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Abstract: Salt stress induces cytotoxicity at the cellular level, influencing the vacuolization process,
disrupting mitotic division, and thus inhibiting plant growth. The results for a range of species used
in agriculture have shown that high soil salt levels affect germination, chlorophyl content and yield.
In this study, an experiment was carried out in the laboratory using NaCl concentration treatments of
0, 100, 125 and 150 mM on sunflower seeds of the inbred line HA-89 obtained from the USDA gene
bank. For the experiment, the seeds were germinated in a salt solution and analyzed cytologically by
calculating the mitotic index, chromosomal aberration index, provacuolar index and vacuolization
index. Following our cytological studies, we observed that the vacuolization phenomenon was
caused by salt stress and progressively accentuated by the salt concentration levels and exposure
times. The formation of vacuolized cells is due to the fusion of provacuoles, which contributes to a
uniform or non-uniform distribution of genetic material around them. According to our results, the
vacuolization index showed high values depending on the NaCl concentration and stress exposure
time. Similarly, high salt concentrations significantly decreased the mitotic index and increased
the chromosomal aberration index. The effect of salt stress causes cell vacuolization, a decrease
in the mitotic index and an increase in the number of chromosomal aberrations in meristematic
tissues, inhibiting growth and development and consequently leading to a reduction in productivity
per unit area.

Keywords: salt stress; vacuole; cytotoxicity; vacuolization; mitotic index; chromosomal aberrations

1. Introduction

Salt concentration in saline soils has a negative effect on the biochemistry, anatomy
and productivity of plants [1-5]. The increasing concentration of salt in soils is causing a
considerable loss of agricultural potential worldwide, covering around 15% of the total
agricultural area due to its increasing extent [6]. Salt and drought stress influence the
accumulation of osmolytes and antioxidant compounds, such as flavonoids, at the cellular
level. The stress effect of different concentrations of NaCl reduces the amount of chlorophyll,
unlike drought stress [7]. Researchers have shown that high concentrations of NaCl
decrease the mitotic index and increase the number of chromosomal aberrations [8,9]. In
addition, the effect of different amounts of NaCl leads to altered metabolic functions in plant
tissues and a reduction in flavonoids [10]. Some studies have shown that foliar application
of KNOgj fertilizer has positive effects in combating salt stress [11]. These positive effects on
NaCl stress have also been demonstrated using agmatine treatments [12]. Phytohormones
also play an important role in abiotic stress tolerance, including salt tolerance. Previous
studies have shown that the application of salicylic acid improved the growth of maize
plants under salt stress [13,14].

Several studies indicate that the effect of salt stress plays a role in the accumulation of
reactive oxygen species (ROS), which leads to abnormalities in cellular cycles and influences
plant growth [15-17].
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Current research indicates a correlation between the increased accumulation of ROS
and programmed cell death (PCD) in response to the effect caused by saline solutions [18,19].
A cytological phenomenon correlated with abiotic or biotic stress in plant cells has been
observed in the form of irreversible vacuolization of the cells. The initial physiological
signal of vacuolization is determined by the presence of a greater number of provacuoles
in plant cells when osmotic processes malfunction [20,21].

Salt stress influences the vacuole formation process in plants cells [22]. However,
vacuolization also occurs in animal cells in response to stress caused by various chemicals
or by viral or bacterial infections [23]. Concerning studies showing that vacuolization is
a characteristic phenomenon in the identification of cellular stress, including salt stress,
numerous authors have described vacuolization in response to various stress factors in
rice [24], wheat [25], vegetables [26], cotton [27], rapeseed [28], soybean [29] and maize [30].
Researchers have also observed that diets containing oil from the world’s three main oil
crops—rapeseed [31], soybean [32] and sunflower [33]—induced hepatocyte vacuolization.

The sunflower (Helianthus annuus L.) belongs to the Asteraceae family, and it is known
for its quality and ease of oil extraction compared to other oilseed species [34]. The
sunflower crop is used not only for oil extraction but also for seed production in human
food [35-37] and as an ornamental plant [38]. All these reasons have led to the very
large-scale cultivation of this species. Current sunflower breeding programs focus on the
development of new genotypes, using in vitro biotechnology to develop genotypes tolerant
to salt stress [39].

The aim of this research was to elucidate cellular physiological activities that can be
used as starting points for identifying sunflower genotypes tolerant to different stresses,
especially NaCl, in sunflower breeding programs. Cytological examinations of sunflowers
and the use of biotechnological methods in sunflower breeding programs enable rapid
cytological diagnosis and the selection of genotypes tolerant to salt stress. Vacuolization
has not been used at all as a breeding method, nor has it been established whether it occurs
under salt stress in the sunflower. In addition, this research will open new horizons of
research in the future to determine the correlation between other stress factors and seed oil
content in the vacuolization phenomenon.

