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Summary: Polyamines are plant growth regulators distributed among all plant species. The 
major polyamines are diamine putrescine, triamine spermidine and tetraamine spermine. 
Polyamines are involved in a number of growth and developmental processes, as well as in 
plant responses to a variety of unfavorable factors. Polyamines can stabilize cell constituents 
and protect macromolecules from free radicals generated by adverse stress agents. Endogenous 
polyamines could contribute to plant stress tolerance as part of defense mechanisms or adaptation 
programs that help plant organism to cope with the negative stress consequences. The current 
review is focused on the latest investigations regarding the possibilities for exogenous polyamine 
application to increase plant tolerance and adaptation capacity to diverse abiotic impacts including 
mineral nutrient deficiency, salinity, water stress, heavy metal toxicity, low and high temperature 
stresses, UV irradiation, ozone, air pollutants and herbicides as well as to biotic stress factors 
such as infections with fungal, bacterial and viral pathogens and attacks by herbivorous insects. 
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1. Plant stress and polyamines
Abiotic and biotic stresses cause 

alterations in the normal physiological 
processes of all plant organisms, 
including the economically important 
crops. Independently of the type 
of stress, an increased production 
of reactive oxygen species (ROS) 
occurs in plants that alter their normal 
physiological functions, decrease the 
biosynthetic capacity of plant organisms, 
and cause damages which may lead to 
plant death (Ahmad et al., 2008; Gill 
and Tuteja, 2010b; Potters et al., 2010). 
The major targets of deleterious ROS 
action are the cellular macromolecules 
such as phospholipids, proteins, and 
nucleic acids. Plant organisms possess a 
complex antioxidant protective system 
which, in addition to its role to detoxify 
the excess of ROS generated during the 
normal functioning, is actively engaged 
to cope with destructive effects of the 
unfavorable environmental conditions.

A significant number of studies 
provided evidence that endogenous PAs 
also contribute to plant stress tolerance 
as a part of defense mechanisms or 
adaptation programs that help plants to 
mitigate the negative stress consequences 
of variety of abiotic stresses. Polyamines 
are organic nitrogen-containing 
compounds with low-molecular weight 
and straight-chain C3–C15 aliphatic 
structure which includes at least two 
primary amino groups and one or more 
internal imino groups (Edreva, 1996; 
Groppa and Benavides, 2008; Gill and 
Tuteja, 2010a). The triamine spermidine 
(Spd), tetraamine spermine (Spm), and 
their precursor the diamine putrescine 
(Put) are the major polyamines (PA) 
widespread in all plant species. 

Putrescine   
H2N(CH2)4NH2

Spermidine
 H2N(CH2)3NH(CH2)4NH2

Spermine  
H2N(CH2)3NH(CH2)4NH(CH2)3NH2

Under physiological pH conditions 
PAs are positively charged and are able 
to interact with other negatively charged 
organic molecules like phenolic acids, 
proteins, phospholipids or nucleic acids. 
Thus, PAs in higher plants are present in 
free, soluble conjugated and insoluble 
bound forms. The interaction with 
macromolecules and cell constituents 
permits PAs to contribute to a number 
of important growth and developmental 
processes in plants. Additionally, PAs act 
in concert with light and phytohormones 
and are considered as plant endogenous 
growth regulators with hormone-like 
features. Endogenous PAs possess 
free radical scavenging properties and 
antioxidant activity and may confer plant 
tolerance to different biotic and abiotic 
stresses (Groppa and Benavides, 2008; 
Gill and Tuteja, 2010a; Fariduddin et al., 
2013) like mineral nutrient deficiency 
(Wimalasekera et al., 2011; Takahashi et 
al., 2012), drought, salinity and osmotic 
stress (Todorova et al., 2008; Alcázar et 
al., 2011a; Alcazar et al., 2011b; Orsini 
et al., 2011; Hussain et al., 2011; Wang et 
al., 2011; Alet et al., 2012), heavy metal 
toxicity (Kuthanova et al., 2004), low 
and high temperature stress (Todorova et 
al., 2003; Todorova et al., 2007; Szalai et 
al., 2009; Kocsy et al., 2011), herbicides 
(Cuevas et al., 2004), UV-irradiance 
(Radyukina et al., 2010; Kondo et al., 



