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Rima Mockevičiūtė 1, Jurga Jankauskienė 1 , Dessislava Todorova 2, Iskren Sergiev 2 and
Sigita Jurkonienė 1
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Abstract: Cold stress is one of the most common abiotic stresses experienced by plants and is
caused by low temperature extremes and variations. Polyamines (PAs) have been reported to
contribute in abiotic stress defense processes in plants. The present study investigates the survival
and responses of PA-treated non-acclimated (N) and acclimated (A) winter oilseed rape to increasing
cold conditions. The study was conducted under controlled conditions. Seedlings were foliarly
sprayed with spermidine (Spd), spermine (Spm), and putrescine (Put) solutions (1 mM) and exposed
to four days of cold acclimation (4 ◦C) and two days of increasing cold (from −1 to −3 ◦C). Two
cultivars with different cold tolerance were used in this study. The recorded traits included the
percentage of survival, H+-ATPase activity, proline accumulation, and ethylene emission. Exogenous
PA application improved cold resistance, maintained the activity of plasma membrane H+-ATPase,
increased content of free proline, and delayed stimulation of ethylene emission under increasing
cold. The results of the current study on winter oilseed rape revealed that foliar application of PAs
may activate a defensive response (act as elicitor to trigger physiological processes), which may
compensate the negative impact of cold stress. Thus, cold tolerance of winter oilseed rape can be
enhanced by PA treatment.

Keywords: acclimation; Brassica napus; canola; cold stress; cold tolerance; crop plants; putrescine;
spermidine; spermine

1. Introduction

The growth and development of plants is strongly dependent on the surrounding environment.
Exposure to non-optimal temperature, humidity, salinity, and acidity causes stress responses in plants.
A series of morphological, physiological, biochemical, and molecular changes can be triggered in plants
under the effect of abiotic stresses and negatively affect plant growth and productivity of crops [1–4].

One of the most common abiotic stresses experienced by plants is cold stress caused by low
temperature extremes and variations. Abrupt cold events and daily thermal fluctuations frequently
occur in the temperate biomes in autumn–winter periods. Overwintering plants have developed
the ability to acclimate to cold via exposure to low non-freezing temperatures. During the process
of cold acclimation, plants undergo physiological changes that promote plant tolerance to cold and
increase survival [5–7]. However, the genetic characteristics of the species do not always determine the
metabolism rearrangement and the tolerance to sudden temperature fluctuations in autumn, winter,
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and spring. The natural process of acclimation is not capable of ascertaining good wintering of winter
oilseed rape (Brassica napus L. ssp. Oleifera biennis Metzg) cultivated in the countries of the temperate
zone, especially of cultivars introduced from warmer countries to temperate regions such as the Baltic
States [8–10]. Oilseed rape is a commercially important crop known to have an economic relevance
for food oil, biofuel, green manure, feed for livestock, and other market needs. The minimization
of the loss of yield is one of the main objectives for plant and crop specialists, and it is immediate
because of the growing demands for food and feed. Winter hardiness and freezing tolerance are a major
concern for improving production consistency in many regions of the winter oilseed rape growing
countries [11]. The research on the mechanism of plant abiotic stress and its control is one of the most
important scientific fields to date [12–14].

The amino acid proline is thought to be one of the biomarkers in plant response to cold [15,16].
Proline plays several major roles during cold stress. It protects cells from damage by acting as an
osmolyte–cryoprotectant, signaling molecule, and stabilizer of subcellular structures [17–19]. High
levels of proline stored under acclimation and stress conditions are beneficial during stress recovery
and provide a supply of energy to resume growth once the stress is relieved [5,18]. Other physiological
traits involved in the response of plants to increasing cold stress could be the activity of the plant cell
membrane H+-ATPase. The changes in ATPase activity following cold acclimation and cold stress
have been observed by authors of [16,20–23]. The H+-ATPase is very sensitive to cold stress and
closely related to cell membrane defense from injury. The levels of the plant hormone ethylene can
be considered as one of traits of low temperature transient changes. It is known that production of
ethylene decreases or stops with injury and death of cells [24–27]. On the contrary, greater ethylene
biosynthesis has been shown in low temperature treated winter rye, tobacco, tomato, and oilseed
rape [2,10,28]. Thus, ATPase activity, proline, and ethylene levels in plant tissues are the main traits of
the plant response to cold stress leading to plant survival in harsh winter conditions.

There are several ways to increase the stress resistance of plants, for instance genetic modification
and the exogenous use of physiologically active substances. Scientists have been trying to overcome
the impacts of environmental stresses, including cold, by employing different strategies, such as foliar
application of plant growth regulators, osmoprotectants, and organic and inorganic nutrients, which are
efficient, economical, and environmentally sound approaches [29,30]. There is evidence in the literature
of the beneficial effects of synthetic growth regulators (phytohormones, amino acids, polyamines
(PAs), fungicides, retardants, and others) on plant stress reduction [13,31,32]. PAs, generally putrescine
(Put), spermidine (Spd), and spermine (Spm), are polycationic low molecular weight compounds
present in living organisms. PAs are known to be involved in plant development, cell division,
embryogenesis, fruit development, dormancy termination, regulation of aging, and temperature stress
processes [1,33,34]. Many authors indicate that PA accumulation is an important component of a
response to cold stress in different crop plant species and that PAs play a significant role in counteracting
stress [33,35–37]. Studies of transgenic plants showed that the overproduction of PAs coincided with
better stress tolerance [38]. Recent studies using exogenous PAs have shown that PAs enhanced wheat
and maize tolerance to drought by increasing endogenous PAs [34,39]. PAs are closely associated
with plant growth, stability of nucleic acids and membrane structure, stress resistance, and even plant
survival [40–42]. The application of exogenous Spm maintained high levels of endogenous Spm and
Spd, inhibiting Put accumulation and reducing chilling damage [43,44]. Another opinion is that Put
may accumulate as a defense response of plants to chilling damage, because Put accumulation has been
found to be positively correlated with the cold resistance of plants [45]. Therefore, it is appropriate to
investigate the specificity of individual PAs in the response of plants to cold.

