °C). Then, the fixative was washed in the same buffer. The
meristem zone (2-3 mm) was separated and placed in a macerating solution containing
2% cellulase solution (Sigma-Aldrich, St. Louis, MO, USA) in Na-acetate buffer pH 5.0 for
30 s, after which the treated roots were accumulated in PHEM-buffer. The preparations
were obtained by dividing them into individual cells using a metal dissecting needle,
placed in 0.2% gelatin and dried in air in a refrigerator at +4 °C. Then, the preparations
were placed in 0.5% Triton X-100, prepared on PHEM containing 5% DMSO, for 30 min,
washed in YutM Mg-Tris-Cl buffer (pH 7.6) and incubated overnight at room temperature
with monoclonal antibodies to 3-tubulin, mouse (clone DM1A) in a humid chamber to
prevent drying out. After this, the samples were washed in 10 mM Mg-Tris-Cl buffer
(pH 7.6) and incubated in 20 mM Mg-Tris-Cl buffer containing 0.1% BSA (pH 8.2). Root cell
preparations were then incubated with FITC-conjugated anti-mouse IgG, Alexa-conjugated
anti-rat IgG, TRITC-conjugated anti-rat IgG for 45 min at 37 °C. Cells were stained with
DAPI (4',6-diamidino-2-phenylindole) and placed into the Vectashield mounting medium
(Vector Laboratories, Burlingame, CA, USA). The obtained preparations were analyzed in
an Olympus light microscope equipped with epifluorescent lighting, and a standard set of
filters x40 and x100 objectives were used. The images were recorded using a DC digital
camera, the Kodak 260, and analyzed using Corel 12.0 software. According to the devia-
tion in the orientation of microtubules in the cortical cytoskeleton of cells for 4-day-old
seedlings, the deviation in the preservation of the assumed and observed parameters of
symmetry/asymmetry due to the location and presence of deformities was assessed.

2.4. Arraying of an Ideal Model of Cytoskeleton

To identify changes in symmetry/asymmetry in the dynamics of transformations of
the microtubular cytoskeleton of wheat seedlings, the routine description of transforma-
tions of the cytoskeleton in the cell cycle was used. Assumption that a significant violation
should be considered a chaotic arrangement that differs from the expected norm by an
increase/decrease in the length and/or shape of visible elements, as well as a significant
violation of the location relative to that observed and described by the ideal model, in
which elements are noted that do not correspond to a typical cytoskeleton for a given
stage cycle, duplicating elements that are not characteristic, the presence of heterogeneous
chaotically located elements that are not characteristic of the ideal and observed in con-
trol models. For comparison, we used the maximum indices differing from the “norm”
achieved in the experiment. Due to the fact that the number of studied cells in anaphase
and prometaphase was insufficient, the results for these phases should be considered
preliminary (provisionally correct).

2.5. Transmission Electron Microscopy of Root and Shoot Meristem Cells

To analyze the tissue ultrastructure, qualitative analysis was used. In this case, central
longitudinal ultrathin sections obtained from at least five roots of independent plants
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for each of the experimental treatment were used. On the second day after soaking in
salt solutions, the shoot apexes and the tips of the main root, prepared under a light
microscope, were fixed with 2.5% glutaraldehyde in a phosphate buffer with the addition
of sucrose (pH 7.2) for 24 h at 4 °C, followed by additional fixation with 1% OsO; for 2 h.
After dehydration in ethanol solutions, the samples were placed in propylene oxide and
embedded in an epon-araldite (Merck, Darmstadt, Germany) mixture. After adding the
catalyst and removing the residual solvent, the preparations were polymerized in two
stages in a thermostat at a temperature of 45 °C (24 h) and 60 °C (24 h). Ultrathin sections
were prepared using at least 3 independent samples using an LKB-3 (LKB, Stockholm,
Sweden) microtome, placed on copper grids covered with formvar film and contrasted
with uranyl acetate and lead citrate. Preparations were analyzed and photographed using
a H-500 electron microscope (Hitachi, Ibaraki, Japan).

2.6. Arraying of an Ideal Model of Ultrastructure Elements

To identify changes in symmetry/asymmetry in the development of wheat seedlings,
we made an assumption that the maximum growth in length is a variant of the optimal
realization of the inherent potential. For comparison, the maximum indicators achieved in
the experiment were used.

2.7. Statistical Analysis

The mean values were obtained, including three replicates from four biological repli-
cates, and each biological replicate comprised 25 seedlings. The differences were assessed
by comparing the sample means. Moreover, the significance of these differences using
the Student’s test at the 5% significance level in Microsoft Excel software was assessed.
The measure of discrepancy between empirical and theoretical data (ideal model) was
performed using the Pearson chi-square test.

3. Results and Discussion

Peculiarities of the asymmetry of seedling development in normal conditions and
during salt stress impact in monocotyledonous plants, as exemplified by soft wheat, were
studied. Bread or spring wheat belongs to the widespread genus Triticum, which is the most
widespread object of cultivation and consumption of products obtained from it. Belonging
to an extensive family of cereals, it has unique characteristics of high yield, yield stability,
and high resistance to adverse factors. The development of this culture, as with most
agricultural crops, is associated with its predictability and manufacturability, since, as
a result of selection, the height of the plants changes insignificantly even with a lack of
moisture, the arrangement of ears is characterized by the absence of tiering, and the seeds
ripen at the same time and have a slight difference in size and, accordingly, in composition.
This also determines the fact that its seeds also consistently provide parameters important
for the initial stages of development: uniformity of development, starting from swelling,
pecking, and seedling development. It is obvious that such indicators can involve a rigid
correction of unwanted deviations from the given (desired) standard. Thus, this culture
is a convenient object for studying the relationship between symmetry and asymmetry
in plants.