2. Materials and Methods
2.1. Plant Germplasm

For this experiment, we selected the inbred line HA-89 of Helianthus annuus L. Seeds
were obtained from USDA germplasm stocks. The sunflower line HA-89 is an inbred line
developed in 1975 in Texas and maintained at North Central Regional under the code P1
599773. The weight of 1000 seeds (MMB) was 60.2 g, with an oil content of 41%, of which 57%
was linoleic acid, 37% was oleic acid and the remaining 10% was other unsaturated oils.

2.2. Sterilization and Germination Conditions

Seeds were sterilized by immersing them for 15 m in a 0.1% mercury chloride solution
(HgClI,). To drain the HgCl, sterilization solution, sunflower seeds were washed in five
baths of distilled water for 3 min each. Sterilized sunflower seeds were germinated in
distilled water and various saline solutions on filter paper in 12 cm Petri dishes at 25 °C £+ 5
under a photoperiod of 16 h day plus 8 h night.

2.3. Experimental Design

The experiment was carried out by treating 25 sunflower seeds of each experimen-
tal variant. The study was repeated three times to observe the cytological phenomena.
Sunflower seeds were germinated at concentrations of 0 nM (control V1), 100 mM (V2),
125 mM (V3) and 150 mM (V4) NaCl. The experiment lasted 13 days, including the 3-5-
day germination period, during which secondary root formation was induced on day 10
by removing the root tip. Secondary roots of sunflower seeds developed under the salt
concentrations in the experiment were harvested within 24 to 72 h. After harvesting, the
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roots were subjected to prefixation, fixation, hydrolysis and staining of biological materials
required for microscopic analysis.

2.4. Microscopic Material Preparation

Salt-treated sunflower meristematic roots were harvested in the morning to capture
the highest mitotic activity for 24 to 72 h. Fixation was conducted using Carnoy’s reagent,
obtained by preparing the solution in a 3:1 ratio of ethyl alcohol (96%) and glacial acetic
acid [40,41]. Carnoy’s reagent was added to the harvested biological material for 24 h
at 24 degrees. Preservation of biological material for further studies was carried out
at 2—4 degrees in 70% ethyl alcohol. The fixation solution was washed with 1N HCl at
room temperature for 5 min. Hydrolysis was carried out with 2-3 mL of 1N HCI1 for
7-8 m in a water bath at 60 °C. The hydrolyzed solution was then finally removed with
filter paper. Staining was carried out using Carr’s reagents according to the Feulgen
method [42], followed by the distribution of biological material using the squash method.
The microscopic preparations obtained were analyzed under an Optika microscope at
400 x magnification in normal light. Microscopic photographs were taken using the digital
camera of the microscope. The data were then recorded and statistically processed.

2.5. Cytological and Statistical Analyses

Cytological studies were performed on a total of approximately 2500 cells from each
treatment under each exposure time, and five microscopic fields of five individual roots
were analyzed.

A cytogenetic study was conducted on meristematic tissues, differentiating between
the effects of salt among the treatments according to the mitotic index. The mitotic index
(MI) is the number of dividing cells relative to the number of cells in the microscopic
field. During interphase, due to salt, an uneven distribution of chromatin leads to the
appearance of atypical cells. During our studies, we encountered giant cells, abnormal cells
and deformation of the nucleus, all of which we considered abnormal and were counted
through the abnormal cell index (AC) (Figure 1). Analysis of genetic material during the
cell cycle shows that provacuole formation occurs in prophase, after which provacuoles
fuse to form the vacuole. In this situation, the evolution of chromosomes no longer
follows a normal course, where they are instead distributed evenly or unevenly around the
vacuole. This aspect led us to analyze the vacuolization index (IV) and prevacuolar index
(CPI) under salt treatment. In meta-anaphase, when chromosomes become unichromatic
by moving toward the poles of the cell, some asynchronous situations can be observed,
leading to late (LC), sticky (SC) or irregular (IR) chromosomes, and sometimes creating
chromosome bridges (CBs) or isolated chromosomes (ICs). All major indexes such as the
mitotic index (MI), aberration index (CAI) and prevacuolar index (PVI) were compared
with the vacuolization index (VI) to reflect the relationship between them under the effect
of salt stress.

The calculation formulas used to determine the frequencies of the different chromoso-
mal aberrations are as follows:

Nr. of cells with abnormal cells

AC% = Total number of cells * 100 M)

Nr. of cells with irregularly chrom.