There is some evidence that PAs can inhibit ethylene biosynthesis in plants, and the relationship
between PAs and ethylene seems to be dependent on the plant species [37,46,47]. Under stress
conditions, ethylene causes growth inhibition, regulates defense processes, mostly in full-grown leaves,
and growth in young leaves. To counteract cold stress, plants synthesize osmolytes and perform
osmotic adjustment in cold tolerance [48]. Some reports have indicated that exogenous PAs induced
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proline accumulation [41,49]. Proline is important compatible osmolyte that maintains turgor, stabilizes
cell molecular structure, and acts as a source of energy and nitrogen under various stress conditions [41].
It is still unknown how the accumulation of cryoprotectors such as proline is impacted by PAs in plant
tissues and, thus, influences frost resistance. Different studies indicate that the cell membrane systems
of the cell are the primary site of freezing injury in plants and it reflects on cell permeability [50–52].
Freezing injury causes the altered physical and chemical composition of cell membranes and the
activity of transport enzymes [53]. The activities of the cell membrane ATPases are dependent upon the
status of the membranes as influenced by temperature [54]. The physical and chemical properties of
membranes can be modified by PAs, which are polycationic molecules and can bind to the phospholipid
site of the cell membrane to change their stability and improve cold resistance [55]. Such membrane
fluidity modification could affect the activity of H+-ATPase located at the plasma membrane. However,
it is still not fully understood how PAs regulate stress responses. To find out how PAs affect plant
response to low temperature for increasing plant plasticity, it is crucial to investigate the physiological
traits plants employ for tolerating cold stress. Different plant species respond differently to cold during
hardening. In order to solve the problems of acclimation (preparation for wintering) and wintering
under difficult (harsh) and varying meteorological conditions, it is appropriate to search for an effective
tool to control these processes and adapt to temperate climate conditions.

We hypothesized that foliar application of PAs would change physiological traits of winter oilseed
rape occurring after induced acclimation and increasing cold stress. A simulation model of harshening
conditions of autumn–winter cold acclimation (4 ◦C) and increasing cold (from −1 to −3 ◦C), was used
to assess undergoing physiological symptoms. The recorded traits included the percentage of survival,
H+-ATPase activity, proline metabolism, and ethylene emission.

The aim of this study was to test the role of exogenously applied PAs (Spd, Spm, and Put) in
mitigating adversities of increasing cold stress and to assess the effect on physiological traits of cold
response in winter oilseed rape.

2. Results

2.1. Survival

The effect of each individual exogenous PA Spd, Spm, and Put (1 mM) on survival of non-acclimated
(N) and acclimated (A) winter oilseed rape seedlings was assessed under simulated winter conditions
(increasing cold from −1 to −3 ◦C, two days). Tested substances improved the resistance to increasing
cold in N rape seedlings of both cultivars up to 27% (Figure 1). The strongest effect was characterized by
Put. The number of surviving A cv. ‘Cult’ plants was significantly higher after Put and Spd treatment,
when compared to control plants, and remained at one hundred percent. For A more sensitive to cold
cv. ‘Hornet’ plants, significant differences were found in Put-treated plants, where Put application
increased the survival up to 12%. Summing up, application of PAs increased the frost resistance both
in N and A winter oilseed rape plants.



Plants 2020, 9, 179 4 of 16

Plants 2020, 9, x FOR PEER REVIEW 4 of 16 

 

 
Figure 1. The effect of polyamine (PA) application, cold acclimation (4 °C, 4 days), and increasing cold 
treatment (from –1 to –3 °C, 2 days) on winter oilseed rape survival. Error bars represent the standard 
deviation of the mean. Control, Spd, Spm, and Put indicate the type of application (spermidine, 
spermine, and putrescine, respectively). Capital letters N and A indicate non-acclimation and 
acclimation, respectively. Different lowercase letters indicate statistically significant difference (P < 
0.05). 

2.2. H+-ATPase Activity 

No significant changes in H+-ATPase activity were found in N plants of both cultivars four days 
after foliar PA application. In the case of A plants, the H+-ATPase activity of the control plants was 
significantly lower than the activity of Spd-treated cv. ‘Cult’ (by 20%) and Put-treated cv. ‘Hornet’ 
(by 23%) plants. 

After the first day of exposure to frost (–1 °C), H+-ATPase activity in N Spd- and Put-treated 
plants of cv. ‘Cult’ and Spd-treated cv. ‘Hornet’ plants was significantly higher when compared to 
control plants (Figure 2). 

