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Abstract. This study has aimed to investigate the relationship between salt stress, pro-
grammed cell death (PCD) and microtubule distribution in terms of duration and stress
dose. PCD is an important mechanism that benefits living organisms throughout their
lives. On the other hand, PCD is an indirect effect that reduces efficiency when it occurs
under stress. In this research The maize (Zea mays) roots were exposed to salt stress
with 0, 50, 100, 300 and 500 mM NaCl. The prepared paraffin sections of these five
groups were subjected to DAPI (4-6-diamidino-2-phenylindole) and TUNEL analysis to
study the morphological changes caused by stress-induced nuclear degeneration. PCD
was determined. Microtubule labeling analysis was performed on the tissues to deter-
mine whether there were stress-induced microtubule changes in these cells and distur-
bances were found; they exhibited aggregation, regional thickening, and random distri-
bution around the nucleus and vacuole and under the cell wall. When all groups were
evaluated, cells exposed to a salt concentration of 50 mM (even after 24 hours) were
significantly less damaged than cells at other concentrations (100, 300, and 500 mM) at
each time point. The rate of progression and spread to the whole tissue was significantly
higher at 300 and 500 mM salt concentrations compared to the other groups. To reduce
economic losses in salty soils, it is of great importance to fully investigate stress. The
data that will emerge from our research, which is the subject of a small number of stud-
ies, will help to understand the mechanism of stress, microtubule and PCD.

Keywords: maize, microtubules, programmed cell death, salt stress, TUNEL.

INTRODUCTION

Due to their stability in the soil, plants come in for abiotic stress fac-
tors along their lifetime that affect their physiological and biochemical
mechanisms (Salika and Riffat 2021; Koyro et al. 2012). This effect leads to
a decrease in plant yield (Yadav et al 2020) or has more serious consequenc-
es. Since stress conditions reduce the productivity of plants and the number
of people in the world are growing day by day, it is necessary to reverse the
negative situations in plants that people consume as food, increase the qual-
ity of plants and minimize their losses. With this planned study, one of the
impacts of salt stress on maize was investigated and support was provided to
solve the stress-related problems for which people are sought as food.

Maize belongs to the Poaceae family. It is generally grown in hot and
humid areas. (Rouf et al 2016) The maize plant is used worldwide for both
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consumption and industrial purposes. Its seed is one
of the cold-tolerant seeds that can be kept a few years
under optimal conditions and has low moisture con-
tent (Macar 2017). Its kernel contains 70% starch, 10%
protein, 5% fat, 2% sugar, and a lot of vitamin A. Envi-
ronmental factors (drought, salinity, high temperatures,
etc.) are important factors affecting the maize yield
worldwide and Turkey. (Tollenaar and Lee 2002) Our
literature research of maize plants revealed that research
on stress-programmed cell death and microtubules in
maize is insufficient.

We chose salt, an element that stresses plants, as a
research topic. In an earlier study, the salt tolerance of
Maize (Zea mays L.) plants was determined to be 50-75
mM in sensitive genotypes and 125-150 mM in resist-
ant genotypes. It was found that 17 different maize
varieties were seriously affected at all levels after 150
mM. (Aydinoglu and Akgiil 2021). The time at which
the maize is exposed to salt stress is also important.
In short-term exposure, growth is affected by osmotic
stress. There is an accumulation of sodium in the roots
of the plant, the seed cannot absorb enough water, and
germination does not occur in time (Farooq et al. 2016).
Akay et al. (2019) showed that by increasing salin-
ity, root length is negatively affected, and its elongation
decreases by 82%, as well as, germination rate, seedling
vigor and root to stem ratio decreases. These studies
show that plants undergo some morphological changes
under stress conditions. Salt stress, which is our research
topic, causes many negative conditions for the maize
plant. For example, the stress factors salinity, UV radia-
tion, temperature, water, light, etc. can trigger the Pro-
grammed cell death (PCD) process (Sychta et al. 2021;
Petrov et al. 2015).