IRC% = Total number of cells X100 @
o, _ Total number of bridge formation

CBY% = Total number of cells x 100 ®)

SCo% — Total number with sticky chrom. « 100 @)

Total number of cells
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o Total number of izolated chromosome
1C% = Total number of cells x 100 ®)

The equations used for the mitotic index (1), prophase index (2), metaphase index (3),
anaphase index (4), telophase index (5), chromosomal aberration index (6), vacuolization
index (7) and provacuolar index (8) are as follows:

Number of cells in mitosis
0, —
MI% = Total number of cells 100 ©)

Number of cells in prophase

Ip% = Total number of cells x 100 @
Number of cells in metaphase
% = 00 8
Tm?% Total number of cells <1 ®
o, _ Number of cells in anaphase
la% = Total number of cells X100 ©)
It% — Number of cells in telopahse « 100 (10)

Total number of cells

Number of chromosomal aberation
% = 100 11
CALY Total number of cells % (1)

o, _ Number of vacuolized cells
V% = Total number of cells 100 (12)

Number of cells with provacuoles

PVI% = Total number of cells

x 100 (13)

L 10ym IOpm 10 pm h 10 pum

10 pm ~ 10 um 10°um

10 pm . 10 jusd -_— um

Figure 1. Control cellular division and abnormalities under NaCl stress: (A) Control prophase.

L3

(B) Karyotype of sunflower with 2n = 34 chromosomes. (C) Control metaphase. (D) Control anaphase.
(E) Control anaphase. (F) Control telophase. (G) Giant cell (AC). (H) Irregularly moving chromosomes
(IRC). (I) Disturbed metaphase (IRC). (J) Sticky chromosomes in anaphase (SC). (K) Chromosomal
bridges in anaphase (CB). (L) Laggard chromosomes in telophase (LC). (M) Abnormal cells with
visible nucleoli (AC). (N) Circular moving chromosomes (IRC). (O) Isolated chromosomes (IC).
(P) Laggard chromosomes in anaphase (LC). (Q) Sticky chromosomes in anaphase (SC). (R) Asym-
metric telophase (AC). (Magnification: 400 x).
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Data of the mean & SE were subjected to one-way and two-way ANOVAs, with a
significance level of p < 0.05. The comparison of different paired values among treatments
and exposure times was carried out using the Tukey test. The statistical analysis was
performed using the RStudio statistical package.

3. Results

3.1. Effect of Salt Stress on the Relationship between the Mitotic Index and Cell Vacuolization
The effect of different concentrations of salt used to examine mitotic activity showed

a reduction in the number of dividing cells. The results showed a significant influence of

the time of exposure to the saline solution and the concentration on the activity of mitotic
divisions (p > 0.001) (Table 1).

Table 1. Analysis of variance of the combined effect of different salt concentrations and exposure
times on the mitotic index.

Variance Source DF * SS * Mean Sq  F Value Pr (>F)
Treatment 3 3286 1380.3 405.54 2 x 10716 %
Exposure time 2 160 62.4 18.34 1.55 x 1078 #*+
Treatment x exposure time 6 18 6.8 1.984 0.0642
Residual 288 1205 42

DF—degrees of freedom; SSsum of squares. The results were analyzed at significance levels of *** p < 0.001,
**p <0.01 and * p <0.05.

The highest mitotic index (MI) values were obtained in the salt-free treatment, obtain-
ing 13.58%, 12.51% and 12.37% after 24, 48 and 72 h. On the other hand, at a concentration
of 100 mM NacCl (V2), the mitotic index values were 9.95%, 8.20% and 7.30%. The lowest
mitotic activity values were recorded at concentrations of 125 mM NaCl (V3), with 5.94%,
5.39% and 5.20%, plus 150 mM NaCl (V4), with 5.22%, 4.15% and 3.58%, over the 24-72 h
exposure interval. Further analysis of the results of our studies revealed that the effect of
salt stress also affected the percentage of other mitotic parameters (Table 2).

A decrease in the prophase index (Ip) was observed with increasing salt concentration,
from 7% in the control samples to just over 1.5% in the samples treated with 150 mM NaCl.
Other mitotic indices such as the metaphase index (Im), anaphase index (Ia) and telophase
index (It) also decreased with increasing salt concentration and exposure time. When
analyzed over a period of 24 to 72 h, the highest values for the NaCl solution treatments
were observed at 24 h, while the lowest values were observed at 72 h (p > 0.05) (Table 2).

The results allow us to conclude that salt solutions cause stress in mitotic division and
thus inhibit the growth and development of sunflower plants.

The vacuolization phenomenon develops when biological material is exposed to salt
stress, but similarly, as the vacuolization index increases, the mitotic index decreases.

In our analysis, we observed that the mitotic index initially exceeded the vacuolization
index in the control samples over all time intervals (p > 0.05) (Figure 2).