Exogenous polyamines and plant adaptation to stress 125

Genetics & Plant Physiology 2015 vol. 5(2)

2011; Katerova and Todorova 2009, 2011, 
2012,), and ozone stress (Iriti and Faoro, 
2009), as well as biotic stresses like fungal 
(Pal et al., 2011), viral (Edreva et al., 
2007; Kusano et al., 2008; Bassard et al., 
2010), and bacterial infection (Moschou 
et al., 2009; Gonzalez et al,. 2011). The 
investigations clearly demonstrate that 
endogenous PAs play a pivotal role in 
conferring plant stress tolerance and 
adaptation potential.

The importance of the problem, as 
well as the impact of plant stress on the 
physiological processes and productivity 
has drawn the attention of a number of 
investigators to study the possibilities for 
overcoming the stress consequences by 
using different substrates with various 
chemical nature and physiological 
action. Applied at low doses, they can 
activate cellular metabolism and increase 
the physiological activity of plants to 
mitigate the negative effects of a stressor. 
In the present review, the possibilities of 
exogenous PAs to increase plant tolerance 
and adaptation capacity to stress are 
discussed.

2. Possibilities for PAs application to 
alleviate stress injuries

Various metabolic pathways are 
targets of different stress factors (natural 
and anthropogenic). Generation of free 
radicals as a consequence of the stress 
action is the common physiological 
response of affected plants. An oxidative 
attack on membranes leads to fatty acid 
peroxidation, phospholipid deesterification 
and subsequent phospholipid 
degradation (Senaratna et al., 1988). The 
overproduction of ROS may also cause 
protein denaturation (Thomashow, 1999; 
Langridge et al., 2006). 

Polyamines are considered to act as 
free radical scavengers which protect 
plants against oxidative stress, Spm and 
Spd being frequently reported to be more 
effective in this respect than Put (Zheleva 
et al., 1994; Kurepa et al., 1998; Belle et 
al., 2004; Velikova et al., 2000; Groppa et 
al., 2001; Nasrin et al. 2012). In addition 
to their direct properties as free radical 
scavengers, PAs have also been reported 
to stabilize biological membranes, thus 
maintaining their structural integrity 
under stress conditions (Velikova et al., 
1998; Ndayiragije and Lutts, 2006).

2.1. Abiotic stress
2.1.1. Mineral nutrient deficiency

Since macro- and micronutrients 
are of paramount importance for normal 
plant growth and development, the 
insufficient mineral nutrition affects 
all physiological processes in plants. 
Tachimoto et al. (1992) showed that the 
growth of cultures of Lemna paucicostala 
6746 and Lemna gibba G3 under 
potassium deficiency was recovered to 
some extent when Put was added to the 
nutrient medium. Spermine treatment 
(10–5 M) substantially stimulated pollen 
tube growth and pollen germination 
in Helianthus annuus plants grown at 
deficiency of boron. Both physiological 
processes were forced within the first 15 
min after Spm addition to the germination 
medium for the incubation of pollen 
(Çetin et al. 2000). The possible mode 
of action of PAs during the development 
and germination of pollen grains 
describing the relation between mineral 
requirements and pollen germination 
hypothesizes that Spm might be able to 
interact and bind by its basic groups to 
the pollen membrane constituents. The 
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authors concluded that the cation bridges 
necessary for membrane integrity were 
reformed by Spm supply under boron 
deficiency conditions.

