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Summary The effects of exogenous polyamines were investigated in Hordeum vulgare L. Biilbiil-89 exposed
to drought stress about mitotic activity, chromosome behaviors, cell cycle, and total protein content. In this study,
drought stress had a reducing effect on the mitotic index and caused chromosomal abnormalities. All of the
polyamines applied under drought stress had reducing effects on them. Due to the cell cycle analysis, although
the Spd application increased in the S phase compared to the control group, other polyamine groups had reducing
effect. As a result of drought application alone, the G, and G, stages increased numerically compared to the
control group, while after the PEG+polyamine applications, the G, stage decreased compared to its control. In
PEG application alone, a 2-fold increase in total protein amount compared to the control group was observed,
while PEG+polyamine applications showed a remarkable increase compared to its control. Consequently, the
application of polyamines at the appropriate time and dose can greatly alleviate the negative effects of drought
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stress on plant growth and development.
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protein content.

Drought stress is one of the most common environ-
mental stress that adversely affects plant growth and
development. Drought is expected that will cause more
than 50% of the arable lands to be damaged by 2050 and
cause the growth and development of plants to decrease
significantly (Food and Agriculture Organization of the
United Nations 2017). Minimizing food loss and waste
and making the most of resources underpinning the food
system is important to have a sustainable feeding world
that may have a population projected to reach almost 10
billion in 2050 (Food and Agriculture Organization of
the United Nations 2019).

The response of plants to stress differs depending on
the intensity and duration of the stress they are exposed
to. Drought stress causes damages at the cellular, tissue,
and organ level by preventing the plants from getting
water, while it is seen that the plants have developed
various defense mechanisms against the situation (Pin-
heiro et al. 2004). Some of these mechanisms can be
listed as closing stomata (Hsiao and Acevedo 1974),
synthesizing new proteins, and aggregating osmolites
by reducing photosynthesis and respiration (Bray 1993).
However, it is known that drought stress negatively af-
fects plant growth and development by blocking cell
division (Schuppler et al. 1998), cell cycle (Setter and
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Flannigan 2001, Jang et al. 2005), physiological pa-
rameters (Makbul er al. 2011, Kasim et al. 2013, Al-
lahverdiyev et al. 2015, Zhang et al. 2019), chlorophyll
contents, total protein and proline content (Chutia and
Borah 2012, Mahlagha et al. 2013). The most effective
way to decrease the detrimental effects of drought stress
on plant breeding is to produce plant varieties resistant
to these stress factors. Researchers have used various
plant hormones, growth regulators, vitamins and some
plant extract to diminish or eradicate harmful effects of
drought stress on cell division (Aydin et al. 2016), physi-
ological (Li et al. 2014), biochemical (Jancewicz et al.
2016, Sadiq et al. 2017, Noman et al. 2018) and chloro-
phyll content (Mustafavi et al. 2016).

Polyamines are low molecular weight aliphatic amines
found in plants, animals, and microorganisms. Poly-
amines can alleviate cell damage under stress conditions
by loading positively when interacting with proteins,
nucleic acids, membrane phospholipids, and cell wall
components (Alcazar et al. 2010). Increasing evidence
indicates that polyamines do not only play a role in
the physiological process and development of the plant
(Paschalidis and Roubelakis-Angelakis 2005) but also
play an important role in modulating defense mecha-
nisms against environmental stresses (Kasukabe et al.
2004, Wang et al. 2016). It is known that endogenous
polyamines are involved in various development pro-
cesses such as translation in eukaryotic cells and con-
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tinuity of life in plant embryos (Takahashi and Kakehi
2010), cell signal, membrane stabilization (Tabor and
Tabor 1984), gene expression modulation (Igarashi and
Kashiwagi 2000), cell death and apoptosis (Thomas
and Thomas 2001, Seiler and Raul 2005, Rangan et al.
2014), cell division, morphogenesis, secondary metabo-
lism, aging (Bouchereau et al. 1999, Jiang and Jiang
2004, Kuehn and Phillips 2005, Davies 2010).

Polyamines can be defined as substances that are add-
ed externally to the cell or are in the cell’s own structure,
respond to abiotic stress as plant growth and develop-
ment regulator (Paschalidis and Roubelakis-Angelakis
2005, Alcazar et al. 2006, Tomosugi et al. 2006, Kusano
et al. 2007, Liu et al. 2016). It is known that polyamines,
which are applied externally under abiotic stress con-
ditions, decrease chromosomal aberration (Tabur and
Demir 2010a), increase morphological properties (Jance-
wicz et al. 2016), germination percentage and physiolog-
ical parameters increase (Cavusoglu et al. 2007), thereby
healing the negative effect caused by stress.

The aim of this study was to investigate the effects
of drought stresses induced by polyethylene glycol on
mitotic activity, chromosome behaviors, cell cycle, and
total protein content in root meristems of H. vulgare cv.
Biilbiil-89.

Materials and methods

Plant material

In this study, Hordeum vulgare cv. Biilbiil-89 seeds
were used. The barley seeds were subjected to surface
sterilization before being used. For this, seeds were kept
in 1% sodium hypochlorite for 10 min, then washed with
distilled water five times and dried on filter paper at
room temperature.

Cytogenetical analyses

The Spm, Spd, Put and Cad used in the experiment
were obtained from Fluka and Sigma-Aldrich, and Poly-
ethyleneglycol was supplied from Merck. The barley
seeds were sterilized and soaked in constant volumes
of distilled water (control, C) and polyamines (10xM)
for 24h at 20+1°C. The 24% PEG concentration de-
termined as a result of preliminary studies was used
for drought stress. At the end of this pretreatment ses-
sion, the seeds from every application were arranged
in 10cm Petri dishes covered with two sheets of filter
paper moistened with 7mL of distilled water and PEG
concentration. When the root tips were 0.5-1cm long,
they were cut off, pretreated with a saturated solution of
paradichlorobenzene for 4h at 20°C, fixed with Carnoy’s
fluid T (absolute ethanol:glacial acetic acid, 3:1, v/v)
for 24h, and stored in 70% alcohol at 4°C until used.
Then, the root tips were hydrolyzed in 1 MHCI at 60°C
for 18 min, stained with Feulgen for 1h, and squashed in
45% acetic acid (Sharma and Gupta 1982). After 24h,
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microscopic slides were made permanent by mounting
in balsam. The mitotic phases and mitotic aberrations
were photographed with a digital camera (Olympus
C-5060) mounted on an Olympus CX41 microscope. To
determine the mitotic index, approximately 3,000 cells
were counted per control group and each concentration
of the polyamine groups. Chromosomal aberrations were
calculated for each concentration as the percentage of
300 dividing cells counted.