 

Figure 1. The effect of polyamine (PA) application, cold acclimation (4 ◦C, 4 days), and increasing
cold treatment (from −1 to −3 ◦C, 2 days) on winter oilseed rape survival. Error bars represent
the standard deviation of the mean. Control, Spd, Spm, and Put indicate the type of application
(spermidine, spermine, and putrescine, respectively). Capital letters N and A indicate non-acclimation
and acclimation, respectively. Different lowercase letters indicate statistically significant difference
(p < 0.05).

2.2. H+-ATPase Activity

No significant changes in H+-ATPase activity were found in N plants of both cultivars four days
after foliar PA application. In the case of A plants, the H+-ATPase activity of the control plants was
significantly lower than the activity of Spd-treated cv. ‘Cult’ (by 20%) and Put-treated cv. ‘Hornet’
(by 23%) plants.

After the first day of exposure to frost (−1 ◦C), H+-ATPase activity in N Spd- and Put-treated
plants of cv. ‘Cult’ and Spd-treated cv. ‘Hornet’ plants was significantly higher when compared to
control plants (Figure 2).
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(from –1 to –3 °C, 2 days) on winter oilseed rape H+-ATPase activity. Error bars represent the standard 
deviation of the mean. Control, Spd, Spm, and Put indicate the type of application. Capital letters N 
and A indicate non-acclimation and acclimation, respectively. Different lowercase letters indicate 
statistically significant difference (P < 0.05). 

After the second day of increasing cold stress, the activity of this enzyme was significantly higher 
in Put-treated N cv. ‘Cult’ plants when compared to control plants. 

Overall, the increasing cold treatment conditions (from –1 to –3 °C, two days) resulted in reduced 
H+-ATPase activity in all tested variants. H+-ATPase activity decreased by 85% in N control plants. In 
PA-treated N plants this change was smaller (69%–84%). Acclimated control plants of both cultivars 
lost 62%–68% of this enzyme activity under the effect of increasing cold. In plants affected by Spm, it 
decreased by 57%–61% during increasing cold stress, and by 41%–45% in plants affected by Spd and 
Put. 

The obtained results showed that under increasing cold stress conditions the decrease of H+-
ATPase activity both in N and A control plants was more intensive than that of PA-treated plants. 
Thus, the activity of H+-ATPase was more stable in plants treated with PAs under increasing cold 
conditions. 
  

Figure 2. The effect of PA application, cold acclimation (4 ◦C, 4 days), and increasing cold treatment
(from −1 to −3 ◦C, 2 days) on winter oilseed rape H+-ATPase activity. Error bars represent the standard
deviation of the mean. Control, Spd, Spm, and Put indicate the type of application. Capital letters
N and A indicate non-acclimation and acclimation, respectively. Different lowercase letters indicate
statistically significant difference (p < 0.05).

After the second day of increasing cold stress, the activity of this enzyme was significantly higher
in Put-treated N cv. ‘Cult’ plants when compared to control plants.

Overall, the increasing cold treatment conditions (from −1 to −3 ◦C, two days) resulted in reduced
H+-ATPase activity in all tested variants. H+-ATPase activity decreased by 85% in N control plants.
In PA-treated N plants this change was smaller (69–84%). Acclimated control plants of both cultivars
lost 62–68% of this enzyme activity under the effect of increasing cold. In plants affected by Spm,
it decreased by 57–61% during increasing cold stress, and by 41–45% in plants affected by Spd and Put.

The obtained results showed that under increasing cold stress conditions the decrease of H+-ATPase
activity both in N and A control plants was more intensive than that of PA-treated plants. Thus, the
activity of H+-ATPase was more stable in plants treated with PAs under increasing cold conditions.
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2.3. Proline Accumulation

Our research data presented in Figure 3 showed how the proline content changed in the A and N
winter oilseed rape leaves of the cvs ‘Cult’ and ‘Hornet’ treated with PAs and increasing cold stress.
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of proline when compared to control. No significant differences were found in the rest of treatments. 
PA-treated and cold-acclimated (four days at 4 °C) plants accumulated at least 15-fold higher levels 
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A plants of both cvs under the effect of Spd and Put. 
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Figure 3. The effect of PA application, cold acclimation (4 ◦C, 4 days), and increasing cold treatment
(from −1 to −3 ◦C, 2 days) on winter oilseed rape proline accumulation. Error bars represent the
standard deviation of the mean. Control, Spd, Spm, and Put indicate the type of application. Capital
letters N and A indicate non-acclimation and acclimation, respectively. Different lowercase letters
indicate statistically significant difference (p < 0.05).

PAs application affected the accumulation of proline both in A and N winter oilseed rape seedlings
(Figure 3). The lowest proline concentration four days after PAs application was found in the N plants
of both cultivars. Put treated N cv. ‘Cult’ plants accumulated significantly higher content of proline
when compared to control. No significant differences were found in the rest of treatments. PA-treated
and cold-acclimated (four days at 4 ◦C) plants accumulated at least 15-fold higher levels of proline.
Significant differences four days after PAs application were identified in the leaves of the A plants of
both cvs under the effect of Spd and Put.