To identify the effects of asymmetry, we found it useful to use the salt effect, which, on
the one hand, is a well-known damaging factor that causes the manifestations of oxidative,
osmotic, and toxic effects [30,31], accompanied by various instruments for correcting
injuries. On the other hand, the effect of salts is characterized as positive, with the property
of leveling the uneven germination, imparting nonspecific resistance to other abiotic
stresses, due to the nonspecific protective response [32] and the priming effect, which
ensures more uniform seed development at an early stage [33]. To simplify the study, we
considered the earliest, juvenile stage of development of wheat plants: seedlings before the
first leaf emerges from the coleoptile and before the appearance of third-order adventitious
lateral roots characteristic of bread wheat [34]. Observations of the development of seeds
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in water and aqueous solutions of NaCl and Na;SO; revealed the absence of symmetry in
the appearance of roots, unevenness in appearance, as well as not only the presence of a
significant growth lag in the presence of salts, but also a change in the shape of the main
and adventitious roots (Figure 1).
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Figure 1. Formation of the primary and adventitious roots of the first and second order in wheat
seedlings during germination in water and in the presence of NaCl and Na,;SO,. Histogram of the
differences in length of main root and lateral adventitious roots of the first and second orders. The
idealized model (gray histogram) has been plotted using the maximum values of real experimental
data (yellow histograms) without taking into account the experimental conditions. It can be seen
that under the influence of NaCl, the growth of the primary root and adventive roots of the first
order is inhibited. This is compensated by the growth of second-order adventive roots. NaySOy
further inhibits the growth of main roots and adventitious roots of the first order. Thus, the red
lines indicate the appropriateness between the values in the idealized histogram and the maximum
values in real experimental patterns on the fourth germination day. Designations: pr—primary root,
ar—adventitious root, *—indicates significant differences between ideal model and real experimental
values at p = 0.05.
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In addition, it was shown that salts cause a change in the development of the root cap
(which, under the action of NaySOy, had fewer layers and was deformed), which probably
contributes to a visible disturbance of gravitropism, due to the redistribution of sugars
and or providing the growth of auxins [24,35]. The same effect apparently causes serious
disturbances in the morphology and branching of roots at a later stage. We have previously
described similar effects in comparative experiments on alfalfa with NaCl, Na;SOy, and
mannitol [36]. Changes in the growth, branching, and shape of roots are quite often
detected under the action of abiotic factors, particularly salinity. The histograms (Figure 1)
show significant differences in the length of the main and lateral roots under the influence
of salts, confirming the effects of using the balancing effect during priming in brewing and
preparing seeds for sowing [37], while it is obvious that this effect is associated with the
inhibition of growth and, in the case of Na;SOy, with significant deformation of the root
shape. The differences in the real picture of germination shown in Figure 1 are reflected in
the diagram, where it becomes obvious that the ideal hypothetical model differs from the
actually observed changes in morphology. Even in distilled water, the seedlings showed
a rather interesting deviation from the ideal model (Figure 2), indicating that, at least for
this model and this experimental approach, the asymmetry of development is the norm
and should probably be provided by the uneven formation of the seed and embryo, as
well as ways of transporting nutrients from the endosperm through the scutellum and
further to the primary and embryonic roots. Interestingly, we noted the presence of an
angle between the radicle and the first of the developing adventitious roots, which persists
for some time after germination, as well as a violation of the tropism and orientation of part
of the roots. Such disturbances result from osmotic damage to cells and most likely lead to
a disruption of cell expansion and division, which are the constituents of tissue growth.
This disorder is a consequence of the cytoskeleton converting, the fusion of vacuoles and
the transformation of the endoplasmic reticulum and the Golgi apparatus (dictyosomes).
In addition, there are violations in the division of DNA-containing cell compartments, such
as nuclei, plastids and mitochondria.

The cytoskeleton is a well-studied cellular system with high dynamics and clear repro-
ducibility of transformations, of which the most well-studied feature is the transformation
of the microtubular cytoskeleton in meristematic cells, which are characterized by high
division activity. The structure of the cytoskeleton is a clearly reproducible value that
ensures both growth and development and, to some extent, the fate of plant cells, since,
at the initial stages of differentiation, the direction of division sets the parameters that
determine which tissue and which layer a given cell will belong to, and this process is
regulated by the displacement of the axes” symmetry, which is directly related to the rear-
rangements of the cytoskeleton in mitotic division. As a sensitive model, we used dividing
and interphase cells of the root meristem of the main root of wheat seedlings. These cells
are a standard object for comparative analysis of the organization of the mitotic spindle
corresponding to different phases of mitosis and interphase cytoskeleton, providing growth
by stretching under normal conditions and, under damaging abiotic influences, causing
disruption of the assembly, polymerization, and depolymerization of microtubule systems
and their interaction with each other and with the cell wall [38,39]. In most interphase cells,
microtubules are grouped into a system of highly ordered parallel structures located along
the cell wall and usually located perpendicular to its long axis; this arrangement is typical
for sequentially dividing cells (Figure 3; Figure S1).
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Figure 2. Scheme of seedling development during germination under hypothetical, “ideal” condi-
tions, in water, and in the presence of NaCl and NaySO4. One can note the asymmetric development
of lateral roots, the unevenness of their development in the control model, the appearance of root
bends in the presence of NaCl, and an enhancing of this effect, accompanied by gravitropism, under
the influence of NapySOj,. Designations: (1)—dry kernel, (2)—swollen kernel, (3)—germinated kernel,
where the primary root (radicle) emerged from the coleorhiza, (4)—a seedling with a primary and
two lateral roots and a changed coleoptile, (5)—a seedling with a formed main and lateral roots and
an enlarged coleoptile, (6)—seedling with a grown coleoptile, a visible and first leaf, the primary
(main) root, and adventitious (lateral) roots of the first and second order. Designations: pr—primary
root, arl—adventitious root of first order, ar2—adventitious root of second order.