Flow cytometric analyses

For cell cycle analysis, plant tissues from 1.5-2cm
long root tips were placed in a 10mm plastic petri dish
on ice. Root tips were cut into pieces in SmL of OTTO
1 (100mM citric acid, 0.5% Tween 20 pH 2-3) solution.
The homogeneous mixture obtained was filtered through
33 um nylon mesh. 10mL OTTO 2 (400mMNa,HPO,
pH 8-9) was added to the mixture obtained and ana-
lyzed by flow cytometry. To compare the changes oc-
curring in the cell cycle phases, nucleus isolation was
performed from at least three plants belonging to each
group (Otto 1990, Dolozel and Bartos 2005). As a result
of the analysis performed in CyFlow Space flow cytom-
eter (Sysmex Partec), with the help of Flowing Software,
G,—G,, S, G, phases were equally read in each suspen-
sion and the results were compared.

Total protein content analyses

To determine the protein amount, approximately
300mg of leaf samples from seedlings grown for 21 days
were homogenized with 4mL 50mM potassium phos-
phate solution (pH: 7.0) containing 2mM Na-EDTA and
1% PVP. Subsequently, the samples were centrifuged
at 10,000rpm at 4°C for 10min and the supernatants
obtained were used for protein analysis (Ozden et al.
2009). Foliar protein content was determined by taking
readings at 595nm in the spectrophotometer using the
Bio-Rad extraction kit according to Bradford (1976)
method.

Results

Effects of exogenous polyamines on mitotic activity and
chromosome aberrations

The mitotic index of H. vulgare cv. Biilbiil-89 seeds in
the control group were determined as 8.80%. It was de-
termined that all of the polyamines applied exogenously
to the non-stress conditions had an inhibitory effect on
the mitotic index. After examining the preparations the
most inhibitory effect on the mitotic index was achieved
by exogenous application of Spd in control group cells.

The application of 24% PEG 6000 also showed an
inhibitory effect on the mitotic index. It was determined
that the concentration of drought alone decreased the
mitotic index value by 40% compared to the control (dis-
tilled water) group. Application of exogenous Cad and
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Table 1. Mitotic index and chromosome aberration values of barley seeds germinated at distilled water and 24% PEG 6000 concentration after

pre-application of polyamines (10 uM).

PEG 6000 Polyamines (10 uM) Mitotic Index (%) Chromosome aberrance (%)
0 C (Distilled water) #8.80+0.29! 0+0?
0 Cad 8.10+0.10¢ 9.47+0.71°
0 Spd 6.94+0.06° 7.33+0.43¢
0 Put 7.23+0.12° 4.53+0.32°
0 Spm 8.52+0.28" 9.85+0.28°
24% Control 5.12£0.13¢ 7.29+0.10¢4
24% Cad 4.13+0.05* 6.90+0.30¢
24% Spd 6.16+0.12¢ 6.25+0.18°
24% Put 4.43+0.09° 5.73+0.20¢
24% Spm 7.16+0.11° 6.20+0.22°

The pretreatment process of seeds was performed by soaking 24h in constant volumes of distilled water (control) or polyamines. * Shows
values with the insignificant difference (p<0.05) for each column shown with the same letters

Fig. 1. Chromosome aberrances in mitotic phases in root meristem cells of barley seeds germinated in distilled water and PEG
6000 (24%) concentrations after pretreatment with polyamines (10 uM). (a, b) irregular prophase, (c, d) uncoiling chro-
mosomes, (¢) fragment, (f, g) sticky chromosome, (h) lagging chromosome in metaphase, (i, j) star metaphase, (k) bridge
in anaphase, (1) lagging chromosome in anaphase, (m) alignment anaphase, (n) bridge in telophase, (0) fault polarization
in telophase, (p) lagging chromosome in telophase. Scale bar=10 zm.

Put caused a statistically significant decrease in the mi-
totic index compared to the 24% PEG 6000 concentra-
tion. While the application of Spd and Spm was success-
ful in improving the negative effect caused by drought
stress in the mitotic index, it was the Spm application
that provides the most successful (Table 1).

As a result of the investigations on the determination
of the chromosome abnormality percentages, although
no chromosome abnormality was found in the barley
seeds germinated in distilled water, abnormalities of
7.29% was observed with the application of 24% PEG
6000. Although chromosome abnormalities were not
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Fig. 2. Cell cycle distribution of barley seeds germinated in distilled water (C=Control) and PEG 6000 (24%) concentrations

after pretreatment with polyamines (10u4M). Horizontal and vertical axes indicate relative nuclear DNA content and

number of events (cells), respectively.

Table 2. Cell cycle change table showing the effect of exogenous polyamines (10 M) on barley seeds germinated in the control group and 24%

PEG 6000 environment.
PEG 6000 Polyamines (10 xM) G/G, (%) S (%) G,/M (%)

0 C (Distilled water) #14.98+4.07° 55.68+7.76¢ 29.34+0.52%

0 Cad 23.28+0.85° 42.59+2.77%¢ 34.13+0.59%0¢4

0 Spd 19.94+1.99% 56.13+1.88¢ 23.93+0.59°

0 Put 32.39+1.93¢ 42.73+9.86° 24.88+2.37*

0 Spm 23.3+4.08° 31.88+6.72% 44.82+2.55%%
24% Control 22.25+0.72° 29.12+3.45% 48.63+0.724%
24% Cad 19.24+3.26" 48.84+16.48% 31.92+2.32%¢
24% Spd 19.67+3.24% 24.92+3.01° 55.41+2.05°
24% Put 20.13+1.55° 37.58+1.31% 42.29+3.330cde
24% Spm 18.13£2.36% 25.15+9.76° 56.72+2.14°

The pretreatment process of seeds was performed by soaking 24h in constant volumes of distilled water (control) or polyamines. * Shows
values with the insignificant difference (p<0.05) for each column shown with the same letters

observed in the control groups, all of the additionally
applied polyamines caused chromosome aberrations.
In the control groups, it was determined that after
polyamine pre-applications alone, Spm had the highest
chromosome abnormalities percentage with a rate of
9.85%, while Put had the least rate of 4.53%. However,
all polyamines applied externally in stressful conditions
have been successful in overcoming the negative impact
of drought stress on chromosomal aberrations (Table 1).

Various types of chromosome abnormalities such
as irregular prophase, lagging chromosome, uncoil-
ing chromosomes at metaphase, alignment anaphase,
multipolar anaphase and false polarization in telophase,
bridge in telophase were detected in all exogenously ap-
plied polyamines (Fig. 1). As a result of 24% PEG 6000
application, it was determined that the most common
chromosome abnormalities are uncoiling chromosomes,
star metaphase, bridge in anaphase, false polarization
in anaphase. The least common abnormality was deter-
mined to be multipolar anaphase.