2.1.2. Salinity stress
Soil salinity is one of the main 

environmental factors that affect crop 
production in at least 20% of the irrigated 
agricultural land worldwide (Sudhur and 
Murthy, 2004). Salt stress causes initial 
water-deficit and ion-specific stresses 
resulting from changes in the K+/Na+ 
ratio. Thus, it leads to increased Na+ and 
Cl− concentrations that decrease plant 
growth and productivity by disrupting 
physiological processes (Shu et al., 2012). 
It has been demonstrated by several authors 
that foliar application of PAs may improve 
plant response to NaCl (Krishnamutry, 
1991; Lutts et al., 1996; Tang and Newton, 
2005; Zhang et. al., 2009a). Rahdari and 
Hoseini (2013) found that Spd and Put 
reduced the detrimental effects of salinity 
stress in wheat seedlings by decreasing the 
rate of chlorophyll and protein destruction 
in NaCl-stressed plants. Shu et. al. (2012) 
announced that exogenous application of 
Spd improved the photosynthetic capacity 
of salt stressed cucumber seedlings. 
According to the authors, the positive 
effect of exogenous Spd on photosynthesis 
may involve regulation of endogenous PA 
levels and stabilization of xanthophyll 
components that protect LHCII reaction 
centers against salinity induced oxidative 
damage. According to Nasrin et al. (2012), 
exogenous Spm exerted its protective 
effect on salt-stressed chamomile plants 
through NO-pathway since methylene 
blue, a known blocker of cyclic guanosine 
monophosphate signaling pathway, 
reduced the alleviating effect of Spd. 

Chattopadhayay et al. (2002) investigated 
the effects of exogenous Spm and 
Spd on physiological and biochemical 
characteristics of 12-day-old rice 
seedlings (salt-sensitive and salt-tolerant) 
subjected to salt stress. Application of Spd 
and Spm at physiological concentrations 
prevented salinity stress-induced leakage 
of electrolytes and amino acids from 
roots and shoots. To different degrees, 
they also prevented chlorophyll loss and 
inhibition of photochemical reactions of 
photosynthesis. The inhibitory effect of 
salinity and its reversal by exogenous PAs 
were more pronounced in salt sensitive 
rice plants. Zhao et al. (2007) found that 
Spd improved the K+/Na+ homeostasis in 
salt-stressed barley seedlings by restricting 
Na+ influx into roots and preventing K+ 
loss from shoots. Verma and Mishra 
(2005) also reported that Put reversed 
the salinity-induced reduction of seedling 
growth and biomass accumulation 
and increased O2

·−, H2O2 levels, MDA 
content and electrolyte leakage in leaf 
tissues of Brassica juncea. Duan et al. 
(2008) announced that exogenous Spd 
enhanced short-term salinity tolerance 
in Cucumis sativus roots. The ability of 
Spd to ameliorate the adverse effects of 
salinity in citrus rootstock Troyer citrange 
seedlings were shown in the work of 
Anjum (2011). Addition of Spd (0.1 or 0.5 
mM) to the saline nutrient solution and 
its weekly sprays (1 or 5 mM) on NaCl-
stressed plants increased leaf number, 
chlorophyll content, the Fv/Fm ratio, net 
photosynthetic rate, N content, as well 
as total Spd and Spm contents. On the 
other hand, this treatment reduced Na+ 
content of the plants. Amri et al. (2011) 
also confirmed the protective effect of 
foliar applied Spd and Put on salt stressed 
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pomegranate grown under greenhouse 
conditions. Recently Slathia et al. (2012, 
2013) presented that co-application of 
24-epibrassinolide and Put was more 
beneficial for NaCl stress mitigation in 
tomato (Lycopersicon esculentum L.) 
plants than the individual treatments. 
These findings have a huge agricultural 
importance with focus on NaCl stress 
amelioration using bio-friendly and cost 
effective strategies.

However, Ndayiragije and Lutts (2006) 
demonstrated that exogenous Spm or Spd 
added to the nutrient solution did not show 
a protective effect in the presence of salt in 
salt-sensitive rice cultivar. Moreover, in the 
PA-treated plants exposed to NaCl a strong 
increase in malondialdehyde content was 
induced which suggested a decrease in 
cell membrane stability. The increase in 
malondialdehyde amount was higher for 
Spm and Spd than for Put. The authors 
accepted the hypothesis of De Agazio and 
Zacchini (2001) who have proposed that 
exogenous Spm and Spd are oxidized by an 
apoplastic PA oxidase in maize roots, and 
the resulting H2O2 would then induce an 
oxidative stress acting on membranes and 
leading to MDA production. Nevertheless, 
Shi et al. (2013a) have shown that 
the pretreatment with exogenous PAs 
conferred increased salt- as well as 
drought-tolerances in bermudagrass. 
They performed comparative proteomic 
analysis of PA-mediated responses 
and identified 36 commonly regulated 
proteins by at least two types of PAs in 
bermudagrass, including 12 proteins 
with increased level, 20 proteins with 
decreased level and other 4 specifically 
expressed proteins. Additionally, proteins 
involved in electron transport and energy 
pathways were largely enriched along 