Symmetry 2021, 13, 1811

9of 31

linterphase |

| prophase | [prometaphase [metaphase] [ anaphase| | telophase ]

I hypotetic model ]

[ control model

[ Na2504 model ]

[ NaClmodel |

[ stress Na2S04 model ]

Figure 3. Scheme of transformations and characteristic disorders of the tubulin cytoskeleton and distribution of x-
tubulin and material of the nucleus and nucleolus in wheat seedlings when germinating in water and in the presence
of NaCl and NaySOy. Designations: pink—a-tubulin in the cytoplasm, red—«-tubulin in the form of microtubules,
blue—condensed chromatin, crimson—nucleolus, glaucous—decondensed chromatin, gray—nucleoplasm, lilac framed by

glaucous—chromosomes.

The tubulin cytoskeleton, being a highly mobile and extremely sensitive cell structure
(Figure S1), can differ significantly from cell to cell. However, some stable states are well
described and characteristic of certain phases of the cell cycle and therefore can be easily
identified by the state of the chromosomal material and the location of microtubules. The
transformation of tubulin and the formation of microtubules is a dynamic process. This is
reflected in the fact that homogeneous staining, characteristic of the uniform distribution of
tubulin in the interphase, is accompanied by the identification of microtubules associated
with the cell wall (Figure Sla,b). They are located parallel to the axis of future fission
under control conditions without salt exposure. The action of sodium chloride causes a
displacement of the angles of microtubule inclination and a disturbance in the uniformity
of tubulin distribution, with the formation of a network around the nucleus (Figure S1d,e).
Sodium sulfate, in addition, contributes to the significant shortening of microtubules
(Figure S1g,h,j). Obviously, such a violation will also affect the formation of the cytoskeleton
in preparation for division and directly affect its passage, which is summarized in Figure 3.
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Changes in the slope can be noted in the zone of the meristem initials and can usually
suggest a change in the direction of division; however, in the presence of stressful influences,
such violations are found everywhere, although they still retain some similarity in the
peripheral location. One can observe a large number of deformed bundles devoid of parallel
arrangement, the formation of conglomerates, and the formation of perinucleolar clusters
and globules (especially in the presence of NaCl); fragmentation and thinning of individual
zones can also be noted, against the background of the formation of multidirectional
clusters with NaySOy4. These formations are generally characteristic of damage to the
interphase cytoskeleton. Earlier, we showed the manifestation of similar phenomena at
the ultrastructural level in plants, leading to the formation of clusters of microtubules and
their crystal-like clustering. It can be assumed that these consequences are characteristic of
cells that have undergone mitotic transformations with disturbances, which are probably
accompanied by a violation of the formation of cell walls and the transport of water and
nutrients, particularly sugars, accompanying stress and leading to metabolic disturbances
characteristic of salt stress. Thus, although cell elongation as a whole is ensured, but
significantly slowed down, growth impairment is likely accompanied by increased chaos
in the organization of the interphase cytoskeleton structures, which affects the impairments
in the direction of interaction and growth, leading to asymmetry in root development
(Figure 3; Figure S1). During the transition from interphase (G2 phase) to prophase,
processes associated with the onset of mitosis are triggered, and despite the transformations
inside the nucleus and the preservation of the nuclear envelope, the structure of the
cytoskeleton changes significantly (Figure 3; Figure S2). Disturbance of the symmetry axis
and of the thin network of microtubules on the outer surface of the nucleus, which are
detected under control conditions (Figure S2a,b), lead to significant changes. These changes
are tracked by the violation of the division axis, deformation of the preprophase ring, and
disruption of the near-nuclear cytoskeleton. Moreover, the changes are most pronounced
under sodium sulfate exposure (Figure S2g,h,j).

For this condition, one can observe the disappearance of most of the cortical micro-
tubules, the movement of part of the tubulin into the perinucleolar zone, and the formation
of a special structure—the preprophase band. This formation coincides with the place
of formation of the future phragmoplast and sets the location of the future cell wall [40].
Subject to symmetry, the preprophase band is located perpendicular to the long axis, strictly
in the central part of the cell, and is a large accumulation of parallel microtubules sur-
rounding the nucleus, resembling a set of rings. For a given violation of symmetry, the
angle of the ring can be significantly displaced. The same effect is observed when the
root shape is disturbed. In addition, it has been described that salinity, drought, cold,
and other stresses have significant effects on these structures [41,42]. The action of NaCl
and NapSO, is accompanied by a violation of the axis of the band location, a change in
the location of perinucleolar microtubules, and the appearance of globular and cluster
structures, sometimes accompanied by the formation of a second ring perpendicular to the
first ring and/or its fragment. One can expect a significant decrease in the symmetry and
order of the cells in the future. Many works pay attention to this stage in connection with
stresses affecting the morphology and growth of plants [43,44].

Transformations of the prometaphase cytoskeleton are a process that precedes the
creation of a super-efficient mechanism that guarantees the masterly division of daughter
chromosomes between daughter cells (Figure 3; Figure S3). There is a loss of the nuclear
envelope, and the chromosomes are located in the free central zone of the nucleus. For the
effective formation of separation, disassembly of the preprophase band is required, as well
as the creation of a specialized system, including poles located in the center of the long
axis of the dividing cell and covering the chromosomes of the microtubule stretching to
the poles, forming a typical division spindle. Disturbances at this stage indicate a kind of
confusion in the transformation of the structures of the cytoskeleton; for example, under the
action of NaCl, weak formation of the spindle and a violation of its departure to the poles
were observed. NaySO4 promoted the preservation of sections of the preprophase band and



Symmetry 2021, 13,1811

11 of 31

the formation of clusters of microtubules around the nucleus (Figure S3). Similar structures
were observed by a number of authors as disturbances in cytoskeleton perturbations under
a number of other influences [45,46].