Effects of exogenous polyamines on cell cycle progres-
sion

Measurements seeds germinated in distilled water
environment revealed that there was 14.98% in the
G, stage, 55.68% in the S stage, and 29.34% cells in

the G, stage of the cell cycle. While an increase in G,
percentages was determined in all concentrations after
polyamine applications to the control group, the high-
est increase occurred as a result of Put application with
an increase of more than 100%. When looking at the
change of polyamines application to the control group
in cells in the S phase of the cell cycle, all of the applied
polyamines caused a decrease except for Spd applica-
tion. The Spm application, which showed a 40% reduc-
tion, was the most inhibitory polyamine type in the S
phase. In the changes in the G, phases of the cell cycle,
the cells decreased as a result of Spd and Put application,
while it increased after Cad and Spm application (Fig.
2).

As a result of stress applied to the control group,
drought stress caused an increase in the G, phase cells,
and this situation an effect preventing cell division.
Furthermore, drought stress decreased the cell density
in the S phase and increased it in the G, phase. All of
the polyamines applied in the presence of drought
stress increased cell division as a result of a decrease
in cells in the G, phase of the cell cycle. In the stressful
environment, Spd and Spm pretreatment decreased the
number of cells accumulated in the S phase compared
to its control group. On the other hand, Cad and Put
pre-treatments increased the number of cells entering
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Table 3. Total protein content change table showing the effect of exogenous polyamines (10 uM) on barley seeds germinated in control group

and 24% PEG 6000 environment.

PEG 6000 Polyamines (10 M) Total Protein Content (mgmL™)
0 C (Distilled water) *0.42+0.05°
0 Cad 0.83+0.31°
0 Spd 0.75+0.16"
0 Put 0.55+0.10°
0 Spm 0.49+0.02°

24% Control 1.32£0.08"
24% Cad 1.51+0.10°
24% Spd 1.67+0.06°
24% Put 1.44+0.03°
24% Spm 1.41+0.01°

The pretreatment process of seeds was performed by soaking 24h in constant volumes of distilled water (control) or polyamines. * Shows
values with the insignificant difference (p<0.05) for each column shown with the same letters

the mitotic division in the S phase, while the highest in-
crease was achieved by the Cad application with 48%. In
the G, phase where the amount of DNA doubled in the
cell cycle, unlike the S phase the reducing effect of Cad
and Put was observed, while an increase was found as a
result of the Spm and Spd application (Table 2).

Effects of Exogenous Polyamines on Total Protein
Content

Total protein content was examined in H. vulgare
cv. Biilbiil-89, it was found that there was 0.42mgmL™
protein in the control group. All polyamines applied to
the seeds in non-stress conditions had an increase in
total protein levels. Cadaverine that was measured at
0.83mgmL™" protein level, provided the highest increase
in the amount of total protein approximately 100%.
When the amount of protein level after the drought
stress application was examined it was found to be the
level of 1.32mgmL"", with a 2 times increase compared
to the control group. Polyamines applied in the presence
of drought stress increased in all concentrations com-
pared to only the 24% PEG 6000 applied group as in the
control group. The highest increase in protein amount
under drought stress occurred after Spd application with
the level of 1.67mgmL™" (Table 3).

Discussion

While the mitotic index value of barley seeds in the
control group was 8.80%, all the applied growth regu-
lators failed to reach this value reached by the control
seeds (Table 2). In other words, all of the polyamine ap-
plications had an inhibitory effect on the mitotic index.
Researchers have not reached a common idea about the
effects of polyamines on the cell cycle. While some
researchers suggest that cell division is a result of the
increase in polyamine synthesis (Smith and Best 1977,
Costa et al. 1983), other researchers mention that ex-
ternal polyamine application has an inhibitory effect on
cell division (De Agazio et al. 1992, 1995). Similarly,
Ismailoglu et al. (2004) reported that polyamines inhibit

root growth by causing mitotic irregularities in root tip
cells and a decrease in the mitotic index of diploid, tet-
raploid, and hexaploid wheat. It has been known that
drought stress has an inhibitory effect on the mitotic
index as in other abiotic stresses. Schuppler et al. (1998),
stated that mitotic index decreased in the wheat plant
as a result of drought stress, while Heckenberger et al.
(1998), found that drought stress had the same effect in
Ricinus communis species. Aydin et al. (2016) stated
that mitotic index decreased as a result of drought stress
in their study on rice plants, and they mitigated the nega-
tive effect caused by stress with the 1 mM Put they ap-
plied. Based on previous studies, as a result of our study,
it has been proven once again that drought stress alone
and polyamine applications under stress-free conditions
cause a decrease in the mitotic index. In the presence
of drought stress Cad and Put application could not
improve the negative effect of drought stress on the mi-
totic index and caused a decrease of approximately 20%.
On the other hand, Spd and Spm application showed a
healing effect on mitotic index under stress, while Spm
provided the highest increase in this area with 40%.
However, no information has been found on the effects
of polyamines on mitotic activity under drought condi-
tions. Therefore, this study we conducted has revealed
for the first time the effects of polyamines on the mitotic
index in barley root tips under drought stress.

As a result of the cytological analysis, although
chromosome abnormalities were not observed in bar-
ley seeds germinated in distilled water, chromosome
abnormalities were generally found in various types
and percentages in polyamine pre-treated seeds. Some
growth regulators are known to cause mitotic irregulari-
ties, cell damage, and chromosomal abnormalities even
under stress-free conditions (Tabur and Demir 2009,
2010a, b). On the other hand, although the effects of PAs
on chromosome behavior are not known enough, Unal
et al. (2008) reported in their study on barley seeds that
the Put pre-application caused mitotic abnormalities. In
addition, Tabur and Demir (2010b), stated in their study
that exogenous polyamines applications inhibit cell
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division in barley root meristems, causing a decrease
in mitotic index and significantly increasing chromo-
some abnormalities. As a result of our study, it has been
proven once again that exogenous growth regulator
applications can be useless or even harmful under nor-
mal conditions where there is no stress of chromosome
abnormalities. Drought stress has led to the observation
of chromosomal abnormalities that do not occur under
stress-free conditions. However, while all of the exog-
enously applied polyamines show healing effects on the
percentage of chromosome abnormalities under stress,
the polyamine application with the least abnormalities
was put. In general, correct separation of chromosomes
in mitosis requires the attachment of sister kinetochores
to microtubules originating from opposite poles. Be-
cause kinetochore binding is a stochastic function, it
is prone to error and can cause incorrect orientations
in chromosomes (Rieder and Salmon 1998). Observed
aberrations in this study such as irregular prophase and
anaphase, star metaphase, false polarization, alignment
anaphase, bridge formation, and multipolar anaphase
may be largely due to the stated reasons or spindle
distortion and these types of abnormalities generally
constitute a significant part of chromosomal abnormali-
ties. Metaphase cells that are not coiled can result from
the irregular contractions of chromosomes. It has also
been reported that anaphase bridges occur as a result of
inversions (Tabur and Demir 2010b). In this study, it is
thought that both polyamine application alone and the
applied drought stress triggered the stimulation/inhibi-
tion of enzymes and proteins required for normal cell
division and caused all these abnormalities by disrupting
the spindle mechanism.