PCD is a controllable mechanism. PCD is observed
as long as the plant life cycle continues (Rocha and Her-
nandez, 2017). Characteristic features indicating the
presence of PCD have been identified in plant tissue
studies. DNA fragmentation, increased vacuolization,
chromatin condensation are some of the most obvious
(Sychta et al 2021). Internucleosomal fragmentation,
which is a common consequence of PCD, is detected
by the TUNEL assay (Petrov et al. 2015). The PCD pro-
cess occupies an important place in the developmen-
tal stages of the plant. All these stages take place regu-
larly. For example, the formation of unisexual flowers,
the degradation of root tissue, the opening of anthers
(Gunawardena 2008). Although PCD is important for
the continuation of the life cycle of the plant, it is a pro-
cess that seriously damages the maize plant under stress
(Choudhury et al. 2017; Rocha and Hernandez 2017),
there is almost no information on how this process
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affects microtubules. Here, the relation between PCD
and microtubule distribution is investigated in detail.

Microtubules, which are dynamic structures, are
perfect transformation devices (Mollinedo and Gajate
2003). Microtubules play a role in various cellular tasks
such as intracellular movement, intracellular transport,
and proliferation. (Borowiak et al. 2015). A microtubule
has an average diameter of 21 nm and can be up to 10
pm long. Microtubules appear as bundles around chro-
matin concentrated in the nuclei of newly formed plant
cells. (Li et al. 2007). Plant cortical microtubules create
a non-centrosomal arrangement that anchors laterally to
the plasma membrane (Gutierrez et al., 2009; Crowell et
al., 2011; Sampathkumar et al., 2013). This arrangement’s
course is directed by cellulose synthase-interacting pro-
teins (Bringmann et al., 2012; Li et al., 2012), which act
on the complex (Paredez et al., 2006).

Many different factors, including stress, can affect
microtubule organization. For example, in the studies of
Blancaflor et al. (1998), it was observed that when roots
are exposed to aluminum stress, microtubule sensitivity
decreases, their arrangement is disrupted, they are ran-
domly organized, and their reorganization is prevented
in the inner cortex, outer cortex, and epidermis. In addi-
tion, symbiotic and non-pathogenic fungi are known to
alter the sequence of microtubules in plant cells (Uetake
and Peterson 1998).

These findings contribute to the latest research in
the field. Based on the lack of parts of literature, our
study aimed to investigate the effect of salt concen-
trations (50 mM, 100 mM, 300 mM, and 500 mM) on
maize roots. The study utilized TUNEL analysis to
examine whether programmed cell death (PCD) was
induced, and also analyzed the microtubule organization
under PCD stress.

MATERIAL AND METHOD

In this project, monoecious maize, which belongs to
the Poaccea family, was selected as the study material.
The research was conducted on five groups under labora-
tory conditions using maize plant seeds, with three rep-
licates for each group (Table 1).

Fluorescence microscopic studies

Fluorescent staining applications, DAPI (4-6-diami-
dino-2-phenylindole) and TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick end labeling: in situ end
labeling) used to detect PCD and microtubule proteins
used for imaging. 1.5-2.0 cm long roots under salt stress
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Table 1. Salinity of the solutions used to generate salt stress.
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groups

1. group 2. group

3. group 4. group 5. group

salt concentration control-0 mM 50 mM

100 mM 300 mM 500 mM

salt treatment time 0

15min
30min
1h
2h
6h
12h
24h

were fixed with FAA (formalin-acetic-alcohol). Then,
3 um sections were taken using the paraffin embed-
ding method. Fluorescence microscopic observations
using Olympus BX -51 fluorescence microscopy were
made by staining the obtained sections with dyes suit-
able for the method to be used. To detect changes in
nuclear morphology caused by salt concentration, we
performed staining with 4,6-diamidine-2’phenylindole
dihydrochloride (DAPI), taking into account the stud-
ies conducted by Schweizer (1976). We stained our sam-
ples with 1 ug ml-1 DAPI for 1 hour in the dark. After
staining, we washed the samples 4-6 times with PBS
so that no residual dye was present. We performed our
TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling: in situ end labeling) analysis using
the ApopTag® Plus Fluorescein In situ Apoptosis Detec-
tion Kit according to the kit manufacturer’s instructions
(Chemicon, Temecula, CA, USA).