with nucleoside diphosphate kinase 
(NDPK) and three antioxidant enzymes 
which were extensively regulated by PAs. 
Accumulation of osmolytes was also 
observed after exogenous PA application, 
which is consistent with other proteomics 
results that several proteins implicated in 
carbon fixation pathway were mediated 
generally by PA pretreatment. The authors 
proposed that PAs could activate multiple 
pathways that enhance bermudagrass 
adaption to salt and drought stresses (Shi 
et al. 2013a). Their findings could be 
appropriate for genetically engineering 
of grasses and crops in order to improve 
stress tolerance.

2.1.3. Water stress
Drought is the major abiotic 

stress factor limiting crop productivity 
worldwide (Wang et al., 2003; Sharp et 
al., 2004; Shu et al., 2012). Several studies 
have shown that exogenous PA application 
leads to improved drought tolerance 
against the perturbation of biochemical 
processes (Yang et al., 2007; Alcázar 
et al., 2011b). Application of 0.1mM 
Spd increased drought resistance of two 
different tomato cultivars, the mitigating 
effects of exogenous Spd in the drought-
sensitive cultivars being greater than 
those in the drought-resistant cultivars 
(Zhang et al., 2010). Exogenous Spm 
application to pines under drought caused 
a decline in transpiration rates, enhanced 
photosynthesis and promoted osmotic 
adjustment, which would facilitate turgor 
maintenance (Anisul et al., 2003; Pang et 
al., 2007). Gupta and Gupta (2011) studied 
the field efficacy of exogenously applied 
Put in wheat under water-stress conditions. 
Put (at concentrations of 0.01, 0.1 and 1.0 
mM) was applied as seed treatment, as 
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one or two foliar sprays. All treatments 
enhanced plant height, leaf area, grain 
number, grain weight, grain yield and 
biological yield under normal as well as 
under water stress conditions. Todorov 
et al. (2000) investigated the effects of 
some synthetic amines on PEG-stressed 
maize plants and found their protective 
role in relation to growth, pigments, 
relative water content, transpiration 
rate, proline, malondialdehyde and H2O2 
levels, peroxidase and catalase activities. 
In an earlier study Todorov et al. (1998) 
compared the protective action of ABA, 
Put and the phenylurea cytokinin 4PU-
30 in the same model system and found 
that the three compounds regardless of 
their different chemical structure and 
plant growth regulating activity alleviated 
to some extent injuries provoked by 
drought stress. Farooq et al. (2009) 
evaluated the role of PAs in improving 
drought tolerance in fine grain aromatic 
rice (Oryza sativa L.). Put, Spm and Spd 
were used at 10 μM each as seed priming 
and foliar spray. Expectedly, the drought 
stress (by bringing the soil moisture down 
to 50% of field capacity by halting water 
supply) severely reduced the rice fresh 
and dry weights, while exogenous PAs 
improved net photosynthesis, water use 
efficiency, leaf water status, production 
of free proline, anthocyanins and soluble 
phenolics and improved membrane 
properties. The authors claimed that PA-
improved drought tolerance in terms of 
dry matter yield and net photosynthesis 
was associated with the maintenance of 
leaf water status and improved water 
use efficiency. Among the antioxidants, 
catalase activity was negatively related to 
H2O2 and membrane permeability, which 
indicated alleviation of oxidative damage 

on cellular membranes by PA application. 
Foliar application was more effective than 
seed priming, and among the PAs, Spm was 
the most effective in improving drought 
tolerance. Drought stress hampered rice 
performance principally by disrupting 
the plant-water relations and structure of 
biological membranes. Recently, Shi et al. 
(2013b) have stated that Spm pretreatment 
confers dehydration tolerance of citrus in 
vitro plants via modulation of antioxidative 
capacity and stomatal response. 