Stress negatively affects plant growth and develop-
ment, and also plants growing under stressful conditions
become morphologically smaller than plants grown
under unstressful conditions. Although there are many
reasons for this size reduction, it is usually associated
with a reduction in cell number (Razem et al. 2006).
This reduction in cell number is due to inhibition of
cyclin-dependent kinases that cause the cell cycle to
remain constant at the G,;/S and G,/M checkpoints,
due to prolongation of the S phase process, or too late
entry into the M phase (Kitsios and Doonan 2011). In
addition, as a result of biotic and abiotic stress, various
signal stimulation occurs in the accumulation of kinase
accumulation, ROS formation, and the accumulation of
antimitogenic hormones such as ABA and JA. These
signal molecules stimulate the cell cycle checkpoints and
as a result, disrupt the transition from the G, phase to the
S phase during the cell cycle and negatively affect the
DNA replication by slowing down or delaying the transi-
tion to the mitosis phase (Reichheld ef al. 1999, Kadota
et al. 2005).

The decrease in mitotic activity is understood by the
low percentage of G,—~M phase and the high percentage
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of GG, phase. All of the polyamines applied to the
control group (distilled water) had a negative effect in
terms of cell division by increasing the number of cells
in the Gy/G, phase. After the application of drought
stress, there was an increase in the GG, phase of the
cell cycle, as in the application of exogenous polyamines
to the stress-free environment. All of the polyamines
applied exogenously under drought stress improved the
negative impact of the stress on this phase. While there
was a decrease in the cells in the G,—M phase after the
Spd and Put application to the barley seeds germinated
in distilled water, there was an increase after the Cad
and Spm application. The application of drought stress
was determined to have an increase of approximately
60% in the G,/M phase compared to the control group.
Considering the G,/M phase, Cad and Put, which are
among the polyamines applied under drought stress,
showed an inhibitory effect, while Spd and Spm showed
an enhancing effect. Similar results were obtained in
this study in parallel with the studies in which Setter and
Flannangon (2001) reported an increase in G, and G,
phases in corn, Schuppler ef al. (1998) in wheat, due to
drought stress. All of the polyamines applied in the pres-
ence of drought stress caused a decrease in the G, /G,
phase, thereby alleviating the inhibitory effect caused by
stress on cell division, and it was determined that Spm
showed the best effect. In addition, when we examine
the G,/M phase in stressful environmental conditions, it
has been found that again Spm has an increasing effect
on this phase. There is no relevant literature data relating
to the effects of exogenous polyamines on the cell cycle
in drought stress conditions. The results obtained from
the study showed that the polyamines given externally
under stress conditions, especially Spm, have an incen-
tive effect on the cell cycle.

Genes induced in drought stress conditions both
protect cells through the production of metabolic pro-
teins in the absence of water and also play a role in the
regulation of signal transduction genes in the drought
stress response. While the products of these genes are
divided into two groups, the first group includes proteins
such as water channel proteins, enzymes involved in
the biosynthesis of osmotic protectors (sugars, proline,
glycine-betaine), LEA proteins, chaperones, proteases,
detoxification enzymes. The second group includes pro-
teins such as protein kinases, transcription factors, and
phospholipase C, which are involved in the expression of
genes involved in the response to stress and signal trans-
duction (Shinozaki and Yamaguchi-Shinozaki 1997).

When the total amount of protein was examined as
a result of the study, it was determined that the poly-
amines applied under non-stressed conditions had an
increasing effect on the total protein amount compared
to the control group. As a result of the application of
drought stress, there was a 2 times increase in the total
amount of protein compared to the control group. In ad-
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dition, while the total amount of protein measured as a
result of exogenous polyamine additions increased even
more compared to controls applied stress alone, Spd was
the rate that provided the highest increase with 25%.
As a result of the investigations, studies are stating that
drought stress shows different results on total protein
amount. According to these studies, drought stress has
a decreasing effect on the total protein amount in cotton
(Parida et al. 2007), tomato (Mahlagha et al. 2013), and
wheat (Akhzari and Pessarakli 2016), while determined
that drought stress does not have any effect on the total
protein amount in the garlic (Egert and Tevini 2002).
However, there are also studies where drought stress in-
creases the total protein amount as in our study. Dwivedi
et al. (1996) in peanuts, Beltrano ef al. (1999) in wheat,
Chutia and Borah (2012) in rice, and Cevik (2015) in
chickpea stated that drought stress increased the total
amount of protein. Studies on the total protein amount of
polyamines given exogenous under drought stress are al-
most nonexistent. Talaat and Shawky (2016), stated that
exogenous Spm given from outside under drought stress
increases the total protein amount in the corn plant.
Based on the studies conducted, it is understood that
although the effect of drought stress on the total protein
amount cannot be determined exactly, it differs accord-
ing to the plant species applied, the protein-derived parts
of the plant, the severity duration of the drought. Conse-
quently, barley leaves created a stress response mecha-
nism by increasing the total amount of protein against
drought stress. However, all of the polyamines added ex-
ogenously have contributed to the plant’s survival under
stress and to reduce the effect of stress by increasing the
proteins involved in the stress response mechanism.

Aresult of this study indicated that comparing the
interactions of polyamines about mitotic activity, chro-
mosome behavior, cell cycle, and total protein content
under normal and drought stress conditions in barley
seeds. Both drought stress and polyamines alone caused
the reduction of mitotic index in barley root tip cells and
significantly increased chromosome aberrations, total
protein content. Exogenous polyamines treatment had an
enhancer effect in all parameters studied under drought
stress. Among the polyamines exogenously applied un-
der stress, Spm has been the most effective polyamine
on mitotic index and cell cycle, Put chromosome abnor-
malities, and Spd total protein amounts. Therefore, it is
thought that pretreatment of polyamines at the appropri-
ate time and dose can greatly alleviate the negative ef-
fects of drought stress on plant growth and development.
Consequently, the results obtained from this study will
form the basis for similar studies in the future.

Acknowledgements

The authors would like to thank Aysegiil Ozmen (Siil-
eyman Demirel University Faculty of Fine Arts Depart-

ment of Graphic Design) for her help in the arrangement
of figures. This study was funded by The Department
of Scientific Research Project Management of Suley-
man Demirel University (SDUBAP 5047-D2-17) and
TUBITAK project numbered KBAG-118Z568.