Microtubule labeling analysis

The characteristics of the intracellular skeletal sys-
tem of maize cells were examined. Microtubules were
labeled with FITC (fluorescein isothiocyanate) and
their changes were followed, and data were obtained
on the change (relationship, location) of microtubules
in the cytoplasm, nucleus, and cell wall. The microtu-
bule labeling study performed on our thin-sectioned
samples was carried out using a method obtained by
modifying the data from the studies of Kumagai et al.
(2001). The sectioned samples were placed on slides
coated with poly-L-lysine. First, the samples were
washed thoroughly in 50 mM PBS (pH 6.8) for 30
min. To destroy the cell wall, the preparations were
treated with enzymes dissolved in 0.4 M mannitol:
0.5% cellulose for 25 minutes, 2% driselase for 15 min-
utes, and finally 1% cellulysin for 16 minutes. The air-
dried slides were permeabilized in methanol cooled at

-20°C for 10 minutes. Then they were rehydrated with
these chemicals: 1% Triton X-100, 0.1 M PIPES, 2 mM
EGTA, 1 mM MgSO4, and 0.4 M mannitol (pH 6.9)
buffer for 30 minutes. Then the labeling step with anti-
bodies was started. Samples were incubated with anti-
a-tubulin antibody (IgG, Sigma-Aldrich)/bufter (ratio
1/50) for 1 hour at 37°C in a humidified oven in the
dark. After incubation, samples were washed 1-2 times
with a buffer. Fluorescent Goat Anti-Rabbit IgG (sec-
ondary antibody, Sigma-Aldrich) / buffer (ratio 1/24)
was incubated in an oven at 37°C for 30 minutes. After
incubation, slides were washed 3 times with a buft-
er for 2 minutes. To prevent the loss of fluorescence
radiation, the samples were bound with 1,4-diazabicy-
clo-(2,2,2) (DABCO) and observations were started in
a short time. A KAMERAM fluorescence camera and
an Olympus BX -51 fluorescence microscope (wave-
length of 420-490 nm) were used for imaging, analyzes
were performed using KAMERAM software, and pho-
tographs were taken.

RESULTS

Here, root tissue was first exposed to different salt
concentrations considering the results of literature stud-
ies. Five groups were formed, namely the control group
(group 1) and 50 Mm (group 2), followed by 100 Mm
(group 3), 300 Mm (group 4) and 500 Mm (group 5).
The preparations of these five groups were subjected
to DAPI (4-6-diamidino-2-phenylindole) and TUNEL
analysis to study in detail the morphological changes
caused by stress-induced nuclear degeneration. It was
determined that the tissue cells were subjected to PCD.
Microtubule labeling analysis was performed on the tis-
sues to determine whether there were stress-induced
microtubule changes in these cells, and all results were
discussed below.
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Findings of DAPI Staining
Findings of the group 1 (control)

In this group, which we determined to be the con-
trol, the plant roots were treated with pure water only.
Fluorescence microscopy observations of DAPI staining
in the cells showed that the nuclear morphologies were
mostly smooth and spherical (Figure la-d).

Findings of the group 2

The cells of root tissue stressed with 50 mM salt for
15 minutes, chromatin condensation disorder was rare,
seen in a few cells at the edge of the root tissue (figure
le, arrows). When the time was increased to 30 min-
utes, chromatin condensation of cells in the edge region
was almost twice as high as after 15 minutes. In case of
extension to 1 hour, the number of cells with chromatin
condensation increased rapidly in the central region, but
their numbers were relatively small compared with the
peripheral region. In case of extension to 2 hour (figure
1f, arrows), and then up to 6 hours, the cells with chro-
matin condensation increased in almost the whole tis-
sue, while it has not been observed that the cells in the
lower part of the root tissue have not changed up to
this stage, additionally the cells whose nuclei were frag-
mented in 6 hours began to increase. When the duration
was extended to 12 h (figure 1g, arrows) and 24 h, there
wasn’t a crucial difference between them. It was shown
that the nuclei in relatively many cells of the 1.5-2.0 cm
tissue lost their spherical shape, except for the region of
the root tip, and the tissue was extremely damaged.