On the other hand, we observed a significant difference between the vacuolization
index and the mitotic index during the first treatment with V2 saline, where the vacuoliza-
tion index increased as the exposure duration increased, showing significant differences
between the values in the 24-72 h interval (p > 0.05), which was not the case in the control
samples. Inverse values proportional to the vacuolization phenomenon were evidenced
by the decrease in the mitotic index in the 24-72 h time interval. As the salt concentration
increased, the mitotic index decreased and the vacuolization index increased (Figure 2).

The vacuolization phenomenon is therefore closely linked to the decrease in the mitotic
index and is a major factor in determining cell cytotoxicity.
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Table 2. Results of mitotic activity under the influence of different salt treatments.
Variant Time h NaCl-mM TOtirﬁlll;;:;r :: fsgells Mitotic Index (%)  Prophase Index (%) Metaphase Index (%)  Anaphase Index (%)  Telophase Index (%)
24 0 2586 + 2.58 13.58 4 0.5 2 7.04+0.32 2.81+0.232 2.1+0.182b 1.62 £0.12
%! 48 0 2709 + 2.11 12.51 £ 0.522 5.36 + 0.34 bc 3.04+0.172 2.56 +0.14 2 1.54 +0.142
72 0 2629 + 1.50 12.37 4 0.46 2 5.96 + 0.32 2P 2.4 +0.09 2P 2.29 £0.152 1.7 +£0.072
24 100 2597 + 1.41 9.95 4 0.33 P 5.69 +0.18P 1.93 +0.15b¢ 1.54 +0.09 b¢ 0.78 £ 0.09 P
V2 48 100 2707 +1.73 8.2+ 0.4b¢ 5.08 =+ 0.23 bed 1.53 +0.14 <4 1.11 £ 0.07 <4 0.46 + 0.09 P
72 100 2540 4 2.17 7.3 4+ 0.47 <d 3.88 4 0.29 de 1.53 £ 0.09 «d 1.29 + 0.08 <4 0.58 = 0.09 b
24 125 2787 +2.08 5.94 4 0.41 de 432 +025 0.94 + 0.06 4 0.31 £ 0.09 ¢ 0.35 4+ 0.09
V3 48 125 2742 + 2.54 5.2 4+ 0.44 °f 2.98 4 0.27 ¢ 0.92 +0.02¢ 0.72 £0.13 de 0.56 + 0.09 P
72 125 2630 + 2.43 4.62 + 0.24 °f 2.8140.24 ¢ 0.96 & 0.02 4 0.32+0.13¢ 0.52 £0.12°P
24 150 2701 + 2.30 5.22 4 (.22 def 2.64 4 0.14 *f8 1.27 £0.15d 0.71 4 0.08 de 0.59 +0.08 b
V4 48 150 2727 +1.97 4.15 £ 0.26 °f 216 £0.1618 0.94 +0.16 4 0.47 £ 0.09 0.57 +0.09 P
72 150 2602 + 1.85 3.58 +0.38 f 1.6 +0.16 8 1.18 £0.194 0.46 + 0.09 0.31 £ 0.09P

Superscript letters are used according to the results of the Tukey pairwise comparison test and represent the significance levels of each column value obtained as a function of the NaCl
concentration and exposure time. The highest values are noted, starting with the first letter “a”. The similarity between the superscript letters reflects non-significant differences between
the values obtained (p > 0.05).
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Figure 2. Boxplot representation of the mitotic index and vacuolization index as a function of different
salt concentrations for 24 h-72 h exposure times. Superscript letters are used according to the results
of the Tukey pairwise comparison test and represent the significance levels of each column value
obtained as a function of the NaCl concentration and exposure time. The highest values are noted,
starting with the first letter “a”. The similarity between the superscript letters reflects non-significant
differences between the values obtained (p > 0.05).

3.2. Effect of Salt Stress on the Relationship between the Chromosomal Aberration Index and Cell
Vacuolization
Regarding the effect of salt stress on the chromosomal aberration index, a significant

increase was observed with increasing salt exposure interval and concentration, and with
the combined effect of both (p > 0.001) (Table 3).

Table 3. Analysis of variance of the combined effect of different salt concentrations and exposure
times on the chromosomal aberration index.

Variance Source DF * SS * Mean Sq  F Value Pr (>F)
Treatment 3 3799 1266.5 249.088 2 x 10716 %+
Exposure time 2 418 208.9 41.087 2 x 10713 #xx
Treatment x exposure time 6 156 26.0 5.117 5.16 x 1073 **

Residual 288 1464 51

DF—degrees of freedom; SS—sum of squares. The results were analyzed at significance levels of *** p < 0.001,
**p <0.01 and * p < 0.05.