Increasing cold promoted proline accumulation in all tested variants. Intensified proline
accumulation was detected in plants treated with PAs. Under the influence of Put, the proline
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content increased the most—by 23–38%. Spd treatment resulted in 14–21% and Spm in 4–9% proline
content increase compared to control plants.

Under increasing cold conditions, proline levels increased 4.2–6.6-fold in N control plants, 6–10-fold
in PA-treated, 1.4-fold in control, and 1.5–2-fold in PA-treated A plants. Despite that, under increasing
cold PA applications significantly increased proline levels in N plants; however, they did not reach the
proline levels of A plants.

2.4. Ethylene Emissions

After evaluating the influence of exogenous PAs on the ethylene emission of A and N winter oilseed
rape leaves, we found that during the increasing cold treatment, ethylene emissions in PA-affected A
plants were less intense or close to the control (Figure 4). Significantly higher ethylene emission four
days after PAs application was observed in Spd- and Spm-treated both N and A plants of cv. ‘Cult’
and PA-treated A cv. ‘Hornet’ plants as compared to control.
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cv. ‘Hornet’ plants (81%, 46% and 81%, respectively). For A plants, significant differences from 

Figure 4. The effect of PA application, cold acclimation (4 ◦C, 4 days), and increasing cold treatment
(from −1 to −3 ◦C, 2 days) on winter oilseed rape ethylene emission levels. Error bars represent the
standard deviation of the mean. Control, Spd, Spm, and Put indicate the type of application. Capital
letters N and A indicate non-acclimation and acclimation, respectively. Different lowercase letters
indicate statistically significant difference (p < 0.05).

The first day of N plants exposure to cold (−1 ◦C) showed that the emission of ethylene was
lower in PA-treated plants compared to control. Significant differences from control plants were found
in Spm- and Put-treated cv. ‘Cult’ (28% and 24%, respectively) and Spd-, Spm- and Put-treated cv.
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‘Hornet’ plants (81%, 46% and 81%, respectively). For A plants, significant differences from control
plants were found in Put-treated cv. ‘Cult’ (54%) and in Spd- and Put-treated cv. ‘Hornet’ plants
(42% and 38%, respectively).

The emission of ethylene of N control plants was lower than that of PA-affected plants after
exposure to the frost (−3 ◦C). The increase percentages of ethylene emissions in cv. ‘Cult’ were 95%,
43%, and 197%, and of cv. ‘Hornet’ were 215%, 126%, and 175%. The ethylene emission of PA-treated
A plants was lower than that of the control plants. Significant differences were determined in the
Spd- and Put-treated plants of both cultivars. The percentages for cv. ‘Cult’ were 27% and 42%, and
for cv. ‘Hornet’, 27% and 31%, respectively.

Overall, PA application resulted in modified winter oilseed rape ethylene emission levels under
increasing cold treatment. PAs treatment reduced the ethylene emission of N plants compared to
control after the first day of cold (−1 ◦C) and increased it after the second day of exposure to increasing
cold (−3 ◦C), when compared to control plants. For A plants, application of PAs resulted in lower
ethylene emissions than in control plants under increasing cold conditions.

3. Discussion

Low temperature negatively affects plant growth, development, and survival [11,16,56].
Exogenous application of physiologically active substances can enhance stress resistance of
plants [13,57,58]. In order to improve stress tolerance in crops, different strategies such as foliar
application of plant growth regulators, osmoprotectants, and organic and inorganic nutrients have
been employed. A number of studies suggest that application of PAs has a positive effect on different
abiotic stress tolerance in plants [37,59,60]. However, there is different viewpoint on the relationship
between PAs and plant chilling stress [61].

The current study showed that each individual PA (Spd, Spm, and Put) application at a
concentration of 1 mM maintained up to 27% higher levels of N winter oilseed rape survival
after the increasing frost (from −1 to −3 ◦C, two days). The highest rates were determined in Put
treated N plants compared to controls of both cultivars with different cold resistance, and the strongest
effect was on cold sensitive cv. ‘Hornet’ plant recovery. Thus, the use of PAs increased the winter
oilseed rape survival rate. So, these results suggest that PAs take part in winter oilseed rape frost
tolerance regulation. This is in agreement with other studies showing alleviation of chilling stress
(6 ◦C) by Put in Anthurium andraeanum [62] and the increase of cold tolerance in stevia plants by PA
supplementation [36]. Despite that, PA application determined a higher survival rate of N oilseed rape
under increasing frost conditions, yet the rates of survival of PA-treated plants did not reach the level
of A plants. So, the combination of acclimation and PA application resulted in significantly higher rates
of survival after the increasing frost. In general, the PAs could protect winter oilseed rape cultivation
from the negative impact of increasing cold, especially in the case of a sudden fall of temperature from
positive to negative.