Flooding, excessive irrigation and 
soil compaction lead to oxygen deficiency 
in the plant root zone, thus causing 
hypoxia stress. Hypoxia is an important 
environmental factor that inhibits plant 
growth and yield (Shu et al., 2012). 
Exogenous PAs were found to alleviate 
hypoxia-induced injuries in cucumber 
plants (Wang et al., 2005). Yiu et al. (2009) 
reported that exogenous Put decreased 
the flooding-induced oxidative damages 
in Allium fistulosum by increasing the 
antioxidant capacity. All these findings 
suggest that PAs are able to decrease the 
severity of oxidative stress by moderating 
the free radical scavenging system.

2.1.4. Heavy metals
Heavy metals are directly implicated 

in the generation of oxidative stress. 
Cadmium is one of the major industrial 
pollutants showing phytotoxicity even at 
low concentrations. Copper is an essential 
element for plants, but it is strongly 
phytotoxic at high concentrations. Both 
metals induced oxidative damages 
in sunflower leaf discs, as evidenced 
by an increment in lipid peroxidation 
and a decrease in antioxidant enzymes 
(ascorbate peroxidase, gluthatione 
reductase and superoxide dismuthase). 
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Pretreatment with exogenously added 
PAs overcame to some extent the negative 
effects of the oxidative stress (Groppa 
et al., 2001). Zhao and Yang (2008) also 
reported that exogenous PAs alleviated 
the lipid peroxidation induced by Cd-
stress in Malus hupehensis. Protective 
effects of Spm and Spd against Cu stress 
were observed by Wang et al. (2007) in 
the aquatic plant Nymphides pellatum. 
Polyamine treatment reversed Cu-induced 
effects not only in relation to proline, 
soluble protein and H2O2 content, but also 
by increasing the levels of endogenous 
Spm, Spd and the (Spd+Spm)/Put ratio. 
Xu et al. (2011) studied the effects of 
exogenous Spd on the reactive oxygen 
species levels and polyamine metabolism 
under Cu stress in Alternanthera 
philoxeroides (Mart.) Griseb leaves. Cu 
treatment induced a marked accumulation 
of Cu, enhanced contents of MDA, H2O2 
and increased the generation rate of O2

·−. 
However, application of exogenous Spd 
effectively decreased H2O2 content and 
the generation rate of O2

·−, prevented Cu-
induced lipid peroxidation and reduced 
Cu accumulation. The results indicated 
that the application of exogenous Spd 
could enhance the tolerance of A. 
philoxeroides to Cu stress by reducing 
the reactive oxygen level and balancing 
polyamine metabolism. Stoeva et al. 
(2005) announced a protective effect of 
diethylenetriamine (DETA) on oxidative 
processes provoked by As in maize 
plants. DETA, applied 24 h prior to the 
As treatment, decreased considerably the 
lipid peroxidation level and the peroxidase 
itself in maize plants.

Chromium (Cr, III or VI) is not 
required by plants for their normal plant 
metabolic activities, but the excess of Cr in 

agricultural soils causes oxidative stress to 
many crops. The easy penetration of Cr in 
the human food chain has made it a potent 
carcinogen. Anthropogenic release of Cr 
from leather, electroplating, chromic acid 
production and refractory steel industries 
constitutes the main sources of Cr pollution 
(Shanker et al., 2005; Linos et al., 2011). 
Choudhary et al. (2012) demonstrated that 
co-application of epibrassinolide and Spd 
is more effective in alleviation of Cr stress 
in radish than their individual treatments. 
Improved Cr-stress mitigation with their 
co-application involved physiological and 
molecular interactions in a synergistic 
and/or additive manner. Therefore, 
these findings provide a unique and eco-
friendly strategy employing interplay 
of both compounds to overcome heavy 
metal stress, and abiotic stress in general, 
in radish. As it was shown above (Slathia 
et al., 2012, 2013), a similar combination 
was found to be highly effective in NaCl 
stress mitigation in tomato plants. 