The chromosomal aberration index (CAI) increased with the increase in the salt con-
centration, where, at an exposure time of 24 h, we obtained percentage values of 0.96%
in V1, 2.39% in V2, 5.35% in V3 and 7.93% in V4. The difference between the values in
the 24-72 h time interval for each salt concentration showed an increase in the number of
chromosomal aberrations, obtaining a maximum value of 11.82 at the highest concentration
and exposure time analyzed. Analysis of the frequency of chromosomal aberrations be-
tween the non-salt-treated samples (V1) and salt-treated samples (V2, V3 and V4) revealed
a significant increase (p < 0.05). There was an increase in the number of irregularly moving
chromosomes (IRCs), an increase in the number of sticky chromosomes, and an increase
in the number of lagging chromosomes, as well as a moderate increase in the number of
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isolated chromosomes. In the case of chromosomal bridge (CB) formation, there was an
increase in the percentage under salt stress.

In the control samples, the percentage of chromosomal aberrations was the lowest, with
only irregular chromosome movements and abnormal-type aberrations present, together
accounting for less than 1% of ICAs, with the other types of chromosomal aberrations being
absent in the salt-free treatment (V1). The results showed that the number of chromosomal
aberration types began to increase as the salt concentration used increased (Table 3).

The percentage of chromosomal aberrations of irregular chromosome movement (IRCs)
ranged from less than 1% in samples without saline to more than 5% in those with higher
saline concentrations (p < 0.05). In the V4 treatment, irregular chromosome movement
(IRCs) was more prominent, characterized by circular chromosome movements, which may
be associated with division block. The cytotoxic effect of the high salt concentrations was
also reflected in the high percentage of lagging chromosomes. This type of chromosomal
aberration did not occur in the control samples but was present in 2% of the 150 mM NaCl
salt samples (V4). Another chromosomal anomaly caused by the cytotoxic effect of salt
is determined by the appearance of isolated chromosomes. These did not appear in the
samples without salt, and even at 100 mM, their percentage was very low. The higher
salt concentrations of 125 mM (V3) and 150 mM (V4) induced a significant percentage of
isolated chromosomes compared with the control samples (p < 0.05), where, at 125 mM and
150 mM, the percentage values were close to 1%. The frequency of chromosome bridge
formation was also increased by the salt exposure time. The highest values were recorded at
a NaCl concentration of 150 mM, with the frequency decreasing at lower salt concentrations
and being absent in the control samples containing only water (Table 4).

The increase in the percentage of chromosomal aberrations is directly proportional to
the salt concentration and exposure time. Thus, the cytotoxicity of salt is evidenced by the
presence of chromosomal aberrations that ultimately block the normal progression of the
division spindle, leading to plant growth inhibition (Figure 3).

60
- Chromosomal aberration index (%) - Vacuolization index (%)

50

a
40 be
¢ b
30 d . ¢ mim
e c e e
e . i
; N - e
20 - ' -
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Figure 3. Boxplot representation of the chromosomal aberration index and vacuolization index as a
function of different salt concentrations for 24 h-72 h exposure times. Superscript letters are used
according to the results of the Tukey pairwise comparison test and represent the significance levels of
each column value obtained as a function of the NaCl concentration and exposure time. The highest
values are noted, starting with the first letter “a”. The similarity between the superscript letters
reflects non-significant differences between the values obtained (p > 0.05).
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Table 4. Results concerning the effect of salt on the chromosomal aberration index and the frequency of different types of abnormalities during mitotic division.

) i Total Number of Chromos?mal Abnormal Cells Irregular Movement Chromosomes Sticky Isolated Lagging
Variant Time (h) NaCl-mM Aberant Cells Aberration (AC) (%) of the Chromosome Bridges (CB) (%) Chromosomes Chromosomes Chromosomes
Index (CAD (%) ° (IRC) (%) & ° (SO) (%) (IC) (%) (LO) (%)
24 0 25+ 0.17 0.96 + 0.17 1 0.19 + 0.08 077 £0.16f - - - -
V1 48 0 20 + 0.09 0.73 +0.09 0.29 +0.09¢ 044 +0.12f - - - -
72 0 30 +0.16 114 £ 0.16 P 0.49 4 0.16 b¢ 0.64+0.14f - - - -
24 100 65+ 0.12 2.39 4 0.12 8" 0.33 + 0.09 bc 099 +022f 0.36 + 0.12 de 0.51 +£0.12< - 0.18 + 0.08 de
V2 48 100 115 4+ 0.32 452403218 0.86 + 0.19 abe 1.61 + 0.26 *f 0.62 + 0.15 cde 0.7 4 0.18 bed 0.35 + 0.13 def 0.35 + 0.09 de
72 100 134 + 0.25 4.96 4+ 0.25f8 12540212 1.44 +0.19 ¢ 0.77 4 0.16 bed 0.77 4 0.17 bc 0.4 + 0.15 cdef 0.29 4 0.13 de
24 125 141 + 0.43 5.36 4= 0.43 ©f 0.79 + 0.16 2b¢ 232 +0.2de 0.57 + (.18 cde 0.95 + 0.22 abe 0.22 + 0.08 0.49 + 0.1 de
V3 48 125 185 + 0.37 6.63 + 0.37 d¢ 0.89 =+ 0.2 abe 2.61+03¢ 0.71 + 0.16 bed 0.96 + 0.16 2b¢ 0.43 =+ (.13 cdef 1+0.11b¢
72 125 254 + 0.65 9.31 =+ 0.65 b¢ 1.46 +0.122 3.48 + (.3 abe 0.73 + 0.19 bed 1.13 £ 0.18 abc 1.24 + 0.17 2P 1.24 4+ 0.15 2P
24 150 206 + 0.62 7.93 + 0.62 <d 0.88 £ 0.19 abc 3.15 4 0.21 bed 1.19 £ 0.17 abe 1.15 + 0.18 abe 0.8 +0.17 bed 0.73 £ 0.16 bed
V4 48 150 267 + 0.66 9.73 + 0.66 2P 1.05 4 0.23 2b 3.82 4+ 0272 1.34 +0.312 123+ 02172 0.94 4 0.17 2bc 1.31 +£0.31 2
72 150 308 + 0.7 11.83 + 0.7 1.3+0.192 441 +0372 1.69 +0.182 1.46 +0.242 1.38 £0.152 157 £0.214