Cold tolerance depends on the capability of tissues to accommodate extracellular freezing and
survive the accompanying dehydration stress and protect cells from damage by metabolites having
osmolyte–cryoprotectant properties [11,35,51,56]. Under cold stress, plants accumulate metabolites,
e.g., amino acids such as proline [15]. Proline is an important compatible osmolyte, which maintains
turgor, stabilizes cell molecular structure, and acts as a source of energy and nitrogen under various
stress conditions [41]. The current study on winter oilseed rape showed that cold treatments promoted
proline accumulation in all tested variants. It is suggested that exogenous application of PAs may
act as a substrate for proline biosynthesis [1]. In our study, Put-treated N cold-tolerant cv. ‘Cult’
plants accumulated much higher levels of proline when compared to controls (Figure 3). This data
supports the findings of Sun and co-authors [62], showing that Put application enhances proline
accumulation and alleviates chilling stress (6 ◦C) in Anthurium andraeanum. No significant differences
were found in the rest of treatments (N plants). Significant differences were identified in the leaves
of Spd- and Put-treated A plants of both cultivars. Under the influence of Put, the proline content
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increased the most, by 23–38%. Spd treatment resulted in 14–21%, and Spm in 4–9% proline content
increase compared to control plants. We confirmed recent studies that exogenous growth regulators
can influence the accumulation of proline in plants [10,32]. Furthermore, some reports have indicated
that exogenous PAs induced proline accumulation [41,49]. The data of this research showed that foliar
application of PAs resulted in intensified proline accumulation in N and A plants under increasing
cold (from −1 ◦C to −3 ◦C). Under increasing cold conditions, proline levels increased 4.2–6.6-fold in N
control plants, 6–10-fold in PA-treated, 1.4-fold in control, and 1.5–2-fold in PA-treated A plants. So,
exogenous application of PAs resulted in higher content of proline in both cultivars under increasingly
cold conditions. The highest rates of proline were noted in Put-treated plants. Although exposure
of N plant to PAs resulted in an increase in proline content during increasing cold stress, it did not
reach proline accumulation in untreated A plants. Proline accumulation during acclimation occurs
more intensively than under cold stress conditions. Despite that, under cold stress PAs applications
significantly increased proline levels in N plants; however, they did not reach the proline levels of A
plants. Thus, bearing this in mind, it can be suggested that foliar application of PAs has an acclimating
effect on winter oilseed rape plants, and it can be used for protection against frost in their cultivation.

Under stress conditions, the phytohormone ethylene causes growth inhibition, regulates a defense
response mostly in full-grown leaves, and a growth response in young leaves [2,25]. It has been observed
that concentrations of the plant hormone ethylene under cold/freezing stress conditions depend on
plant sensitivity and the growth conditions [63–66]. Under low temperature, ethylene emissions
increase in grapevine, tobacco, tomato, and winter rye [2,11,28], while they decrease in cold-treated
Arabidopsis [25]. In non-acclimated winter oilseed rape, emissions have been shown to increase, while
they are more stable in acclimated plants [16]. What is more, the increased ethylene level under low
temperature is thought to be a sign of damage in sensitive plants [24–26]. Several studies have shown
that the accumulation of ethylene can be influenced by plant resistance increasing substances [10,46].
Additionally, ethylene production in fruits has previously been shown to be inhibited by applications of
PAs and having controversial effects on a number of physiological processes [46,47]. There is increasing
evidence that PAs, whether applied exogenously, can positively affect plant growth, productivity, and
heat as well drought stress tolerance [37], but there is no data on how they can affect ethylene emission
in cold and freezing conditions. The current study on winter oilseed rape showed that foliar application
of PAs (Spm, Spd, and Put) changed winter oilseed rape ethylene emission levels under cold conditions.
The acclimation (four days at 4 ◦C) and increasing cold (from −1 to −3 ◦C) treatment modified the
levels of ethylene both in PA-non-treated (control) and PA-treated plants (Figure 4). PA treatment
reduced the rapid ethylene emission of N plants after the first day of cold (−1 ◦C) and increased it
after the second day of exposure to increasing cold (−3 ◦C) compared to control plants. Significant
differences were found in Spm- and Put-treated cv. ‘Cult’ and Spd-, Spm-, and Put-treated cv. ‘Hornet’
plants as compared to control plants. In this case the ethylene emission remained more stable under
increasing cold conditions. This tendency was more evident for A plants; application of PAs resulted
in lower than in control plants ethylene emissions under cold stress. Significant differences were found
in Put-treated cv. ‘Cult’ and in Spd-, Spm-, and Put-treated cv. ‘Hornet’ plants as compared to controls.
Exposure to the frost (−3 ◦C) increased the ethylene emissions of N and PA-treated plants as compared
to control plants. Differently, ethylene emissions of A and PA-treated plants were lower than those of
control plants. Significant differences were determined in Spd- and Put-treated plants of both cultivars.
So, A and PA-treated plants maintained more stable ethylene emission levels under increasing cold
stress. It is important to note that along with this, PAs (Put, Spd, and Spm) increased the survival rate
of N winter oilseed rape by 7–27% under increasing frost (from −1 to −3 ◦C, two days) treatment, and
Put showed the strongest effect. We assume that PA treatment delayed the rise in ethylene emissions,
thus increasing winter oilseed rape plasticity in response to cold stress.