References

Akhzari, D. and Pessarakli, M. 2016. Effect of drought stress on
total protein, essential oil content, and physiological traits of
Levisticum officinale Koch. J. Plant Nutr. 39: 1365-1371.

Alcazar, R., Altabella, T., Marco, F., Bortolotti, C., Reymond, M.,
Koncz, C., Carrasco, P. and Tiburcio, A. F. 2010. Polyamines:
Molecules with regulatory functions in plant abiotic stress toler-
ance. Planta 231: 1237-1249.

Alcazar, R., Marco, F., Cuevas, J. C., Patron, M., Ferrando, A.,
Carrasco, P., Tiburcio, A. F. and Altabella, T. 2006. Involvement
of polyamines in plant response to abiotic stress. Biotechnol.
Lett. 28: 1867-1876.

Allahverdiyev, T. 1., M., Talai, J., Huseynova, I. M. and A. Aliyev, J.
2015. Effect of drought stress on some physiological parameters,
yield, yield components of durum (7riticum durum desf.) and
bread (Triticum aestivum L.) wheat genotypes. Ekin J. Crop
Breed. Genet. 1: 50-62.

Aydin, M., Hossein Pour, A., Tosun, M. and Haliloglu, K. 2016. Effect
of application of putrescine on seedling growth and cell division
of wheat (Triticum aestivum L.) under drought stress. Yyu. J.
Agr. Sc. 26: 319-332.

Beltrano, J., Ronco, M. G. and Montaldi, E. R. 1999. Drought stress
syndrome in wheat is provoked by ethylene evolution imbalance
and reversed by rewatering, aminoethoxyvinylglycine, or sodium
benzoate. J. Plant Growth Regul. 18: 59-64.

Bouchereau, A., Aziz, A., Larher, F. and Martin-Tanguy, J. 1999.
Polyamines and environmental challenges: Recent development.
Plant Sci. 140: 103-125.

Bradford, M. M. 1976. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72: 248-254.

Bray, E. A. 1993. Molecular responses to water deficit. Plant Physiol.
103: 1035-1040.

Cavusoglu, K., Kilig, S. and Kabar, K. 2007. Some morphological and
anatomical observations during alleviation of salinity (NaCI)
stress on seed germination and seedling growth of barley by
polyamines. Acta Physiol. Plant. 29: 551-557.

Cevik, S. 2015. The Effect of Drought Stress on Protein Expressions
in Two Chickpeas with Different Tolerances. PhD Thesis, Mersin
Univesity Graduate School of Natural and Applied Sciences,
Mersin.

Chutia, J. and Borah, S. P. 2012. Water stress effects on leaf growth
and chlorophyll content but not the grain yield in traditional rice
(Oryza sativa L.) genotypes of Assam, India II. Protein and pro-
line status in seedlings under PEG Induced water stress. Am. J.
Plant Sci. 3: 971-980.

Costa, G. and Bagni, N. 1983. Effects of polyamines on fruit-set of
apple. HortScience 18: 59-61.

Davies, P. J. 2010. The Plant Hormones: Their Nature, Occur-
rence, and Functions. In: J. Davies, P. J. (ed.). Plant Hormones:
Biosynthesis, Signal Transduction, Action. Springer Netherlands,
Dordrecht. pp. 1-15.

De Agazio, M., Federico, R., Angelini, R., De Cesare, F. and Grego,
S. 1992. Spermidine pretreatment or root tip removal in maize
seedlings: effects on K uptake and tissue modifications. J. Plant
Physiol. 140: 741-746.

De Agazio, M., Grego, S., Ciofi-Luzzatto, A., Rea, E., Zaccaria, M. L.
and Federico, R. 1995. Inhibition of maize primary root elonga-


http://dx.doi.org/10.1080/01904167.2015.1109125
http://dx.doi.org/10.1080/01904167.2015.1109125
http://dx.doi.org/10.1080/01904167.2015.1109125
http://dx.doi.org/10.1007/s00425-010-1130-0
http://dx.doi.org/10.1007/s00425-010-1130-0
http://dx.doi.org/10.1007/s00425-010-1130-0
http://dx.doi.org/10.1007/s00425-010-1130-0
http://dx.doi.org/10.1007/s10529-006-9179-3
http://dx.doi.org/10.1007/s10529-006-9179-3
http://dx.doi.org/10.1007/s10529-006-9179-3
http://dx.doi.org/10.1007/s10529-006-9179-3
http://dx.doi.org/10.1007/PL00007049
http://dx.doi.org/10.1007/PL00007049
http://dx.doi.org/10.1007/PL00007049
http://dx.doi.org/10.1007/PL00007049
http://dx.doi.org/10.1016/S0168-9452(98)00218-0
http://dx.doi.org/10.1016/S0168-9452(98)00218-0
http://dx.doi.org/10.1016/S0168-9452(98)00218-0
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1104/pp.103.4.1035
http://dx.doi.org/10.1104/pp.103.4.1035
http://dx.doi.org/10.1007/s11738-007-0066-x
http://dx.doi.org/10.1007/s11738-007-0066-x
http://dx.doi.org/10.1007/s11738-007-0066-x
http://dx.doi.org/10.1007/s11738-007-0066-x
http://dx.doi.org/10.4236/ajps.2012.37115
http://dx.doi.org/10.4236/ajps.2012.37115
http://dx.doi.org/10.4236/ajps.2012.37115
http://dx.doi.org/10.4236/ajps.2012.37115
http://dx.doi.org/10.4236/ajps.2012.37115
http://dx.doi.org/10.1016/S0176-1617(11)81032-1
http://dx.doi.org/10.1016/S0176-1617(11)81032-1
http://dx.doi.org/10.1016/S0176-1617(11)81032-1
http://dx.doi.org/10.1016/S0176-1617(11)81032-1
http://dx.doi.org/10.1007/BF00203118
http://dx.doi.org/10.1007/BF00203118

14 S. Ozmen et al.

tion by spermidine: Effect on cell shape and mitotic index. J.
Plant Growth Regul. 14: 82—-85.

Dolozel, J. and Bartos, J. 2005. Plant DNA flow cytometry and
estimation of nuclear genome size. Ann. Bot. 95(1): 99-110.
Dwivedi, S. L., Nigam, S. N., Rao, R. C. N, Singh, U. and Rao, K. V.
S. 1996. Effect of drought on oil, fatty acids and protein contents
of groundnut (Arachis hypogaea L.) seeds. Field Crops Res. 48:

125-133.

Egert, M. and Tevini, M. 2002. Influence of drought on some physi-
ological parameters symptomatic for oxidative stress in leaves of
chives (Allium schoenoprasum). Environ. Exp. Bot. 48: 43-49.