Superscript letters are used according to the results of the Tukey pairwise comparison test and represent the significance levels of each column value obtained as a function of the NaCl
concentration and exposure time. The highest values are noted, starting with the first letter “a”. The similarity between the superscript letters reflects non-significant differences between
the values obtained (p > 0.05).
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From our comparative analyses, the vacuolization index and chromosomal aberration
index showed significantly different values between the treated samples and the control
samples in the 24-72-h time interval (Figure 3).

On the other hand, the increase in the percentage of chromosomal aberrations was also
accompanied by an increase in the vacuolization index, both increasing with the salt concen-
tration and time interval. Thus, we can say that there is a close link between the increases
in the vacuolization index and chromosomal aberration index, where cell vacuolization
represents the maximum cytotoxic effect, since the vacuolized cell can no longer maintain
the formation of the cell division spindle. This is sometimes evidenced by the circular
movements of other chromosomes and the consequent inhibition of plant development.

3.3. Effect of Salt Stress on the Relationship between Cell Vacuolization and the Provacuolar Index

The increase in the vacuolization index was influenced by both the concentration
of saline used and the exposure time, with a high degree of significance (p < 0.001). The
combined effect of the treatment and exposure time showed an increase in the vacuolization
index. Thus, we can say that the vacuolization phenomenon is closely related to the
cytotoxicity caused by the saline solutions used. Vacuolized cells are formed by the fusion
of provacuoles in response to salt stress. The number of cells with multiple provacuoles
increased considerably with increasing saline concentrations (p < 0.001) (Table 5).

Table 5. Analysis of variance of the combined effect of different salt concentrations and exposure
times on the vacuolization and provacuolar indices.

Vacuolization Index (VI)

Variance Source DF * SS * Mean Sq F Value Pr P
Treatment 37544 12515 2092.87 2 x 10716 #**
Exposure time 2 1396 698 116.73 2 x 10716
Treatment X exposure time 6 640 107 17.84 5.16 x 1072 ***
Residual 288 1722 6

Provacuolar Index (PVI)

Variance Source DEF * SS * Mean Sq F Value Pr F)
Treatment 1307.1 435.7 184.728 2 x 10716+
Exposure time 2 7.1 3.5 1.502 0.2244
Treatment X exposure time 6 44.2 7.4 3.121 0.0056 **
Residual 288 679.3 2.4

DF—degrees of freedom; SS—sum of squares. The results were analyzed at significance levels of *** p < 0.001,
**p <0.01and * p < 0.05.

Another important effect of salt toxicity is the increase in the provacuolar index (PVI).
At the cellular level, under the influence of salt stress, a cytological process is observed
consisting in the formation of provacuoles, which fuse to form an enlarged vacuole in
which the genetic material is arranged around it. The vacuolization phenomenon develops
when the biological material is exposed to salt stress with an increasing frequency as a
function of the NaCl concentration.

The vacuolization phenomenon showed an increasing frequency concomitant with the
duration of exposure to the salt solutions, whereby for the 24-h exposure duration we recorded
the lowest values for the salt concentrations, while the highest values were recorded for the
72-h exposure duration, culminating in a maximum value of more than 36% of cells vacuolized
under a salt concentration of 150 mM (Table 6). Therefore, a correlation was found between
the increases in the provacuolar index and vacuolization index (p < 0.05).
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Table 6. Results of the effect of salt on the vacuolization index and provacuolar index.