Ding et al. (2012) studied the influence 
of exogenous Spd on ADC, ODC, PAO 
activities and PAs, and  proline contents 
in water hyacinth leaves under Hg stress. 
The authors found that Put content was 
augmented, while the contents of Spd and 
Spm and the (Spd+Spm)/Put ratio were 
reduced considerably with increasing Hg 
concentrations. Exogenous Spd (0.1mM) 
evidently reduced the augmentation of Put, 
amplified Spd and Spm content and the 
(Spd+Spm)/Put ratio as compared to the 
Hg treatment alone. This was accompanied 
by enhanced activities of ADC, ODC and 
PAO as well as increased proline content. 
The authors suggested that exogenously 
applied Spd could alleviate the negative 
effect of Hg on polyamine metabolism in 
water hyacinth leaves.
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2.1.5. Low and high temperature stress
Low temperature injuries have been 

also linked to oxidative stress events. Zhang 
et al. (2009b) reported that exogenous 
PAs can protect cucumber plants against 
the deteriorating action of free radicals 
induced by low temperature. Todorova et 
al. (2012) studied the protective effect of 
Spm, Spd, Put, 1,3-DAP and its synthetic 
analogue diethylenetriamine (DETA) on 
winter wheat plants. The foliar application 
of PAs retarded the destruction of 
chlorophyll, and lessened fresh weight 
losses due to freezing stress. DETA was 
most effective in all experiments followed 
by Spm. The authors concluded that the 
application of PAs to wheat plants could 
be a promising approach for improving 
plant growth under unfavourable 
conditions, including freezing stress. Put 
reduced cold-induced electrolyte leakage 
from primary leaves of wild-type and an 
ABA-deficient mutant (flacca) of tomato 
(Lycopersicon esculentum Mill.) (Kim 
et al., 2002). Çakmak and Atici (2009) 
studied the effects of Put, low temperature 
and their combinations on the activities 
of apoplastic antioxidant enzymes in the 
leaves of winter and spring wheat cultivars. 
Under control conditions, Put treatments 
were found to increase more efficiently 
the antioxidant enzyme activities in winter 
wheat than in spring wheat. Unexpectedly, 
under cold conditions, Put treatments 
induced enzyme activities in spring wheat 
but generally reduced those in winter 
wheat leaves. The authors concluded 
that Put might act as an agent inducing 
primary changes in the apoplastic 
antioxidant system of wheat leaves during 
reactive oxygen species-mediated injury 
caused by low temperature stress. Zhang 
et al. (2009b) used cucumber one chilling-

resistant cultivar and several sensitive ones 
to investigate the effects of exogenous 
PAs on protection against chilling injury. 
The authors found that pretreatment with 
Put and Spd diminished the increased 
electrolyte leakage and MDA content 
caused by chilling stress in the leaves of 
both cultivars. Put was shown to increase 
floral retention, pod set and seed yield in 
cold stressed chickpea (Nayyar, 2005). 
Mirdehghan et al. (2007) applied Put or 
Spd (1mM) under pressure-infiltration or 
immersion prior to cold storage in order 
to reduce chilling injury in pomegranate 
fruit stored at low temperature. Non-
treated fruit developed rapidly chilling 
injury manifested with the following 
main symptoms: skin browning, increased 
electrolyte leakage and weight loss. The 
authors observed losses of firmness and 
colour but an increased respiration rate 
during storage. They stated that all these 
changes were significantly delayed by 
PA-treatments. The reduction in severity 
of chilling injury was found to correlate 
with enhanced levels of free endogenous 
Put and Spd in the skin, which might 
promote acclimation of pomegranate to 
cold temperature and a mechanism of 
protection against chilling injury, with a net 
increase in shelf-life. Martinez-Tellez et 
al. (2002) also showed that the application 
of Spm, Spd and Put significantly reduced 
the chilling injury, ion leakage, and 
polygalacturonase activity in zucchini 
squash fruits stored for 12 days at +2oC. 
Jiang et al. (2012) investigated the effect 
of exogenously applied Put on two tomato 
cultivars differing in their sensitivity to 
suboptimal temperatures. Their results 
showed that Put effectively reduced the 
decline in net photosynthetic rate and 
chlorophyll content in leaves caused by 
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the temperature stress in both cultivars and 
stimulated an increase in organic osmolytes 
(proline and soluble sugar) contents and 
root 2,3,5-triphenyltetrazolium chloride 
(TTC)-reducing activity. Saeidnejad et al. 
(2012) examined the possibility of Spm 
application to improve chilling tolerance 
of maize under stress conditions. The 
authors established that the negative 
effects of stress on fresh and dry weight, 
relative water content, electrolyte leakage, 
and antioxidant defense enzymes were 
mitigated by Spm treatment. Accordingly, 
Abavisani et al. (2013) found that 
Put application into root nutrient or 
by spraying of leaves of dragonhead 
improved antioxidative properties (such 
as anthocyanin, flavonoids, phenolic 
compounds and POD enzyme activity) of 
plants grown under low temperature.