Food and Agriculture Organization of the United Nations (ed.) 2017.
The future of food and agriculture: Trends and challenges. Food
and Agriculture Organization of the United Nations, Rome.

Food and Agriculture Organization of the United Nations 2019.
Proactive approaches to drought preparedness. Food and Agri-
culture Organization of the United Nations, Rome.

Heckenberger, U., Roggatz, U. and Schurr, U. 1998. Effect of drought
stress on the cytological status in Ricinus communis. J. Exp. Bot.
49: 181-189.

Hsiao, T. C. and Acevedo, E. 1974. Plant responses to water deficits,
water-use efficiency, and drought resistance. J. Agric. Meteorol.
14: 59-84.

Igarashi, K. and Kashiwagi, K. 2000. Polyamines: mysterious modu-
lators of cellular functions. Biochem. Biophys. Res. Commun.
271: 559-564.

Ismailoglu, 1., Unal, M. and Palavan-Unsal, N. 2004. Effects of sper-
midine, spermine and cyclohexylamine on mitotic activity of 2X,
4X and 6X wheats. J. Mol. Cell Biol. 3: 83—88.

Jancewicz, A. L., Gibbs, N. M. and Masson, P. H. 2016. Cadaverine’s
functional role in plant development and environmental
response. Front. Plant Sci. 7: 870-878.

Jiang, M.-Y. and Zhang, J.-H. 2004. Abscisic acid and antioxidant
defense in plant cells. J. Integr. Plant Biol. 46: 1-9.

Kadota, Y., Furuichi, T., Sano, T., Kaya, H., Gunji, W., Murakami,
Y., Muto, S., Hasezawa, S. and Kuchitsu, K. 2005. Cell-cycle-
dependent regulation of oxidative stress responses and Ca2*
permeable channels NtTPC1A/B in tobacco BY-2 cells. Biochem.
Biophys. Res. Commun. 336: 1259-1267.

Kasim, W. A, Osman, M. E., Omar, M. N., Abd El-Daim, I. A., Bejai,
S. and Meijer, J. 2013. Control of drought stress in wheat using
plant-growth-promoting bacteria. J. Plant Growth Regul. 32:
122-130.

Kasukabe, Y., He, L., Nada, K., Misawa, S., Thara, I. and Tachibana,
S. 2004. Overexpression of spermidine synthase enhances tol-
erance to multiple environmental stresses and up-regulates
the expression of various stress-regulated genes in transgenic
Arabidopsis thaliana. Plant Cell Physiol. 45: 712-722.

Kitsios, G. and Doonan, J. H. 2011. Cyclin dependent protein kinases
and stress responses in plants. Plant Signal. Behav. 6: 204-209.

Kuehn, G. D. and Phillips, G. C. 2005. Role of polyamines in apop-
tosis and other recent advances in plant polyamines. Crit. Rev.
Plant Sci. 24: 123-130.

Kusano, T., Yamaguchi, K., Berberich, T. and Takahashi, Y. 2007.
Advances in polyamine research in 2007. J. Plant Res. 120:
345-350.

Li, Z., Peng, Y., Zhang, X.-Q., Pan, M.-H., Ma, X., Huang, L.-K. and
Yan, Y.-H. 2014. Exogenous spermidine improves water stress
tolerance of white clover (Trifolium repens L.) involved in anti-
oxidant defence, gene expression and proline metabolism. Plant
Omics 7: 517-526.

Liu, Y., Liang, H., Lv, X., Liu, D., Wen, X. and Liao, Y. 2016. Effect
of polyamines on the grain filling of wheat under drought stress.
Plant Physiol. Biochem. 100: 113-129.

Mabhlagha, G., Maryam, G., Tannaz, A. and Bahareh, A. M. 2013.
Investigation of proline, total protein, chlorophyll, ascorbate and

Cytologia 87(1)

dehydroascorbate changes under drought stress in akria and mo-
bil tomato cultivars. Iran. J. Plant Physiol. 3: 651-658.

Makbul, S., Giiler, N. S., Durmus, N. and Giiven, S. 2011. Changes
in anatomical and physiological parameters of soybean under
drought stress. Turk. J. Bot. 35: 369-377.

Mustafavi, S. H., Shekari, F. and Maleki, H. H. 2016. Influence of ex-
ogenous polyamines on antioxidant defence and essential oil pro-
duction in valerian (Valeriana officinalis L.) plants under drought
stress. Acta Agric. Slov. 10: 81-91.

Noman, A., Ali, Q., Magsood, J., Igbal, N., Javed, M. T., Rasool, N.
and Naseem, J. 2018. Deciphering physio-biochemical, yield, and
nutritional quality attributes of water-stressed radish (Raphanus
sativus L.) plants grown from Zn-Lys primed seeds. Chemo-
sphere 195: 175-189.

Otto, F. 1990. Chapter 11 DAPI Staining of Fixed Cells for High-
Resolution Flow Cytometry of Nuclear DNA. In: Darzynkie-
wicz, Z. and Crissman, H. A. (eds.). Methods in Cell Biology.
Flow Cytometry. Academic Press, Cambridge. pp. 105-110.

Ozden, M., Demirel, U. and Kahraman, A. 2009. Effects of proline
on antioxidant system in leaves of grapevine (Vitis vinifera L.)
exposed to oxidative stress by H,0,. Sci. Hortic. 119: 163-168.

Parida, A. K., Dagaonkar, V. S., Phalak, M. S., Umalkar, G. V. and
Aurangabadkar, L. P. 2007. Alterations in photosynthetic pig-
ments, protein and osmotic components in cotton genotypes sub-
jected to short-term drought stress followed by recovery. Plant
Biotechnol. Rep. 1: 37-48.

Paschalidis, K. A. and Roubelakis-Angelakis, K. A. 2005. Sites
and regulation of polyamine catabolism in the tobacco plant.
Correlations with cell division/expansion, cell cycle progression,
and vascular development. Plant Physiol. 138: 2174-2184.

Pinheiro, H. A., DaMatta, F. M., Chaves, A. R. M., Fontes, E. P. B.
and Loureiro, M. E. 2004. Drought tolerance in relation to pro-
tection against oxidative stress in clones of Coffea canephora
subjected to long-term drought. Plant Sci. 167: 1307-1314.

Rangan, P., Subramani, R., Kumar, R., Singh, A. K. and Singh, R.
2014. Recent advances in polyamine metabolism and abiotic
stress tolerance. Biomed. Res. Int. 2014: 239621.

Razem, F. A., Baron, K. and Hill, R. D. 2006. Turning on gibberellin
and abscisic acid signaling. Curr. Opin. Plant Biol. 9: 454—459.