Findings of the group 3

By examining the DAPI staining and fluorescence
microscopy images of the cells of root tissue stressed
with 100 mM salt for 15. minute, it was found that
these cells that showed chromatin condensation in the
root tissue were regional and had a similar degree of
deterioration as the 15 min and 30 min of 2. groups.
In contrast to the 15. minute of the 2. group, a few cells
in the middle region showed deterioration in the form
of chromatin condensation (figure 1h, arrows). When
the time of salt concentration was increased toward
24 h, 30 min in the form of 1, 2h (figure 1i, arrows),
6, 12 (figure 1j, arrows), and 24 h, a similar tissue
change was observed as in the 2. group, but with faster
and more intense chromatin condensation and further
nuclear fragmentation.
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Findings of the group 4

Examination of fluorescence microscopy imag-
es of the cells of root tissue stressed with 300 mM salt
for 15 minutes shows that they are in a similar state
to cells of root tissue exposed to a salt concentration
of 100 mM for 2 hours, and that damage has and that
damage has progressed to a very early stage observed.
It was found that when the time was increased from
15 minutes (figure 1k, arrows) to 30 minutes, 1, 2 (fig-
ure 11, arrows), 6, 12 (figure 1m, arrows), and 24 hours,
the damage increased greatly in the marginal and mid-
dle regions, while it was less advanced in the cells of the
root tip tissue. It was observed that chromatin was not
properly distributed in the degraded cells, but partially
condensed and the cells lost their spherical shape . In
contrast to the 2nd and 3rd groups, it was observed that
the staining was intense at all stages. While there was
a high level of stress induced degradation of the cells,
particularly after the 1st hour, it was observed that the
integrity of the tissue was not compromised, and the
pseudo-blinding was more intense than in the previous
two groups.

Findings of the group 5

Examination of the fluorescence microscopy images
of the cells of root tissue stressed with 500 mM salt for
15 minutes showed a similar picture to the cells exposed
to a salt concentration of 300 mM for 30 minutes and 1
hour and cellular defects were seen in more than half of
the tissue (figure 1n, arrows). In case of extension to 30
minutes, 1, 2 (figure lo, arrows), 6, 12 (figure 1p, arrows),
and 24 hours, it was found that the defects started in the
marginal and middle region as in all previous groups,
but spread very early and rapidly to more than half of
the tissue. It was found that the pseudo glare became
more intense from the 1st hour and the integrity of the
tissue was severely damaged.

When all groups were evaluated, cells exposed to a
salt concentration of 50 mM (even after 24 hours) were
significantly less damaged than cells at other concentra-
tions (100, 300, and 500 mM) at each time point. The
rate of progression and spread to the whole tissue was
higher at 300 and 500 mM salt concentrations compared
to the other groups.

Findings of TUNEL analysis

Starting from the control group, fluorescence
microscopy images of DAPI staining root tissues



Microtubule response to salt stress

55

Figure 1a-p. Fluorescence micrographs showing DAPI staining in the cells of maize root tissue (arrow). a-d. group (control): a. overall view
of root tissue, b, c. image of nuclei, d. magnified view of texture. e-p*. Condition of the cells exposed to salt concentration. e-g. at 50 mM; e.
15min, f. 2h, g. 12h. h-j. at 100 mM, h. 15min, i. 2h, j. 12h. k-m. at 300 mM, k. 15min, 1. 2h, m. 12h. n-p. at 500 mM, n. 15min, o. 2h, p. 12h.
Bars, a. 50 pm, b,c.10 pm and d-p.50 pm. * To avoid repetition in similar phases, the situation is presented with the images of only 3 groups.

exposed to salt stress in the 50, 100, 300, and 500 mM
groups respectively for 15 and 30 minutes and for 1, 2,
6, 12, and 24 hours were examined (Figure 2a-d7). Unu-
sual differences in the tissue cells, such as rapid vacuoli-
zation, enlargement and elongation of the cells, as well
as increased staining, irregularities in nuclear shape,
and changes in chromatin condensation, indicated that
stress-induced apoptosis might occur in these tissues.
To confirm this assumption, TUNEL analysis was per-
formed on the tissues and a detailed study of cell death

was continued. The TUNEL reaction confirmed the for-
mation of DNA breaks and the appearance of PCD in
these cells by fluorescent labeling.