Variant Time Treatment Total Number of Vacuolization Provacuolar
Cells Analysed + SE Index (VI) Index (PVI)
24 0 2586 4 2.58 4.61+0.178 254 025f
Vi1 48 0 2709 + 2.11 3.75 £ 0.23 8 2.56 + 0.23 f
72 0 2629 + 1.50 4.74 40258 254 +0.23 f
24 100 2597 4 1.41 13.75 £ 0.3 f 497 +031¢
V2 48 100 2707 4+ 1.73 1752 +£0.29¢  5.87 4+ 0.36 9¢
72 100 2540 + 2.17 17.98 + 0.41°¢ 514+ 03¢
24 125 2787 + 2.08 2341 £0239  6.92 4 0.29 bed
V3 48 125 2742 4 2.54 27.56 +0.49¢  5.82 4 0.27 de
72 125 2630 + 2.43 29.28 +0.94 ¢  6.22 4 0.3 bede
24 150 2701 4 2.30 27.66 017  7.4540.31°
V4 48 150 2727 £1.97 30.81 £0.19%  7.33 £ 0.35b¢
72 150 2602 + 1.85 36.62+12 9.05 + 0.412

Superscript letters are used according to the results of the Tukey pairwise comparison test and represent the
significance levels of each column value obtained as a function of the NaCl concentration and exposure time. The
highest values are noted, starting with the first letter “a”. The similarity between the superscript letters reflects
non-significant differences between the values obtained (p > 0.05).

Cell vacuolization occurs under stress conditions of different salt concentrations.
Vacuolized cells show a distribution of genetic material around the vacuole, and the
tonoplast of the vacuole is well defined. Vacuolization is a very important topic in salt stress
determination, which has applications in the selection of salt-stress-resistant genotypes in
plant research and development programs. Vacuolization also plays a role in the diagnosis
of cell stress, as the vacuolization index is significantly higher in salt treatments than in
salt-free treatments (p < 0.05). Therefore, we can identify how at a physiological level, cells
are stressed due to salinity or other stressors in both human and plant cells.

The effect of salt stress was also observed in our analyses based on the appearance
of cell vacuolization. According to our studies, we observed an increase in the rate of
cells with provacuoles, ranging from two to seven provacuoles in some cases (Figure 4B).
The provacuoles fused (Figure 4AC), forming an enlarged vacuole with genetic material
arranged around it (Figure 4F). The increase in the provacuolar index was due to the higher
salt concentrations. Thus, we can conclude that high concentrations of NaCl accumulate
in the vacuoles of cells. Circular movement of the chromosomes was observed in the
vacuolized cells (Figure 4D).

From our results (Figure 5), no changes in the provacuolar and vacuolization indices
were identified in the control samples. On the other hand, the increase in the provacuolar
index with the vacuolization index was directly proportional to the NaCl concentration
and exposure time.
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Figure 4. Vacuolized cell formation: cells with multiple provacuoles (A, al), fusion of provacuoles
(A, a2); cells with multiple provacuoles (B); fusion of provacuoles (C); circular movement of the
chromosomes in metaphase (D); normal metaphase with vacuolized cells around it (E); presence of
nucleoli in the vacuolized cells (F); vacuolized cells under 150 mM of NaCl at the 72 h exposure time
(G) (magnification: 400x).

60

- Provacuolar index (%) - Vacuolization index (%)

24h 48h 72h 24h 48h 72h 24h 48h 72h 24h 48h 72h
Control-H20 100 mM NaCl 125 mM NaCl 150 mM NaCl

Figure 5. Boxplot representation of the provacuolar index and vacuolization index as a function of
different salt concentrations for 24 h—72 h exposure times. Superscript letters are used according
to the results of the Tukey pairwise comparison test and represent the significance levels of each
column value obtained as a function of the NaCl concentration and exposure time. The highest values
are noted, starting with the first letter “a”. The similarity between the superscript letters reflects
non-significant differences between the values obtained (p > 0.05).
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4. Discussion

According to the results obtained, the vacuolization phenomenon was observed as
early as the first treatment with 100 mM NaCl (V2). The rapid and significant accumu-
lation of NaCl in the plant cell leads to the induction and formation of provacuoles, the
main factor in vacuole formation [43]. The longer the exposure time and the higher the
salt concentration, the more evident the vacuolization phenomenon. Furthermore, the
results showed a significant increase in the provacuolar index (PVI), synchronized with the
increase in the vacuolization index (VI). This marked increase in the provacuolar index and
vacuolization index is due to the accumulation of salt in the vacuole, which also deregulates
normal osmotic processes [44] and cell division by decreasing the mitotic index. Reversible
vacuoles in Helianthus annuus cells show normal activity under control treatments, as they
are in continuous homeostatic equilibrium motion [45].