Reichheld, J.-P., Vernoux, T., Lardon, F., Montagu, M. V. and Inz¢, D.
1999. Specific checkpoints regulate plant cell cycle progression
in response to oxidative stress. Plant J. 17: 647-656.

Rieder, C. L. and Salmon, E. D. 1998. The vertebrate cell kinetochore
and its roles during mitosis. Trends Cell Biol. 8: 310-318.

Sadiq, M., Akram, N. A. and Ashraf, M. 2017. Foliar applications
of alpha-tocopherol improves the composition of fresh pods of
Vigna radiata subjected to water deficiency. Turk. J. Bot. 41: 9.

Schuppler, U., He, P.-H., John, P. C. L. and Munns, R. 1998. Effect of
water stress on cell division and cdc2-like cell cycle kinase activ-
ity in wheat leaves. Plant Physiol. 117: 667-678.

Seiler, N. and Raul, F. 2005. Polyamines and apoptosis. J. Cell. Mol.
Med. 9: 623-642.

Setter, T. L. and Flannigan, B. A. 2001. Water deficit inhibits cell
division and expression of transcripts involved in cell prolifera-
tion and endoreduplication in maize endosperm. J. Exp. Bot. 52:
1401-1408.

Sharma, P. C. and Gupta, P. K. 1982. Karyotypes in Some Pulse
Crops. The Nucleus, 25: 181-185.

Shinozaki, K. and Yamaguchi-Shinozaki, K. 1997. Gene expression
and signal transduction in water-stress response. Plant Physiol.
115: 327-334.

Smith, T. A. and Best, G. R. 1977. Polyamines in barley seedlings.
Phytochemistry 16: 841-843.

Jang, S. J., Shin, S. H., Yee, S. T., Hwang, B., Kyung Hoan Im, K. H.
and Park, K. Y. 2005. Effects of abiotic stresses on cell cycle pro-
gression in Tobacco BY-2 Cells. Mol. Cells 20: 136-141.


http://dx.doi.org/10.1007/BF00203118
http://dx.doi.org/10.1007/BF00203118
http://dx.doi.org/10.1093/aob/mci005
http://dx.doi.org/10.1093/aob/mci005
http://dx.doi.org/10.1016/S0378-4290(96)01027-1
http://dx.doi.org/10.1016/S0378-4290(96)01027-1
http://dx.doi.org/10.1016/S0378-4290(96)01027-1
http://dx.doi.org/10.1016/S0378-4290(96)01027-1
http://dx.doi.org/10.1016/S0098-8472(02)00008-4
http://dx.doi.org/10.1016/S0098-8472(02)00008-4
http://dx.doi.org/10.1016/S0098-8472(02)00008-4
http://dx.doi.org/10.1093/jxb/49.319.181
http://dx.doi.org/10.1093/jxb/49.319.181
http://dx.doi.org/10.1093/jxb/49.319.181
http://dx.doi.org/10.1016/0002-1571(74)90011-9
http://dx.doi.org/10.1016/0002-1571(74)90011-9
http://dx.doi.org/10.1016/0002-1571(74)90011-9
http://dx.doi.org/10.1006/bbrc.2000.2601
http://dx.doi.org/10.1006/bbrc.2000.2601
http://dx.doi.org/10.1006/bbrc.2000.2601
http://dx.doi.org/10.3389/fpls.2016.00870
http://dx.doi.org/10.3389/fpls.2016.00870
http://dx.doi.org/10.3389/fpls.2016.00870
http://dx.doi.org/10.1016/j.bbrc.2005.09.004
http://dx.doi.org/10.1016/j.bbrc.2005.09.004
http://dx.doi.org/10.1016/j.bbrc.2005.09.004
http://dx.doi.org/10.1016/j.bbrc.2005.09.004
http://dx.doi.org/10.1016/j.bbrc.2005.09.004
http://dx.doi.org/10.1007/s00344-012-9283-7
http://dx.doi.org/10.1007/s00344-012-9283-7
http://dx.doi.org/10.1007/s00344-012-9283-7
http://dx.doi.org/10.1007/s00344-012-9283-7
http://dx.doi.org/10.1093/pcp/pch083
http://dx.doi.org/10.1093/pcp/pch083
http://dx.doi.org/10.1093/pcp/pch083
http://dx.doi.org/10.1093/pcp/pch083
http://dx.doi.org/10.1093/pcp/pch083
http://dx.doi.org/10.4161/psb.6.2.14835
http://dx.doi.org/10.4161/psb.6.2.14835
http://dx.doi.org/10.1080/07352680590953161
http://dx.doi.org/10.1080/07352680590953161
http://dx.doi.org/10.1080/07352680590953161
http://dx.doi.org/10.1007/s10265-007-0074-3
http://dx.doi.org/10.1007/s10265-007-0074-3
http://dx.doi.org/10.1007/s10265-007-0074-3
http://dx.doi.org/10.1016/j.plaphy.2016.01.003
http://dx.doi.org/10.1016/j.plaphy.2016.01.003
http://dx.doi.org/10.1016/j.plaphy.2016.01.003
http://dx.doi.org/10.14720/aas.2016.107.1.09
http://dx.doi.org/10.14720/aas.2016.107.1.09
http://dx.doi.org/10.14720/aas.2016.107.1.09
http://dx.doi.org/10.14720/aas.2016.107.1.09
http://dx.doi.org/10.1016/j.chemosphere.2017.12.059
http://dx.doi.org/10.1016/j.chemosphere.2017.12.059
http://dx.doi.org/10.1016/j.chemosphere.2017.12.059
http://dx.doi.org/10.1016/j.chemosphere.2017.12.059
http://dx.doi.org/10.1016/j.chemosphere.2017.12.059
http://dx.doi.org/10.1016/j.scienta.2008.07.031
http://dx.doi.org/10.1016/j.scienta.2008.07.031
http://dx.doi.org/10.1016/j.scienta.2008.07.031
http://dx.doi.org/10.1007/s11816-006-0004-1
http://dx.doi.org/10.1007/s11816-006-0004-1
http://dx.doi.org/10.1007/s11816-006-0004-1
http://dx.doi.org/10.1007/s11816-006-0004-1
http://dx.doi.org/10.1007/s11816-006-0004-1
http://dx.doi.org/10.1104/pp.105.063941
http://dx.doi.org/10.1104/pp.105.063941
http://dx.doi.org/10.1104/pp.105.063941
http://dx.doi.org/10.1104/pp.105.063941
http://dx.doi.org/10.1016/j.plantsci.2004.06.027
http://dx.doi.org/10.1016/j.plantsci.2004.06.027
http://dx.doi.org/10.1016/j.plantsci.2004.06.027
http://dx.doi.org/10.1016/j.plantsci.2004.06.027
http://dx.doi.org/10.1155/2014/239621
http://dx.doi.org/10.1155/2014/239621
http://dx.doi.org/10.1155/2014/239621
http://dx.doi.org/10.1016/j.pbi.2006.07.007
http://dx.doi.org/10.1016/j.pbi.2006.07.007
http://dx.doi.org/10.1046/j.1365-313X.1999.00413.x
http://dx.doi.org/10.1046/j.1365-313X.1999.00413.x
http://dx.doi.org/10.1046/j.1365-313X.1999.00413.x
http://dx.doi.org/10.1016/S0962-8924(98)01299-9
http://dx.doi.org/10.1016/S0962-8924(98)01299-9
http://dx.doi.org/10.3906/bot-1610-24
http://dx.doi.org/10.3906/bot-1610-24
http://dx.doi.org/10.3906/bot-1610-24
http://dx.doi.org/10.1104/pp.117.2.667
http://dx.doi.org/10.1104/pp.117.2.667
http://dx.doi.org/10.1104/pp.117.2.667
http://dx.doi.org/10.1111/j.1582-4934.2005.tb00493.x
http://dx.doi.org/10.1111/j.1582-4934.2005.tb00493.x
http://dx.doi.org/10.1093/jexbot/52.360.1401
http://dx.doi.org/10.1093/jexbot/52.360.1401
http://dx.doi.org/10.1093/jexbot/52.360.1401
http://dx.doi.org/10.1093/jexbot/52.360.1401
http://dx.doi.org/10.1104/pp.115.2.327
http://dx.doi.org/10.1104/pp.115.2.327
http://dx.doi.org/10.1104/pp.115.2.327
http://dx.doi.org/10.1016/S0031-9422(00)86676-5
http://dx.doi.org/10.1016/S0031-9422(00)86676-5