The cell membrane is considered to be the first possible target of cold. Different studies have
indicated that the membrane systems of the cell are the primary sites of freezing injury in plants [20,51,52].
Cold disrupts the membrane and disturbs its activity. In our study, the increasing cold treatment
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(from −1 to −3 ◦C, two days) resulted in reduced H+-ATPase activity in the A and N winter oilseed
rape seedlings; earlier, we found that under the increasing cold to −7 ◦C, the activity of this enzyme
decreased more than two-fold [16]. PAs are known as polycations that interact with cell membrane
phospholipids and significantly influence membrane stability, prevent cytolysis, and improve cold
resistance [37,55]. We tested PA impact on H+-ATPase activity of winter oilseed rape cell membranes
and revealed H+-ATPase activity to be higher in the PA-treated seedlings after cold exposure than
in the control plants. After the exposure to frost, H+-ATPase activity in N PA-treated plants was
significantly higher when compared to control plants (Figure 2). In the case of A plants, the H+-ATPase
activity of the control plants was significantly lower than the activity of Spd-treated cv. ‘Cult’ (by 20%)
and Put-treated cv. ‘Hornet’ (by 23%) plants.

The obtained results may highlight the mode of action of exogenous PAs in winter oilseed rape.
The foliar application of 1 mM PAs (Spd, Spm, and Put) could help plants to invert the adverse effects
of cold stress, and might play a key role in providing tolerance in plants through modulating the
proline, ethylene content, and H+-ATPase activity in winter oilseed rape, thereby increasing survival.
The data of the current study on winter oilseed rape revealed that foliar application of PAs may activate
a defensive response (act as elicitor to trigger physiological processes), which may compensate the
negative impact of cold stress. Generally, PAs can be used as cold stress protective compounds for
winter oilseed rape cultivation in temperate climate regions.

4. Materials and Methods

4.1. Plant Material and Cultivation Conditions

This experiment was carried out under controlled conditions in the laboratory. Open-pollinated
cv. ‘Cult’ (medium-early, bred in Sweden) and hybrid ‘Hornet’ (early, bred in Germany) were used
in the experiment. Seeds of winter oilseed rape cultivars with different cold tolerance were supplied
by the Lithuanian Seeding Association. The seeds were cultivated in plastic cube pots of 10 cm edge
length. Each pot contained nine plants. The substrate used in the pots (pH 5.5–6.5) was composed of
garden compost and peat moss (1:1 v/v) purchased in the store. Substrate was irrigated using a tap
water. No fertilizer was used in this study.

Plants were cultivated for 22 days (Figure 5) until the 3–4 fully expanded leaves stage, BBCH
13–14 [67] in a conditioned growth chamber Climacell (MMM Medcenter Einrichtungen GmbH). The
21 ± 1 ◦C temperature, photoperiod of 16/8 h day/night, and 60 µmol m−2 s−1 cool white fluorescent
light photon flux at the soil level were set. Subsequent experimental treatments were performed under
the same illumination.
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4.2. Application of PAs

For the preventive effect assessment, pots with seedlings were divided into four groups and
labelled as control, Spd, Spm, and Put. Each group consisted of 24 pots with 9 plants in each pot. PA
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concentration used in this study was chosen based on the other studies [47]. Three groups were foliarly
treated with 1 mM water solutions of different types of PAs, namely Spd, Spm, and Put (Sigma). Each
group of pots was sprayed with 50 mL of tested PA using a hand sprayer. Control plants were sprayed
with the same volume of distilled water. Plants were air-dried for 1 h at a temperature of 21 ± 1 ◦C and
then subjected to temperature treatments.

4.3. Temperature Treatments

4.3.1. Cold Acclimation Treatment

Following PAs application, the four-day-long cold acclimation treatment was performed (Figure 5).
In order to obtain N and A plants, each of four groups (control, Spd, Spm, and Put) was divided into
two subgroups. One subgroup of plants continued growing under previous conditions at 21 ± 1 ◦C
temperature (N plants); another subgroup was transferred to acclimating conditions at a constant
temperature of 4 ± 1 ◦C (A plants).

4.3.2. Increasing Cold Treatment

A two-day-long increasing cold (from −1 to −3 ◦C) treatment was performed during 27–28th
experimental days (Figure 5). Both N and A plants were transferred to Friocell (MMM Medcenter
Einrichtungen GmbH) cooling incubators. Then the temperature was gradually lowered by 2 ◦C h−1

until −1 ◦C was reached. On the second day of the treatment the temperature was reduced by the
same rate to −3 ◦C (Figure 5).

4.4. Sampling

The fully expanded leaf blades were collected for assays at the following stages: after cold
acclimation and each day of the increasing cold treatment. Freshly harvested samples were used for
ethylene emission analysis. Samples collected for H+-ATPase activity and proline assays were quickly
placed in liquid nitrogen and stored in an ultra-low freezer (Skadi Green line) at −80 ◦C.

4.5. Determination of Plant Survival

The test of survival of plants after cold acclimation and each day of the increasing cold treatment
was performed in Climacell plant growing chamber. Pots with cold treated plants were transferred
to initial growing conditions (21 ◦C). Plants in each pot were estimated as dead or living after a
10-day-recovery period [3]. Plant survival was presented as a percentage of recovered plants.

4.6. Extraction and Activity Assay of H+-ATPase

The differential centrifugation technique was used to extract membrane fractions [21]. Plant
material (2.5 g) was homogenized by soft grinding in a previously chilled mortar for 2 min with 1 mL of
cold (4 ◦C) extraction buffer (pH 7.8) containing 1.05 M Tris-HCl (Chempur), 35 mM EDTA (Lachema),
875 mM saccharose (POCH S.A.), and 14 mM DTT (Reanal).