The metaphase is of significant interest for the identification of cytoskeleton damage
(Figure 3; Figure S4) and may indicate significant disturbances in the division processes,
as it is known that the future process of microtubule divergence is provided by a special
arrangement of polar zones, a kind of pole formed by kinetochoric beams of microtubules,
which are significantly expanded in comparison with a prometaphase spindle; this struc-
ture allows for the clear and error-free separation of the genetic material of future daughter
cells [47]. Violation of the structural organization can lead to an essential violation at the
stage of chromosome distribution, as well as leading to a violation of their divergence and
the formation of non-identical aneuploid cells or the formation of deformed nuclei with
a violation of the formation of cell walls. The action of salts prevents the formation of a
metaphase plate, which is probably caused by a violation of the processes that provide
the polymerization/depolymerization of microtubules, which ensure the movement of
chromosomes to the division axis. Disorganization of the cytoskeleton is accompanied
by a homogeneous distribution of tubulin throughout the cell, and the formation of un-
characteristic bundles and clusters chaotically distributed throughout the cell volume. At
the same time, in some cells, the structure of the metaphase spindle is still formed and
disorganization is more pronounced under the action of Na;SOj. It can be assumed that
this explains many disturbances in morphology under edaphic stresses [48,49]. However,
in this case, it is also possible to associate the disturbance with chaotization rather than with
a given and controlled asymmetry, which is why such damage can hardly be completely
leveled out in further growth.

In anaphase of the cell cycle, the process of chromosome separation in future daughter
cells is completed (Figure 3; Figure S5). Chromosomes retain their distinct structure and a
high degree of condensation; no nucleus is formed. The cytoskeleton is a shortened bundle
of microtubules located perpendicular to the division axis between the accumulations of
chromosomes passing to the formation of nuclei. In anaphase, the most noticeable are
the critically dangerous consequences of disruption of the earlier stages of cytoskeleton
reformation, in particular, leading to the formation of abnormal nuclei and violations of
the distribution of chromosomes in the metaphase, the so-called chromosomal bridges
characteristic of many effectors damaging division [50,51] (for example, Figure S5g—i) under
the influence of Na;SOy. It is also possible to observe disturbances in the distribution of
tubulin not associated with microtubules in the cytoplasm and changes in the location
and length of the bundles between the dispersed chromosomes, with the formation of a
less uniform and ordered cluster structure, which is probably an obstacle to ensuring the
normal flow of cytoskeleton transformation processes in anaphase, as in other phases, there
is an increase in the density of the cytoplasm and a decrease in mobility due to the presence
of osmotically active substances, such as sugars, proline, and polyamines, the amount of
which, according to many authors, is significantly increased under the action of salts and
osmotics [52,53].

Telophase is the final stage of mitosis, accompanied by two important processes that
determine the shape of cells, the interaction between cells, and the assembly of the nuclear
membrane around the nuclei of daughter cells. Disorders that accompanied the restructur-
ing of the mitotic cytoskeleton at this stage affect the formation of the phragmoplast, the
shape and structures of the cell wall, and the distribution of plasmodesmata, and at this
stage, the consequences of the violation of the distribution of chromosomes, affecting the
shape of the nuclei and their structure, become apparent. The observed disturbances are
accompanied by phenomena probably explained by the delay in the assembly /disassembly
of the cytoskeleton structures, causing the preservation of elements characteristic of other
phases of the transformation of tubulin-containing structures [54]. NaCl causes the preser-
vation of the distribution of fragments of globules and bundles throughout the volume of
the cytoplasm, fragments of asymmetric structures in the phragmoplast zone (Figure 3;
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Figure S6d—f). NaySOy is characterized by the fragmented preservation of bundle clusters
between daughter nuclei and in individual cells by the globularly diffuse distribution of
tubulin with fragments randomly located along the periphery of the cell and in the phrag-
moplast zone by short microtubules (Figure S6i-k). Cytoskeleton structure reorganization
accompanies all phases of mitosis, and although individual disorders can be identified in
normal conditions, they are, nevertheless, single. The disturbances presented here are the
most typical and indicate significant disorders of division processes caused by the action
of NaCl and NaySO; (Figures S1-56) and are characteristic of osmotically harmful stress
consequences [52].

Significant disturbances in the transformations of the cytoskeleton under the action of
NaCl and Na,SOy are associated with the formation of specific structures accompanying
and providing the process of mitotic division and distribution of chromosomes between
daughter nuclei. These disorders are laid down and persist at different stages of mitosis
and are associated with a violation of the correct, close to symmetric distribution and
transformation. Disturbances are associated with a violation of the characteristic pattern
of parallelism of cytoskeleton fragments: in interphase and mitosis, angles and places
of divergence; in prometaphase and metaphase, the distribution of tubulin not localized
in microtubules; at different stages and under various influences, the displacement and
duplication or clustering of elements that are characterized by parallelism or a high degree
of organization (mirror symmetry), especially during the formation of a preprophase band;
in prophase, a spindle of division in prometaphase and metaphase, and disturbances in the
arrangement and fragmentation of the organization of the arrangement of microtubules
during the transition to the initiation and formation of a phragmoplast and cell walls in
anaphase and telophase (Figure 3).

In actively proliferating cells, the root and shoot meristems are usually characterized
by a large nucleus with a central location. The nuclei have a large nucleolus, and a
high density of ribosomes can be observed in the cytoplasm, which corresponds to the
efficient process of the production, assembly, and production of ribosomes characteristic of
meristematic tissues (Figure 4a,b). Plastids and mitochondria are usually evenly distributed
in the cytoplasm. The production of small vacuoles and their fusion does not lead to the
formation of large ones; inside them, dark inclusions of presumably protein nature are
often noticeable (Figure 4c—f). Individual cells contain plastids with large starch grains
(Figure 4f).

When germinating in the presence of NaCl, the cells of the apex of the root and shoot
have a characteristic structure with a large nucleus and nucleolus, and dense cytoplasm
saturated with ribosomes. However, lumps of condensed chromatin can be seen inside the
nucleolus; the size of large lumps of condensed chromatin in the cytoplasm also increases,
which indicates the inhibition of a number of synthetic processes, including the activity of
the nucleolus (Figure 5a,b). There is a noticeable retention of storage substances such as
lipids and protein inclusions in the vacuoles (Figure 5¢,d). One can also note a decrease in
density and an increase in the volume of plastids—they become more rounded, and one
can observe their active division, for example, in shoot cells (Figure 5d,f).