2022 Effect of Exogenous Polyamines under Drought 15

Tabor, C. W. and Tabor, H. 1984. Polyamines. Annu. Rev. Biochem.
53: 749-790.

Tabur, S. and Demir, K. 2009. Cytogenetic response of 24-epibrassi-
nolide on the root meristem cells of barley seeds under salinity.
Plant Growth Regul. 58: 119-123.

Tabur, S. and Demir, K. 2010a. Protective roles of exogenous
polyamines on chromosomal aberrations in Hordeum vulgare
exposed to salinity. Biologia 65: 947-953.

Tabur, S. and Demir, K. 2010b. Role of some growth regulators on cy-
togenetic activity of barley under salt stress. Plant Growth Regul.
60: 99-104.

Takahashi, T. and Kakehi, J.-I. 2010. Polyamines: Ubiquitous polyca-
tions with unique roles in growth and stress responses. Ann. Bot.
105: 1-6.

Talaat, N. B. and Shawky, B. T. 2016. Dual application of
24-epibrassinolide and spermine confers drought stress tolerance
in maize (Zea mays L.) by modulating polyamine and protein
metabolism. J. Plant Growth Regul. 35: 518-533.

Thomas, T. and Thomas, T. J. 2001. Polyamines in cell growth and
cell death: molecular mechanisms and therapeutic applications.

Cell. Mol. Life Sci. 58: 244-258.

Tomosugi, M., Ichihara, K. and Saito, K. 2006. Polyamines are essen-
tial for the synthesis of 2-ricinoleoyl phosphatidic acid in devel-
oping seeds of castor. Planta 223: 349-358.

Unal, M., Palavan-Unsal, N. and Tiifek¢i, M. A. 2002. Role of
putrescine and its biosynthetic inhibitor on seed germination root
elongation and mitosis in Hordeum vulgare L. Pure Appl. Sci.,
Sec. B-Bot. 21: 33-38.

Unal, M., Palavan-Unsal, N. and Tiifekgi, M. 2008. Effects of poly-
amines and polyamine biosynthetic inhibitors on mitotic activity
of Allium cepa root tips. Acta Biol. Hung. 59(1): 91-102.

Wang, X. H., Wang, S. J., Chen, Z., Gong, B., Wang, X. F., Win, M.,
Shi, Q. H., Li, Y. and Yang, F. J. 2016. Effects of exogenous poly-
amines on nitrate tolerance in cucumber. Russ. J. Plant Physiol.
63: 549-557.

Zhang, C., Shi, S., Liu, Z., Yang, F. and Yin, G. 2019. Drought toler-
ance in alfalfa (Medicago sativa L.) varieties is associated with
enhanced antioxidative protection and declined lipid peroxida-
tion. J. Plant Physiol. 232: 226-240.



http://dx.doi.org/10.1146/annurev.bi.53.070184.003533
http://dx.doi.org/10.1146/annurev.bi.53.070184.003533
http://dx.doi.org/10.1007/s10725-008-9357-5
http://dx.doi.org/10.1007/s10725-008-9357-5
http://dx.doi.org/10.1007/s10725-008-9357-5
http://dx.doi.org/10.2478/s11756-010-0118-3
http://dx.doi.org/10.2478/s11756-010-0118-3
http://dx.doi.org/10.2478/s11756-010-0118-3
http://dx.doi.org/10.1007/s10725-009-9424-6
http://dx.doi.org/10.1007/s10725-009-9424-6
http://dx.doi.org/10.1007/s10725-009-9424-6
http://dx.doi.org/10.1093/aob/mcp259
http://dx.doi.org/10.1093/aob/mcp259
http://dx.doi.org/10.1093/aob/mcp259
http://dx.doi.org/10.1007/s00344-015-9557-y
http://dx.doi.org/10.1007/s00344-015-9557-y
http://dx.doi.org/10.1007/s00344-015-9557-y
http://dx.doi.org/10.1007/s00344-015-9557-y
http://dx.doi.org/10.1007/PL00000852
http://dx.doi.org/10.1007/PL00000852
http://dx.doi.org/10.1007/PL00000852
http://dx.doi.org/10.1007/s00425-005-0083-1
http://dx.doi.org/10.1007/s00425-005-0083-1
http://dx.doi.org/10.1007/s00425-005-0083-1
http://dx.doi.org/10.1556/ABiol.59.2008.1.8
http://dx.doi.org/10.1556/ABiol.59.2008.1.8
http://dx.doi.org/10.1556/ABiol.59.2008.1.8
http://dx.doi.org/10.1134/S1021443716040166
http://dx.doi.org/10.1134/S1021443716040166
http://dx.doi.org/10.1134/S1021443716040166
http://dx.doi.org/10.1134/S1021443716040166
http://dx.doi.org/10.1016/j.jplph.2018.10.023
http://dx.doi.org/10.1016/j.jplph.2018.10.023
http://dx.doi.org/10.1016/j.jplph.2018.10.023
http://dx.doi.org/10.1016/j.jplph.2018.10.023