Cotton cloth was used to filter the homogenate. The filtrate was centrifuged for 5 min at 4500× g
and then for 20 min at 18,000× g (centrifuge MPW-351 R). The obtained supernatant was centrifuged
for 1 h at 92,200× g (centrifuge Thermo Scientific Sorvall WX 100 Ultra, Waltham, MA, USA). The
sedimented membrane fraction was collected, resuspended in 1.2 mL of 5 mM Tris–MES (Calbiochem)
buffer (pH 7.2), and homogenized in glass potter. The content of H+-ATPase (protein) in membrane
fraction was evaluated spectrophotometrically at 595 nm wavelength (Analytik Jena SPECORD®210
PLUS, Jena, Germany) using a Bradford protein assay [68]. Bovine serum albumin (Sigma) was used as
a standard. Resuspended membrane fractions with different protein concentrations were calibrated to
the appropriate protein concentration by dilution with 1 mM Tris–MES buffer (pH 7.2). The activity of
H+-ATPase in membrane enriched fractions was evaluated by the release of inorganic phosphate (Pi),
which accumulates due to ATP hydrolysis. The reaction was started by adding 150 µL of membrane
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suspension (5–20 µg protein) to the medium with the following composition: 3 mM ATP, 3 mM MgSO4,
50 mM KCl, and 30 mM Tris–MES (pH 7.2). After 30 min incubation at 37 ◦C the reaction was stopped
by the addition of cooled trichloracetic acid to a final concentration of 3%. Pi color reaction with
ammonium molybdate and stannous chloride was used. Absorbance was read at 750 nm. The activity
of H+-ATPase was expressed in µmol Pi produced per hour per mg of protein.

4.7. Determination of Proline Content

A color reaction of acidified ninhydrin [69] was used to determine the content of proline. The
plant material (0.5 g) was grinded in a previously chilled mortar and pestle for 2 min with 10 mL of 3%
sulphosalicylic acid (Roth) and extracted at 4 ◦C for 14 h. Subsequently, extracts were centrifuged at
700× g (centrifuge MPW–351 R) for 20 min. Acidified ninhydrin solution was prepared by dissolving
ninhydrin (1.25 g) (Roth) in glacial acetic acid (30 mL) (Roth) and 6 M phosphoric acid (20 mL)
(SIGMA-ALDRICH Chemie GmbH) by warming and shaking until dissolved. The equal volume
of supernatant, acetic acid, and acidified ninhydrin was mixed and heated for 1 h at 100 ◦C in a
heater BLOCKTHERMOSTAT BT 200 (Kleinfeld Labortechnik, Gehrden, Germany). Tubes with hot
samples were transferred into an ice bath and chilled for 15 min. Then, the formed chromophore
was extracted with toluene (Roth) by vigorous shaking and incubation in the dark for 1 h. The
absorbance was read spectrophotometrically at 520 nm using a multi sample quartz cuvette (Hellma)
and Rainbow microplate reader (SLT Labinstruments, Rendsburg-Eckernförde, Germany). Toluene
was used as a blank. The corresponding content of proline was determined using the standard curve
of known L-proline (Roth) concentrations. Calculations were provided using the SLT programme
(SLT Labinstruments, Salzburg, Austria). Results were expressed as µmol of proline per g of fresh mass.

4.8. Ethylene Emission Assay

A slightly modified method of Child et al. [70] was used to evaluate ethylene emission from
leaves. Leaf samples were weighed, placed in 40 mL volume glass vials, and sealed with PTFE/Si septa
(Agilent technologies). After 24 hours of incubation at 21 ± 1 ◦C in the dark, 1 mL of sample gas was
manually sampled from each vial using a gas-tight syringe (Agilent Technology, Santa Clara, CA, USA)
and injected into a gas chromatograph (Thermo Scientific* FOCUS GC, Waltham, MA, USA) supplied
with a stainless-steel column (matrix 80/100 Thermo Scientific* PROPAC R, Waltham, MA, USA) and
hydrogen flame ionization detector. The 110, 90, and 150 ◦C temperatures were set for the injector,
column and detector, respectively. The carrier gas was helium (AGA). Calibration was performed
using ethylene (Messer) as a standard. Results were expressed as nanoliter of ethylene per g of fresh
mass per hour.

4.9. Statistical Analysis

This experiment was performed three times. The analyses of the plant material were performed
in four replicates. The results were expressed as mean ± standard deviation. The normality of the data
was tested using the Shapiro–Wilk test. The data were subjected to the analysis of variance (ANOVA).
The multiple comparisons for mean values were performed by the Tukey HSD post hoc test. The
differences with p values of < 0.05 were considered to be significant.