Vacuolization is also known to improve cell survival by reducing stress [23]. With the
increase in the vacuolization index, normally dividing cells were found to be surrounded
by vacuolized cells responsible for salt accumulation in vacuoles, highlighting the adaptive
role of vacuolization in the plant tolerance mechanism. This can be seen in Figure 4D, where
a circular movement of the chromosomes is observed in the vacuolized cells. Conversely,
in Figure 4E, we see a normal metaphase surrounded by vacuolized cells, which reflects
the importance of vacuolization in the adaptive process by accumulating NaCl in the cells
and sustaining the normal mitotic division by reducing the salt concentration around it.

On the other hand, our results indicate that the increase in the vacuolization index
(VI) is inversely proportional to the mitotic index (MI). Studies have indicated the cellular
mechanism of the effect of salt stress on plants [46]. The negative influence of salt stress on
mitotic division was observed at the cellular level, with the cell division spindle blocked by
circularly moving chromosomes (Figure 4D).

Studies on Oryza sativa indicate that vacuole destruction correlates with programmed
cell death (PCD) [47]. The correlation between time and the level of exposure to different
salt concentrations resulted in a synchronized response with an increase in the vacuolization
index and a decrease in the mitotic index, highlighting the close link between them. A
close link between vacuolization and chromosomal aberrations has also been observed.
Research indicates that the vacuolization phenomenon is influenced by the endoplasmic
reticulum in the sunflower, where the presence of salt stress tolerance expression genes is
also localized [48].

The increase in the chromosomal aberration index at different NaCl concentrations
recorded in our studies has been confirmed by numerous cytological investigations carried
out on plant tissues [49-51]. The effect of salt can also be seen in the investigation carried
out by Affenzeller et al. (2009) [52] on the percentage of cell viability in Micrasterias
denticulate after treatment with 200 mM NaCl, where they observed that after 6 h of
exposure, around 80% of the cells were viable, but after 48 h of NaCl exposure, cell viability
decreased to 40%. Morphological changes were observed in cell organelles: after 24 h of
NaCl treatment, there was an increase in the number of mitochondria, disintegration of the
Golgi apparatus into numerous small vesicles with swelling and dilatation of endoplasmic
reticulum compartments, highlighting the effect of salt on the appearance of autophagy
during programmed cell death (PCD) [53,54]. The same phenomenon has been found in
the results of HyO, exposure inducing PCD in cells [55,56].

Studies show that PCD is accompanied by tonoplast cleavage (vacuole collapse) and
leakage of vacuole contents into the cytoplasm. Thus, hydrolytic enzymes present in
the vacuole reach the cytoplasm and begin organelle degradation, i.e., the start of the
PCD process [57]. Research indicates that class I NHX antiporters are present in the
tonoplast and play a role in Na*/H" exchange. NHX antiporters are active at high NaCl
concentrations. Antiporters enhance and protect cells from the effect of salt stress [58,59].
Research also confirms the phenomenon of vacuolization and the fusion of provacuoles
into large vacuoles located in the center of the cell under the effect of salt stress [60-62].
Moreover, research has reported a correlation between the effect of NaCl stress and the
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appearance of vacuolization and PCD as an effect of ionic imbalances present in salt
treatments in Arabidopsis [63]. Cell vacuolization occurs not only under salt stress, but also
under heavy-metal stress [64-66]. The vacuolization phenomenon occurs not only in plant
cells but also in cancerous tissue [67,68] and other liver cell diseases [69,70].

Consequently, the vacuolization phenomenon can be a very useful cytological diag-
nostic method both for selecting and developing valuable genotypes, and for diagnosing
diseases and prescribing treatments by reducing the vacuolization index (VI) and thus
helping to protect cell life.

5. Conclusions and Future Perspectives

The cytological analyses showed a decrease in the mitotic index and an increase in
the number of chromosomal aberrations in the presence of salt solutions. The decrease in
the mitotic index (MI) and the increase in the number of chromosomal aberrations were
more prominent when the salt stress exposure duration increased and the salt solution
concentration was higher. Another cytological response caused by salt stress was an
increase in the provacuolar index (PVI). Provacuoles fuse into irreversible vacuoles and
induce the disposition of genetic material around them. The increase in the vacuolization
index (VI) was directly proportional to the increases in the time of exposure to NaCl and
the concentration levels.

We can conclude that salt stress causes vacuolization of sunflower cells, a decrease in
the mitotic index and an increase in the number of chromosomal abnormalities, inhibiting
the growth and development of plants. Our future studies will monitor the development
of sunflower genotypes tolerant to salt stress in our breeding programs by tracking the
vacuolization index. In the future, we will also analyze the phenomenon of vacuolization
as a function of soil acidity and its influence on the development of sunflower plants.
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