Findings of the group 1 (control)

When the fluorescence microscopy image of the
TUNEL staining of the maize plant was examined, the
TUNEL staining in the cells of the control group showed
negative results.
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Findings of the group 2

When the fluorescence microscopy images of
TUNEL analysis of the cells of root tissue stressed with
50 mM salt for 15 minutes were examined, it was found
that the labeled cells were located at the edges of the
tissue, and a slightly positive result was obtained. In
the case of extension to 30 minutes, it was found that
the labeled cells formed at the edges and at the center
of the tissue, and the labeled cells increased relatively
compared to 15 minutes at the edge of the tissue. When
the salt stress was applied for 1 hour by doubling the
time, it was determined that the cells labeled at both
the edge and at the center of the tissue increased rap-
idly. When the time is continuously increased to 2, 6,
12 and 24 hours, it is seen that the signs spread to the
entire root tissue from the second hour, that is, the num-
ber of positive cells increases up to the 24 hour group. In
each group, relatively less radiating cells were observed
in the root tip cells than in the middle and marginal
cells of the root tissue. At the stage when the time was
increased to 24 hours, some of these radiations might

10030
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be pseudo-radiation, because the number of radiating
cells increased greatly, but the nuclei lost their structure
due to the damage caused by the stress in the tissue. No
completely obvious auto fluorescence was found in the
root tissue at any stage (Figure 2a-a7).

Findings of the group 3

Examination of fluorescence microscope images of
TUNEL analysis of stem tissue cells stressed with 100
mM salt for 15 minutes, as in group 2, revealed that
there was a slight positive labeling in the peripheral
parts of this tissue, which was more pronounced than
in the central parts.In case of extension to 30 minutes
and then to 1 hour, a significantly rapid increase in posi-
tive reaction was observed in the edge region. When the
time was continuously increased up to 2, 6, 12, and 24
hours : after 1 hour, the positive reaction spread to the
entire maize root tissue, unlike the 2. group, i.e., marks
formed at the edge and center, at the root tip, and at
the upper parts of the root. Both in the 12 and 24-hour

5245
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Figure 2a-d7. Fluorescence micrographs with TUNEL staining in cells of root tissue exposed from 50 to 500 mM salt concentration. The
a-g photos show an enlarged view of the marked area (square) in the a-g photos. Bars 10 um (a’-g’), 50 pm (a-g). 7a-g. Fluorescence micro-
graphs with TUNEL staining in cells of root tissue exposed to 100 mM salt concentration. The a-g’ photos show an enlarged view of the
marked area (square) in the a-g photos. Bars 10 pm (a’-g’), 50 um (a-g).8a-g. Fluorescence micrographs with TUNEL staining in cells of
root tissue exposed to 300 mM salt concentration. The a-g’ photos show an enlarged view of the marked area (square) in the a-g photos.
Bars 10 um (a-g), 50 pm (a-g).9a-g. Fluorescence micrographs with TUNEL staining in cells of root tissue exposed to 500 mM salt concen-
tration. The @-g’ photos show an enlarged view of the marked area (square) in the a-g photos. bars 10 pm (2-g’), 50 pm (a-g).
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groups, as well as in the 24-hour group of the 2. group,
it was observed that the structures of the cells deterio-
rated due to the damage caused by the stress, so some of
the radiations formed in the tissues were considered as
pseudo-radiations. Thus, it was found that the deteriora-
tion caused by 100 mM salt concentration occurred in
a shorter time than the deterioration caused by 50 mM
salt concentration, but the degree of damage was similar
in these two groups (Figure 2b-b7)