Heat stress is an agricultural problem 
occurring in many areas in the world. 
Throughout plant ontogeny, enhanced 
expression of a variety of heat shock 
proteins, other stress-related proteins and 
production of reactive oxygen species 
(ROS) constitute the major plant responses 
to heat stress.

The role of PAs in heat-shock 
protection of soybean seedlings by 
application of exogenous Put, Spm, and 
Spd and their biosynthetic inhibitors 
involving CHA (cyclohexylamine) and 
DFMO (D, L α-diflouromethylornithine) 
was investigated (Amooaghaie and 
Moghym , 2011). Application of PAs as a 
pre-treatment at 28°C for 2 h prior to heat-
shock (45°C for 2 h) enhanced the recovery 
growth of both roots and hypocotyls. 
Treatment with CHA and DFMO resulted 
in thermo sensitization, making seedlings 
vulnerable to heat-shock. Treatment with 
PAs plus inhibitors reduced the inhibitory 

effects and enhanced the growth recovery 
of seedlings. Application of PAs decreased 
electrolyte leakage and malondialdehyde 
from different tissue sections, suggesting 
protection of membrane integrity.

Bibi et al. (2007) succeeded to 
ameliorate high-temperature stress 
in cotton flowers through exogenous 
application of Put. Exogenous treatment 
increased the levels of endogenous Put 
in flowers and this was associated with 
increased seed set.

Tian et al. (2012) investigated whether 
the application of exogenous Spd could 
increase antioxidant activities, and thus 
elevate the heat tolerance of cucumber 
seedlings. After treatment with exogenous 
Spd, the activities of antioxidant enzymes 
(SOD, AscPOA, and CAT) were noticeably 
enhanced. The authors concluded that 
foliar spray with Spd effectively improved 
the total antioxidant ability of cucumber 
seedlings and, therefore, enhanced the 
tolerance of the plants to high temperature 
stress.

Cheng et al. (2012) investigated 
the effects of exogenous Spd and high 
temperature (HT) on transcriptional 
profiles of ripening tomato fruit. An 
Affymetrix tomato genome array was 
used to identify HT- or/and Spd-regulated 
genes. Many regulatory factors, ethylene-
related genes, PA biosynthesis genes, 
hormone pathways genes, and oxidation/
reduction genes exhibited regulation 
ability in response to Spd treatment. The 
authors concluded that Spd might alleviate 
the heat stress injury during tomato fruit 
ripening.

Recently, Sagor et al. (2013) reported 
that Spm protected Arabidopsis from heat 
stress-induced damage by increasing the 
expression of heat shock-related genes.
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2.1.6. UV-irradiance
The deleterious effects of UV 

radiation on the growth, productivity 
and photosynthesis of higher plants have 
been extensively studied (for a review see 
Jenkins, 2009). Data suggest that ROS are 
involved in the damages caused by UV 
radiation. Hajiboland and Ebrahimi (2011) 
found that application of PAs (0.5 mM, 2 
weeks) to the nutrient solution of tobacco 
plants mitigated the negative effects of 
UV-treatment (10 kJ m-1d-1). In addition, 
the authors discussed the significant role 
of proline in plant response to exogenous 
PAs and protection against UV radiation 
treatments. The authors suggested that 
exogenous PAs improved background 
protecting ability of photosynthetic 
membranes in UV-treated leaves via 
reduced H2O2 production and a rise of 
proline content.