Na;SO4 causes a marked increase in separation between condensed and decondensed
chromatin (Figure 6a,b), more pronounced in shoot cells. Processes of slowing down lipid
utilization can be observed, especially in root cells (Figure 5c,e), and proteins in individual
shoot cells (Figure 5d). In the initial cells of the parenchyma of the shoot, vacuoles become
more rounded and contain special structures of the endoplasmic reticulum located only in
one zone of the cell (Figure 5f).

The effects of delayed utilization of storage materials are well documented in a
number of crops, such as wheat, flax, cashew, and others [55-57]. In the cells of juve-
nile seedlings, a delay in the utilization of starch, protein reserves, and a violation of
lipid metabolism [36,57-59] were previously noted, accompanying a significant decrease
in growth and development. This can be explained by blocking of the functioning of
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enzymes, impaired absorption capacity, and the ability to transport and synthesize metabo-
lites [60,61].

To identify osmotic effects, we also analyzed the effect of mannitol at the appropriate
iso-osmotic concentration (Figure 7). It can be assumed that the osmotic does not give
rise to the toxic or oxidative stress components of salinity stress. In general, the effects of
delayed lipid and protein utilization were observed (Figure 7c—e). It was also possible to
note a hypertrophied large amount of starch in plastid inclusions (Figure 7e,f), which was
not observed under other influences.

Figure 4. Ultrastructure of the apical meristem cells of the shoot and root of wheat seedlings when germinating in
water. General view of the cells of juvenile cortex tissue, located beyond the initials in the root differentiation zone—(a);
enlarged fragments of the cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(c,e). General
view of the parenchyma cells of developing shoot in the differentiation zone—(b); enlarged fragments of the cytoplasm
containing the organelles (plastids, mitochondria and vacuoles)—(d,f). Abbreviations: v—vacuole, cw—cell wall, s—starch,
m—mitochondrion, p—plastid, N—nucleus, d—dictiosome, n—nucleolus.
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Figure 5. Ultrastructure of the apical meristem cells of the shoot and root of wheat seedlings during germination in the
presence of NaCl. General view of the cells of juvenile cortex tissue, located beyond the initials in the root differentiation
zone—(a); enlarged fragments of the cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(c,e).
General view of the parenchyma cells of developing shoot in the differentiation zone—(b); enlarged fragments of the
cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(d,f). Abbreviations: v—vacuole, cw—cell wall,
s—starch, m—mitochondrion, p—plastid, N—nucleus, n—nucleolus, d—dictiosome, I—oil body.
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Figure 6. Ultrastructure of the apical meristem cells of the shoot and root of wheat seedlings during germination in the
presence of NaySOy. General view of the cells of juvenile cortex tissue, located beyond the initials in the root differentiation
zone—(a); enlarged fragments of the cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(c,e).
General view of the parenchyma cells of developing shoot in the differentiation zone—(b); enlarged fragments of the
cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(d,f). Abbreviations: v—vacuole, cw—cell wall,
s—starch, m—mitochondrion, p—plastid, N—nucleus, n—nucleolus, d—dictiosome, I—oil body.
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Figure 7. Ultrastructure of the apical meristem cells of the shoot and root of wheat seedlings during germination in the
presence of mannitol. General view of the cells of juvenile cortex tissue, located beyond the initials in the root differentiation
zone—(a); enlarged fragments of the cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(c,e).
General view of the parenchyma cells of developing shoot in the differentiation zone—(b); enlarged fragments of the
cytoplasm containing the organelles (plastids, mitochondria and vacuoles)—(d,f). Abbreviations: v—vacuole, cw—cell wall,
s—starch, m—mitochondrion, p—plastid, N—nucleus, n—nucleolus, d—dictyosome, 1—oil body.

In addition, expansion growth processes are accompanied by characteristic move-
ments of cell organelles. In meristematic cells, the nucleus is located in the center of the cell,
and the plastids, mitochondria, and endoplasmic reticulum are located in the cytoplasm
between the nuclear envelope and plasma membrane.

However, their arrangement can be considered uniform only conditionally, which is
primarily due to the fact that the number of organelles is not the same, and even with a
relatively equal osmotic pressure of the cytoplasm, the osmotic pressure in each individ-
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ual intracellular compartment is relatively higher, including the nucleus, mitochondria,
and plastids.

This is easy to understand, due to their preservation of the “ideal” rounded shape.
With growth or osmotic abnormalities, the processes presented in Figure S7 can be signifi-
cantly impaired. Normally, an increase in the volume of the vacuole leads to a displacement
of the nucleus and organelles, together with the surrounding cytoplasm, to the edge—the
periphery of the cell volume. Deformations involving the impaired processes of fusion,
division, and locomotion are associated with uneven osmotic pressure and improper
cytoskeleton rearrangements under stress (Figures 4-8).

Figure 8. Ultrastructure of specific new forms of the endoplasmic reticulum in the apical meristem cells
of the shoot and root of wheat seedlings during germination in the presence of Nay;SO,4. Fragments of
the parenchyma cells of the developing shoot with changes in the morphology of endoplasmic reticulum
(a—d); the expanded cisternae of the smooth endoplasmic reticulum are not surrounded by dictyosomes—
(a,b,d); the forming area of the smooth endoplasmic reticulum is surrounded by dictyosomes—(c).
Fragments of cells in the differentiation zone of the root cortex—(e f); the rough endoplasmic reticulum
is located near the nucleus—(e); the areas of the rough reticulum are clearly identified and not detected
in other parts of cell—(f). Abbreviations: v—vacuole, cw—cell wall, s—starch, m—starch, N—nucleus,
n—nucleolus, d—dictyosome, 1—oil body.

Features of changes in mitochondrial morphology in apex cells under salt-related
stress often include morphology changes associated with acceleration of development or
presumably similar to damage characteristic of oxidative stress [62] (Figure 9). Being the
most important plant organelle in terms of energy, mitochondria can change significantly
depending on the environmental conditions. When cells move from the meristematic zone,
the most frequent change is a change in shape from round to oval (Figure 9b).