Findings of the group 4

When we applied the TUNEL assay to cells of
root tissue stressed with 300 mM salt for 15 minutes,
we saw that the result was different from the results of
the 2. and 3. groups for 15 minutes: the marking was
more pronounced in the peripheral region. At 30 min-
utes, the irradiation rapidly increased in both the mid-
dle and marginal sections, and the markings in the
nuclei exposed to PCD were more frequent than in the
2. and 3. groups. At 1 hour, the irradiation spread to all
parts of the root, as in the 3. group, but the markings
in the nuclei exposed to PCD increased more. When
the time was gradually increased to 2, 6, 12, and 24, it
was determined that the density of the positive in the
root tissue was similar in all these periods, the nuclei
lost their structure, and the markings spread through-
out the root. As a result the positive reaction formed by
the 300 mM salt concentration was much more intense
from the 1st hour, in contrast to the positive reactions
formed by the 50 and 100 mM salt concentrations.
(Figure 2c-c7)

Findings of the group 5

Examination of fluorescence microscopy images of
TUNEL analysis of the cells of root tissue stressed with
500 mM salt for 15 minutes revealed that the tissue
showed a positive response of low intensity, with flash
spreading to the entire root tissue compared to the pre-
vious groups, but the intensity was weaker. The situation
seen at 15 min continued at 30 min, with most cells in
the edge and middle parts of the root tissue being posi-
tive. When the time was doubled, i.e., to 1 hour, it was
observed that false glow occurred everywhere in the root
and their structures could not be determined, i.e., there
were cells with compromised integrity. This situation was
observed in the last stages in groups 2 and 3. In the 4.
group, it was observed later, almost 12 hours, in contrast
to the 5. group. When the time was gradually increased
to 2, 6, 12, and 24 hours, the false positive reactions were
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more evident at the edge and middle of the root, they
were intense in the nuclei exposed to PCD, and these
positive reactions were strongly positive. The intensity
of the positive response persisted after 24 hours, as well
as the presence of amorphous cells and nuclei, and that
the positive reaction in most roots were false radiations.
The structure of the root tissue after 12 and 24 hours was
similar to that of the 4. group (Figure 2d-d7)

Findings of microtubule labeling

In our study, the characteristics of microtubule
changes associated with stress and PCD of cells of root
tissue were determined. For this purpose, root tissue
sections were collected. Microtubule proteins belonging
to these tissue cells were labeled with FITC (fluorescein
isothiocyanate) and visualized by fluorescence stain-
ing analysis, and data were obtained on the changes
(relationship, location) of microtubules in the cell wall,
nucleus and cytoplasm, which we have described below
against salt stress.

Findings of the group 1 (control)

In the first group, which we determined to be the
control, it was observed that the microtubules in the
cells of the root tissue were mostly concentrated around
the nucleus and under the cell wall (anchors laterally to
the plasma membrane) and rarely formed short exten-
sions from the nucleus to the cell wall. It was observed
that the microtubules under the cell wall formed a thin
layer in a parallel arrangement, while the microtubules
around the nucleus tightly surrounded the nucleus. They
were also found to be located around the vacuoles and
generally homogeneously distributed in the cytoplasm
(Figure 3a-c).

Findings of the group 2

When the cells of root tissue stressed with 50 mM
salt for 15 minutes were examined, it was observed that
the regular state of microtubules under the cell wall
was disturbed at a low level and very weak clusters were
formed at this stage, in which PCD was weakly posi-
tive. It was observed that the density of microtubules in
the cytoplasm and around the nucleus increased slight-
ly. When the duration was extended to 30 minutes, a
situation similar to that observed at 15 minutes was
observed, except for the increase in microtubule density.
However, when the time was advanced to 1 and 2 hours,
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<1500 6h

500 12h

Figure 3a-g7. Analysis of fluorescence staining of microtubule proteins labeled with FITC (flurecein isothiocyanate) in root tissue cells
exposed to different salt concentrations. hungry. Control, d1-d7. 50mm, el-e7. 100mm, f1-f7. 300mM, gl-g7. 500mM. Arrows show where
microtubules were examined: under the cell wall (blue arrow), around the nucleus (yellow arrow), around the vacuole (white arrow). Bars,

50 pm (a,b), 10 um (c-g7).

it was determined that microtubule irregularities, aggre-
gation, and condensation showed a more significant
increase. At this stage, it was observed that the regulari-
ty of microtubules around the nucleus began to give way
to random organization. When the time was extended
to 2 hours and then to 6 hours, the microtubule changes
observed in the first hour progressed at a moderate rate.
It was found that after 6 hours, the change occurred
mainly in the form of microtubule condensation, and
the increase in irregularities and aggregations was sim-
ilar to the situation at 2 hours. After 12 and 24 hours,
it was observed that the appearance of microtubules
changed into a band in which the nucleus and vacuoles
were wrapped. At these stages, when PCD was strongly

positive, the microtubule bundles were dense and irreg-
ularly shaped in many places, and the increase in aggre-
gation was evident (Figure 3d1-d7).