5. Conclusions

Exogenous PA application improved cold resistance, maintained the activity of plasma membrane
H+-ATPase, increased the content of free proline, and delayed the stimulation of ethylene emission
under increasing cold. The results of the current study on winter oilseed rape revealed that foliar
application of PAs may activate defensive responses (act as elicitor to trigger physiological processes),
which may compensate for the negative impacts of cold stress. Cold tolerance can be enhanced by
PA treatment. PAs promoted proline accumulation in the leaves of both A and N winter oilseed rape
after exposure to increasing cold stress from −1 to −3 ◦C. The effect of PAs was more pronounced in A



Plants 2020, 9, 179 13 of 16

than in N plants. Application of PAs resulted in lower ethylene emissions in plants under cold stress.
The combination of acclimation and PA application resulted in significantly higher rates of survival
after the increasing frost. The tested substances improved by up to 27% the survival rate of the N rape
seedlings. This shows that PAs take part in winter oilseed rape frost tolerance regulation.
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supply of winter oilseed rape seeds, and V. Ptašekienė for linguistic assistance. We also thank the staff of the
Laboratory of Plant Physiology of the Nature Research Center for support and help provided.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, J.H.; Kitashiba, H.; Wang, J.; Ban, Y.; Moriguchi, T. Polyamines and their ability to provide environmental
stress tolerance to plants. Plant Biotechnol. 2007, 24, 117–126. [CrossRef]

2. Zhang, Z.; Huang, R. Enhanced tolerance to freezing in tobacco and tomato overexpressing transcription
factor TERF2/LeERF2 is modulated by ethylene biosynthesis. Plant Mol. Biol. 2010, 73, 241–249. [CrossRef]
[PubMed]

3. Fiebelkorn, D.; Rahman, M. Development of a protocol for frost-tolerance evaluation in rapeseed/canola
(Brassica napus L.). Crop J. 2016, 4, 147–152. [CrossRef]

4. Kidokoro, S.; Yoneda, K.; Takasaki, H.; Takahashi, F.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Different
cold-signaling pathways function in the responses to rapid and gradual decreases in temperature. Plant Cell
2017, 29, 760–774. [CrossRef] [PubMed]

5. McClinchey, S.L.; Kott, L.S. Production of mutants with high cold tolerance in spring canola (Brassica napus).
Euphytica 2008, 162, 51–67. [CrossRef]
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14. Jakienė, E. The effect of the microelement fertilizers and bio-logical preparation Terra Sorb Foliar on spring
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32. Gavelienė, V.; Pakalniškytė, L.; Novickienė, L.; Balčiauskas, L. Effect of biostimulants on cold resistance
and productivity formation in winter rapeseed and winter wheat. Ir. J. Agric. Food Res. 2018, 57, 71–83.
[CrossRef]

33. Todorova, D.; Sergiev, I.; Alexieva, V.; Karanov, E.; Smith, A.; Hall, M. Polyamine content in Arabidopsis
thaliana (L.) Heynh during recovery after low and high temperature treatments. Plant Growth Regul. 2007, 51,
185–191. [CrossRef]

34. Ebeed, H.T.; Hassan, N.M.; Aljarani, A.M. Exogenous applications of polyamines modulate drought responses
in wheat through osmolytes accumulation, increasing free polyamine levels and regulations of polyamine
biosynthetic genes. Plant Physiol. Biochem. 2017, 118, 438–448. [CrossRef] [PubMed]

35. Fariduddin, Q.; Varshney, P.; Yusuf, M.; Ahmad, A. Polyamines: Potent modulators of plant responses to
stress. J. Plant Interact. 2012, 8, 1–16. [CrossRef]

http://dx.doi.org/10.1016/j.envexpbot.2019.103801
http://dx.doi.org/10.1034/j.1399-3054.2003.1170208.x
http://dx.doi.org/10.1089/ars.2012.5074
http://dx.doi.org/10.1111/pce.12157
http://dx.doi.org/10.1093/treephys/26.6.783
http://dx.doi.org/10.1016/j.jplph.2007.07.009
http://dx.doi.org/10.5772/24121
http://dx.doi.org/10.1016/j.plaphy.2016.07.027
http://www.ncbi.nlm.nih.gov/pubmed/27497302
http://dx.doi.org/10.1139/x91-082
http://dx.doi.org/10.1105/tpc.112.098640
http://www.ncbi.nlm.nih.gov/pubmed/22706288
http://dx.doi.org/10.1093/aob/mcs259
http://dx.doi.org/10.1002/9781118889022.ch13
http://dx.doi.org/10.1104/pp.126.3.1232
http://dx.doi.org/10.1093/aobpla/plx025
http://dx.doi.org/10.3389/fpls.2016.02049
http://dx.doi.org/10.1515/ijafr-2018-0008
http://dx.doi.org/10.1007/s10725-006-9143-1
http://dx.doi.org/10.1016/j.plaphy.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28743037
http://dx.doi.org/10.1080/17429145.2012.716455


Plants 2020, 9, 179 15 of 16

36. Peynevandi, K.M.; Razavi, S.M.; Zahri, S. The ameliorating effects of polyamine supplement on physiological
and biochemical parameters of Stevia rebaudiana Bertoni under cold stress. Plant Prod. Sci. 2018, 21, 123–131.
[CrossRef]

37. Chen, D.; Shao, Q.; Yin, L.; Younis, A.; Zheng, B. Polyamine function in plants: Metabolism, regulation on
development, and roles in abiotic stress responses. Front. Plant Sci. 2019, 9, 1945. [CrossRef] [PubMed]

38. Kusano, T.; Berberich, T.; Tateda, C.; Takahashi, Y. Polyamines: Essential factors for growth and survival.
Planta 2008, 228, 367–381. [CrossRef]
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