In cells that develop under salt action, the change in shape occurs more rapidly.
Thus, a frequent case is a change in the morphology of cristae and their density [63]. One
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may also observe a change in shape with the formation of invaginations or even cupped
mitochondria, which are torus-shaped in a longitudinal section (Figure 9¢,d).

The development of plastids, the accumulation of starch, and the formation of mem-
brane structures in them in non-photosynthetic tissues are currently insufficiently studied.
Changes in their shape are a frequent occurrence accompanying various stress effects,
including edaphic stresses. One can note the appearance of strong invaginations, the
identification of a large number of plastids of an irregular or cupped shape (Figure 10c), as
well as elongated plastids (Figure 10d,e).

Figure 9. Ultrastructure of stress-induced changes in mitochondria of wheat root cells: usual configu-
ration (a), oval shape (b), transverse cup-shaped (c) and longitudinal cup-shaped mitochondria (d).
The effects of changes in the shape and ultrastructure of plastids and mitochondria reveal the high
sensitivity of these organelles to the action of stress, and often indicate disturbances in the process of
division, which lead to the appearance of large organelles of uncharacteristic size [64].
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Figure 10. Ultrastructure of stress-induced changes in plastids of wheat root cells: normal configu-
ration (a), altered shape with invaginations (b), cup-shaped plastids (c), highly elongated curved
plastids preserving width (d,e). In addition, the shape of organelles and a change in their structure
from a rounded shape characteristic of juvenile organelles to a complex one—curved or cup-shaped
with other types of symmetry—accompany damage and suggest that developmental asymmetry
accompanies adaptation to negative influences, allowing them to maintain vitality by sacrificing a
harmonious, close to symmetric picture of development.

The processes of organelle division are as necessary as the processes of nuclear division,
since, if this process is disturbed or blocked, the cells newly formed after division must
receive their portion of organelles that will be able to provide energy and metabolic
processes. Meanwhile, the division of organelles and their distribution between daughter
cells are often disturbed under the influence of stress factors [65]. We observed typical
patterns of cell division and some features of division in the presence of salts, which
indicate a violation of the process. Here, we demonstrate that, in the most common process
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of mitochondrial division with the formation of a constriction, the cells undergo a slight
change in turgor and do not maintain an ideal round shape (Figure 11a). In some cases, such
a violation is accompanied by differences in the ultrastructure of daughter mitochondria
(Figure 11c), which are reflected in changes in the density of the matrix and in the location
of the cristae. Another less common type of division is preserved, in which the constriction
is not formed, but one can observe the budding of one mitochondrion from another while
maintaining a larger interaction area and a common outer membrane (Figure 11c), which is
rarely found in the mitochondria of apex cells under normal conditions. In a number of
cells formed in the presence of salts, it is possible to observe a violation of division with the
formation of micromitochondria within the maternal mitochondria (Figure 11d). This effect
has been described for some animal cells with significant disturbances in energy processes
associated with growth and development under damaging influences [66].

The division of plastids is also an important process that ensures the development of
plant cells and the body as a whole [67]. The toxic effects of salts can affect the separation
of plastids after division (Figure 12). The type of plastid division with an increase in
osmotic pressure can also change significantly, since, in some initial cells of various tissues
and in the proliferation zone, non-diverging conglomerates of plastids can form, inside
which one can observe the divergence of plastids from a single center (Figure 12c,d). This
phenomenon is not typical and has not been previously described in the literature, since it
was considered the simple accumulation of plastids. However, if we consider the types of
divisions of cyanobacteria, then, in some works a similar structure is described [68,69]. The
alga Coleochaete orbicularis shows alternations of radial and circumferential cell divisions,
and this is apparently achieved through centrosomes that migrate to the respective cellular
poles [70,71].

Thus, it is obvious that the action of salts can cause a change in the type of symmetry
from a stable equilibrium system with a parallel, axial, and rotary model of division and
growth to a more retarded (in development) and uneven model. In this case, the processes
of strengthening the conditional order and alignment of the length of the lateral adventi-
tious roots under the influence of NaCl can be noted (Figures 1 and 2). On the other hand,
the processes of “conditional chaos” are clearly intensifying—for example, manifested in
the curvature of the growth directions of the main and lateral roots under the influence of
NaCl and NaySOy, which looks like a disturbance of gravitropism (Figures 1 and 2).

The growth of plants during the transition of developing tissues from the division zone
is accompanied by the development of new vacuolar membranes and the accumulation
of solutions with various functions in them, which, in the case of salinity, will contain
not only water but also often accumulate excess ions to eliminate their toxic effects; as a
result of this, the storage and lytic functions of the vacuolar compartment can be disrupted
(Figure 13). In particular, when the balanced system of membrane transporters was
disturbed or malfunctioned, vacuoles with uneven edges were observed (Figure 13a,c,d).
Vacuoles provide the regulated exchange of fluids and ions between the cytoplasm and
the intravacuolar solution. The osmotic pressure can change within a vacuole, which is
normally higher in vacuoles than in the cytoplasm, due to which they have an “ideally”
round or nearly round shape (Figure 13f).
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Figure 11. Ultrastructure of stress-induced changes in mitochondrial division in wheat root cells: division by constriction
(a), differences between mitochondria (b), division of mitochondria without constriction (c), formation of mitochondrial
microrudiments (d).
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Figure 12. Stress-induced changes in the process of plastid division in wheat root cells: division by constriction (a),
differences between plastids (b), division of plastids without constriction (c), formation of micro-buds in fissionable
plastids (d).
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Figure 13. Stress-induced changes in the process of vacuole fusion and utilization of storage substances during germination

in wheat root cells: reduced internal osmotic pressure of vacuoles (a), fusion of vacuoles with impaired fusion of the

vacuolar membrane (b), excessive production of vacuolar membranes in case of impaired fusion and growth limitation of

the volume of vacuoles (c), the initial stage of utilization of protein deposits in the norm, lipid droplets along the walls (d,e),

delay in utilization of protein deposits in vacuoles (f), fusion of vacuoles in the cells of the root tip during germination.