Findings of the group 3

Examination of fluorescence microscopy images of
microtubule labeling analyzes of the cells of root tissue
stressed with 100 mM salt for 15 minutes revealed that
at this stage, when PCD was observed as a weak posi-
tive intensity, the regular state of microtubules under
the cell wall was disturbed at a relatively low level and
aggregates were formed. In the cytoplasm and micro-
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tubules around the nucleus, it was observed that the
density increased slightly as under the cell wall. It was
observed that the situation did not change significantly
when the time was extended to 30 minutes, and when it
was extended to 1 hour, microtubule density and micro-
tubule disruption increased significantly in all regions.
After 2 and 6 hours, microtubule irregularity, aggrega-
tion, and condensation had slightly increased. In addi-
tion to density, it was observed that random order began
to deteriorate, especially for microtubules around the
nucleus. When time was extended to 12 hours, microtu-
bule condensation, increased reticular appearance, and
irregular shape changed relatively little. After 24 hours,
the irregularity was more pronounced than expected.
The density around the nuclei and vacuoles covered a
quarter of the cell (Figure 3el-e7).

Findings of the group 4

When the fluorescence microscopy images of micro-
tubule labeling analysis of the cells of root tissue stressed
with 300 mM salt for 15 minutes were examined, It was
observed that the microtubules under the cell wall, nor-
mally in the form of parallel extensions, were rearranged
by 50% and these parallel arrays began to aggregate.
The aggregation increased at this stage where PCD was
observed to be moderately positive. A rapid increase in
the density of microtubules in the cytoplasm and around
the nucleus was observed. When the time was extended
to 30 minutes and then to 1 hour, it was observed that,
in contrast to the salt concentrations of 50 and 100 mM,
high aggregations occurred in all regions at these stag-
es and the regularity of microtubules was severely dis-
turbed. When the time was gradually prolonged to 2, 6,
12, and 24 hours, it was observed that the appearance of
microtubules changed into a dense band, and at these
stages, when PCD was strongly positive, the microtubule
bundles were irregularly shaped in many places and the
increase in aggregation was obvious (Figure 3f1-f7).

Findings of the group 5

Examination of fluorescence microscopy images of
microtubule labeling analysis of the cells of root tissue
stressed with 500 mM salt for 15 min revealed a rapid
increase in microtubule density in the cytoplasm and
around the nucleus, where PCD was observed to be mod-
erately positive. When the time was extended to 30 min-
utes, it was observed that their regular state under the
cell wall was relatively disturbed and an intense increase
in their aggregation was observed. It was observed that
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after these stages at 1, 2 and 6 hours, the microtubule
bundles formed densely and irregularly in many places,
and the clusters increased even more. After 12 and 24
hours, they had a similar appearance. The microtubules
were difficult to observe because most of the cells of the
root tissue were destroyed. At these stages, almost the
entire cell was covered with irregular microtubule clus-
ters and pseudo-staining (Figure 3gl-g7).

In this study, a fluorescence microscope was used to
examine microtubule changes in cellular changes that
maize plants undergo when exposed to salt stress. In this
study, which is one of the few studies, the relationship
between PCD and microtubule distribution was inves-
tigated in detail. If we evaluate the results of increased
salinity (50, 100, 300 and 500 Mm), we can say that:
The results of 15-minute, 30-minute, 1-hour and 2-hour
applications are similar to each other, and the results of
6-hour, 12-hour and 24-hour applications are similar. In
the PCD process seen as a result of the response of root
tissue cells to salt stress of 50 mM, microtubule organi-
zation showed clustering, regional thickening, and ran-
dom distribution around the nucleus and vacuole.