With an increase in cell size, this pressure provides a displacement of the cytoplasm
and organelles to the periphery of the cell and their location along the cell wall, in contrast to
the central location of the nucleus typical for meristematic tissues and the relatively uniform
arrangement of organelles along the periphery (Figure S7). If the fusion is disturbed,
part of the membranes can be non-functional; the fusion of the membranes into a single
structure can be disturbed, as in the case of the action of Nap,SO, (Figure 13b). If the fusion
of membranes is not disturbed by the action of NaCl, but the membrane permeability is
disturbed or the pressure of the external solution is insufficient, cells with a highly branched
vacuole can be observed, which remains without the proper pressure of intravacuolar solute
and probably prevents the cell from expansion (Figure 13c). The utilization of storage
substances in this case can be severely impaired (Figure 13d—f). Vacuoles formed and
developing in cells at early stages of development are functionally similar to the vacuoles
of storage organs and may contain different protein fractions, phenolic compounds, and
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crystalline inclusions [72,73]. Disruption of enzymatic systems and the activity of lysing
systems leads to the partial retention of a variety of intravacuolar inclusions, characteristic
of salt and osmotic stress [58]. Such processes can be caused by changes in the system
of neutralization of ions and biogenesis of aquaporins caused by downregulation of the
expression of genes associated with these processes or by other factors [74,75].

In the cells of the initials of the root and shoot, the vacuolar system is not developed.
Moreover, the process of cell wall formation is influenced by the above-described distur-
bances in the cytoskeleton structure at different stages of mitosis. They cause a change in
the normal process of cell wall formation at the site of the phragmoplast after telophase
(Figure 14a). Significant disturbances occurring in individual cells under the action of
NaCl (Figure 14b) and Na,;SOy (Figure 14c) cause significant disorganization and random-
ness in the formation of the cell wall as a result of disturbances in the formation of the
phragmoplast, changing the morphology of a part of the cells. Such disturbances are well
described in the literature and are accompanied by patterns of cytoskeleton disturbance,
growth damage, and disorganization of the root and shoot shape—for example, under the
action of herbicides, toxicants, and edaphic influences [76-79]—accompanying significant
disturbances of symmetry characteristic of growth.

Figure 14. Significant asymmetry of the shape of the cell wall and nucleus under the influence of
salinity in the cells of the wheat root. Formation of the cell wall after division is normal (a), with the
toxic effects of salts ((b)—NaCl, (c)—NaySOy4); the structural organization of the nucleus in interphase
root cells is normal (d), under the action of salts ((e)—NaCl, (f)—NaySOy).
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Division pathologies also affect the shape of the nucleus and nuclear envelope. Nor-
mally, the nucleus is almost perfectly round (Figure 15d). The appearance of local invagi-
nation (Figure 15e) or a complete change in the shape of the core (Figure 15f) was observed
under the influence of NaCl (Figure 15e) and Na,;SO4 (Figure 15f). The shape of the nucleus
is an important feature and is associated with the fact that its internal pressure is maintained
by the cell to be higher than that of the cytoplasm due to a complex double membrane with
selective throughput [80]. Therefore, disruption of the shape is a qualitative characteristic
of damage, at least in the regulation of the osmotic potential of cell compartments.

Figure 15. Symmetrical and asymmetric processes affect the cell shape, the formation of cell walls,
and the processes of the formation of nuclei and their shape in wheat root cells. Description: two
cells in telophase in the initial stage of cell formation in the root parenchyma (a); the asymmetry
of cells of the root central cylinder normally allows the similarity (symmetry) between cells to be
maintained (b); disturbance in cell growth, division, and improper formation of cell walls lead to
the emergence of cells of irregular shape (c), late telophase stage with the completed stage of cell
wall formation (d), consequences of chromosome separation and the formation of a common nuclear
envelope with invaginations under the influence of NaCl (e), the formation of large asymmetric
nuclei in disturbance of divisions caused by Na;SO; (c), the nuclei look as the formed organelles—but
there is no cell wall between them, which indicates significant disorders of the fission process (f).

Thus, if relative asymmetry is a variant of the norm, then a clear violation probably
indicates significant damage that will not remain without consequences.
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A peculiar balance between phenomena that can be attributed to the manifestations of
symmetry (with a characteristic effect of the repetition of phases, stages, states of individual
elements or cell structures) and asymmetry (in the manifestation of which the coincidence,
analogies, and repetition of phenomena become unclear, unobvious, or cannot be identified
at all) determines the development of multicellular organisms and, in particular, plants.
The clearest correlation of phenomena associated with the new formation or uneven
development of a leaf, root, shoot, or flower is currently associated with the peculiarities
of the coordinated auxin-driven reorganization of the cytoskeleton. The reorganization
controls asymmetric cell expansion and division during embryonic and postembryonic
organogenesis [81], changes in root or shoot growth, and the establishment of new organs
due to changes in cell polarity [82]. For a long time, the connection between the impact
and changes in the amount of auxins and, in particular, IAA was not clear. However,
when it was found that the amount of IAA significantly increases in the places of bends,
and a connection with gravitropism was established [83], it became clear that this process
is related to the transport of sugars and deposition of starch grains by analogy with the
“leading” role of columella in the direction of root growth [84].

In this study, we used the early stage of plant development, when the bulk of metabo-
lites are not yet produced in cells, but are supplied from seed reserves, in general, pro-
viding excessive energy and intensive primary growth. An increase in osmotic pressure
during germination inhibits enzymes, which decompose the storage reserves and trans-
port the products of utilization through the scutellum to the developing tissues of the
seedling, which limits the growth and development of plantlets [85]. This process is well
studied on both dicotyledonous and monocotyledonous plants and, despite the fact that
the reserves are concentrated in different types of cells, in general, it affects the disrup-
tion of the utilization of vacuolar protein bodies, starch inclusions of plastids, and lipid
droplets [36,58,86-89]. The role of plant hormones in ensuring the growth of new organs
is obvious and correlates with the supply of starch to the sites of growth from the sites of
its utilization. Thus, the effect in starch mobilization and root elongation is in some part
regulated due to treatment by plant hormones under lower salt stress during germination
in rice seeds [90].