DISCUSSION

In our study, it was found that low and high salt
stress can cause programmed cell death (PCD). A review
of the literature shows that some studies support our
findings, for example, in Halopyrum mucronatum at
salt stress of 0, 90, 180 and 360 mM, it was found that
growth was inhibited with increasing salinity, followed
by plant death (Khan and Ungar 2001). TUNEL analy-
sis was applied to determine the damage that occurred
when 200, 300, 400, and 500 mM salt stress acted on
the cells of the root tissue of the rice plant. TUNEL
analysis gave positive results and it was found that the
plant underwent PCD. As a result of 500 mM salt stress,
chromatin condensation and cellular deformation were
observed in the cells of the root tissue; DNA agarose gel
electrophoresis was performed and breaks were observed
(Yazdani and Mahdieh 2012). Another study discovered
that the high salt concentrations augmented the quantity
of cells exhibiting TUNEL-positive nuclei and DNA lad-
ders in roots of both Barley and Arabidopsis. (Huh et al.
2002; Katsuhara and Shibasaka 2000; Li and Dickman
2004). Thus, when the plant is under salt stress, it can
induce PCD (Williams and Dickman 2008) As shown
in previous studies, stress causes PCD. Cell death can
occur at different salt levels. All of these studies support
our findings. In addition to salt stress, there are also
studies that have found PCD in other types of stress. For
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example, when water stress affected root tissue pea cells
for 6, 12, and 24 hours, chromatin condensation and
clusters were detected in the cells, TUNEL analyzes and
DNA agarose gel electrophoresis experiments were per-
formed, and apoptosis-like findings were noted (Gladish
et al. 2006). Wang et al. (1996) demonstrated positivity
by performing TUNEL analysis to investigate PCD in
a toxin-treated tomato plant and found that 50% of the
cells were subjected to PCD by the TUNEL assay. The
root tissue of the Vicia faba plant was exposed to caf-
feine stress and the differentiations in the cells indicated
the formation of PCD. COMET and TUNEL assays were
applied and positive PCD results were obtained (Rybac-
zek et al. 2015).

In our study, it was observed that TUNEL positivity
did not increase proportionally with increasing stress.
According to the literature, the plant can achieve a cer-
tain level of recovery in the early stages of PCD. Cells
that have undergone chromatin condensation can per-
form healing studies by activating early repair mecha-
nisms (Ciniglia et al. 2010). As can be seen from our
results, there are also PCD outcomes that do not parallel
the dose or duration of stress.

Plant microtubules have been the subject of numer-
ous studies (Zhao et al. 2021; Rui and Dinneny 2020;
Hashimoto 2015). The subject of our study, the rela-
tionship between stress, PCD, and microtubules, is one
of the few studies (Smertenko and Franklin-Tong 2011;
Yanik et al. 2017). Based on the observations of DAPI
staining, our studies have shown that prolonged salt can
cause stress-induced damage even at low doses. The ini-
tial dose of stress-induced cell death was slightly higher
and the time of onset was slightly longer. Microtubule
change in stressed tissue progressed more slowly than
stress-induced damage. Studies have been performed,
some of which are consistent with our results. Some
of the results are: in the stress study with bisphenol in
maize root tissue, it was found that bisphenol disrupted
microtubule arrangement and mitosis. It was observed
that the microtubule arrangement became disorganized
and cell division was disrupted or completely stopped.
As the amount of bisphenol increased, the shapes and
directions of microtubules changed (Stavropoulou et
al. 2018). Cortical microtubules are located under the
cell wall (anchors laterally to the plasma membrane).
Microtubules were found to affect the shape of the cell
as a result of the application of mechanical stress in the
maize plant (Landrein and Hamant 2013). It was also
observed that microtubules changed when light, auxin,
and mechanical stress were applied to the coleoptile tis-
sue of the maize plant. (Fischer and Schopfer, 1997). As
additionally to literature in this study, in the PCD pro-
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cess seen as a result of the response of root tissue cells
to salt stress of microtubule organization showed clus-
tering, regional thickening, and random distribution
around the nucleus and vacuole. It was thought that the
rapid vacuolization that occurred during the PCD pro-
cess triggered the condensation around the nucleus and
in the cytoplasm.
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