A change in the size and shape of cells always implies a modification or transformation
of the cytoskeleton [91,92]. Salt effects induce significant disturbances in the interaction
between the elements of the cytoskeleton, in some cases caused by the toxic effect of ions
and in some cases by osmotic or oxidative damage affecting both the regulation of ion
exchange and the fine mechanisms of the regulation and biosynthesis of various membrane
and non-membrane proteins with the functions of transporters or enzymes [93,94]. The
consequences of modifications of the cytoskeleton can affect cell growth, slowing down or
enhancing the expansion, as well as changing the direction of future divisions. Moreover,
this process can occur both locally in individual cells or tissues, and in all cells of prolifer-
ating tissues. In some cases, the damages to the cytoskeleton become irreversible, since
its components can form disturbed structures, including crystalline ones, the assembly of
which is not possible, and they remain in daughter cells after division [21,95].

Plant cells, for the most part, can withstand the negative effects of salts only at
relatively low concentrations. In this case, the development of plants not only slows down,
which could not have a significant effect on the ratio of symmetrical and asymmetric
manifestations of growth. Salinity cannot cause the fundamentally different development
of a certain genotype, but only introduces various inhibitory effects [31]. At the same
time, multiple effects have been observed that cause disturbances, which intensify the
asymmetry of the processes. To explain a significant change in development, as well as
the appearance of the effect of disturbance of gravitropism, it can be speculated that an
increase in chaotic elements in the structures of cytoskeleton, cell nuclei, mitochondria,
plastids, and endoplasmic reticulum, as well as an unequal decrease in the amount of
storage substances in cells, testifies to the fact that the processes accompanying growth and
development, and providing metabolism, as well as rearrangement of the cytoskeleton,



Symmetry 2021, 13,1811

27 of 31

have different degrees of sensitivity to influences. Thus, while some processes proceed
relatively normally, others are accompanied by an increase in asymmetry, which manifests
itself in a shape change in compartments and structures. In addition, some processes
can lead to the inhibition of dynamic transformations—for example, to the utilization of
reserve substances. Moreover, in a number of cases, asymmetry leads to the impossibility
of the logical completion of the beginning process of division of nuclei or organelles,
which results in the appearance of cells that are uncharacteristic for a given organism—for
example, differing in ploidy. The ploidy of plant cells is heterogeneous and this parameter
is also sensitive to stress [96,97]. This effect was noted for a long time and was used in
targeted breeding. In particular, it allows larger fruits to be obtained than wild forms and
an increase in resistance to stress [98]. Salt-induced dysfunctions in some cells have caused
abnormalities in the formation of nuclei. This was accompanied by the appearance of
atypical polyploid or aneuploid cells and the appearance of invaginations in the nuclei
under the action of salts, which probably indicates excessive production of the membrane
material and the impossibility of maintaining the characteristic osmotic parameters in the
nuclear compartment, since the “ideal” round shape that supports normal transport routes
within the nucleus and between the nucleus and cytoplasm becomes unattainable [99].
It is also possible to note the violation of fusion, which provides a number of processes,
including the formation of a large vacuole during growth by expansion.

4. Conclusions

The effect of salinity on germinating seedlings has significant effects on the growth
and development of roots and their shape. In addition, there is a clear change in the
uniformity of development, since the main and lateral roots are not equally suppressed.
Disturbances in gravitropism also differ in the main and adventitious roots. The change
in uniformity is the first sign of the manifestation of the intensification of the effects of
asymmetry, which are characteristic of plant development, but do not have an inhibitory
effect, at least in our understanding of the norm. This study demonstrates that the effects,
manifested in the level of changes in size and shape, are accompanied by deep patterns of
symmetry disorder at the level of such cellular structures as the cell membrane, nucleus,
plastids, mitochondria, and cytoplasmic reticulum, exerting a mutual influence on all
stages of the cytoskeleton transformation corresponding to different phases of the cell cycle.
The result of uneven inhibition with a delay in some transformations in the presence of a
stressor leads to a shift in the general habitual picture, which we conventionally consider
as a norm or conditional symmetry, towards an increase in a certain “chaos” inherent to
asymmetry. It is likely that, under the influence of these stressors, plant cells are displaced
to the area of a kind of bifurcation point, as a result of which we can observe multiple
and significant disturbances in the orderliness of cell structures, which are reflected in
the processes of further development. Indeed, the unevenness of the normal course of
differentiation processes and division, which provide visible effects of growth, provoked,
probably, by the action of a stress factor, induces the effect of uneven development through
the uneven disturbance of the dynamic transformations of plant compartments.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/sym13101811/s1, Figure S1: Features of the structure of the interphase cytoskeleton and
distribution of atubulin in wheat seedlings during germination in water and in the presence of NaCl
and NaySOy; Figure S2: Features of the structure of the preprophase cytoskeleton and distribution of
a-tubulin in wheat seedlings during germination in water and in the presence of NaCl and Na;SOy;
Figure S3: Features of the structure of the prometaphase cytoskeleton and distribution of a-tubulin
in wheat seedlings during germination in water and in the presence of NaCl and Na;SO;; Figure
S4: Features of the structure of the metaphase cytoskeleton and distribution of a-tubulin in wheat
seedlings during germination in water and in the presence of NaCl and NaySOy; Figure S5: Features
of the structure of the anaphase cytoskeleton and distribution of «-tubulin in wheat seedlings during
germination in water and in the presence of NaCl and Na,;SOy; Figure S6: Structure features of the
telophase cytoskeleton and distribution of «-tubulin in cells of wheat seedlings during germination
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in water and in the presence of NaCl and NaySOy; Figure S7: Changes in the root cell shape occurring
during growth in the meristem zone and differentiation as the volume of the cell vacuole in the
extension zone increases.
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