Unal et al. (2008) indicated that 
external PAs might have some protective 
role on photosystem II (PSII) and 
membranes in Physcia semipinnata 
exposed to UV-A radiation and visible 
light. Samples treated with Spd had higher 
chlorophyll a content than samples treated 
with Spm and Put. The authors showed that 
samples with exogenous PAs decreased 
significantly lipid peroxidation levels 
as compared to UV-A-treated samples. 
Todorova et al. (2013) also showed that 
preliminary application of Spm protected 
pea plants against increased UV-C 
irradiation by maintaining normal plant 
growth, stabilizing cell membranes and 
activating non-enzymatic antioxidants.

2.1.7. Ozone and air pollutants
The most important air pollutants in 

terms of amount present in the atmosphere 
and harmful effects on plants are O3, SO2 

and NOx. SO2 and NOx are capable to form 
acidic compounds which are deposited as 
either dry or wet deposition (acid rain) 
(Hippeli and Elstner, 1996). Velikova 
et al. (1998, 2000) showed that acid 
rain strongly decreased photosynthetic 
rate, oxygen evolution, as well as PSII 
activity, induced lipid peroxidation and 
increased H2O2 level in bean plants. 
Pretreatment with Spd and Spm prevented 
these negative effects, the protection by 
Spm being more pronounced compared 
to Spd. The changes in the activity of 
antioxidant enzymes also contributed to 
their capability for detoxification of active 
oxygen species.

2.1.9. Herbicides
A lot of publications are focused 

on the protective effect of PAs against 
herbicide stress. One of the widely 
investigated herbicides is paraquat, a well 
known oxidative stress inducer through 
photosynthetically generated superoxide 
radicals (Calderbank, 1968). Spm, Spd 
and Put effectively counteracted the toxic 
effect of paraquat in Arabidopsis (wild 
type and late-flowering gi-3 mutant) 
(Kurepa et al., 1998), rice (Chang and Kao, 
1997) and sunflower leaf discs (Benavides 
et al., 2000).

Atrazine is a selective herbicide 
belonging to the group of PSII electron 
transport inhibitors, and its application 
provokes also oxidative damages in 
plants. Zheleva et al. (1994) demonstrated 
the protective action of exogenous 
PAs against atrazine. Pea plants treated 
with a combination of atrazine and 
Spm showed improved growth, gas 
exchange, chlorophyll content, and de 
novo protein synthesis than those treated 
with atrazine alone. Later, Sergiev et 
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al. (2000) confirmed the antidote effect 
of Spm in the same model system by 
studying the changes in some antioxidant 
enzymes and proline content. Stoynova 
et al. (1999) investigated the protective 
effect of Spm against atrazine at the 
ultrastructural level. It was shown that 
atrazine accelerated cell senescence by 
lipid peroxidation and loss of unsaturated 
fatty acids from thylakoid membranes of 
pea plants. Spm stabilized the molecular 
composition of the membranes by 
preventing lipid peroxidation and 
protected thylakoid system and structural 
integrity of chloroplasts. Spm treatment 
also contributed to the process of 
neutralization of free radicals in the 
peroxisomes.

2.2. Biotic stress
Biotic stress includes a number of 

plant-pathogen interactions as fungal, 
viral and bacterial infections, aphid and 
insect invasions and wounding, etc. 
(Öktem et al., 2008). Most of higher 
plants induce various defense responses 
which include suicide of the attacked host 
cells (hypersensitive response, HR); the 
production of antimicrobial secondary 
metabolites (phytoalexins); the production 
of pathogenesis-related (PR) proteins, 
and the production and oxidative cross-
linking of cell wall polymers (Sudha and 
Ravishankar, 2002). Manipulation of 
plants by exogenous application of PAs 
might result in increased resistance to 
diseases and better growth of the infected 
plants. El Ghachtouli et al. (1995) 
reported that exogenous application 
of Put, cadaverine, Spd and Spm had 
positive effects on mycorrhizal infection 
of pea plants. The authors propose that 
polyamines favor the infection process of 

pea by G. intraradices. The external supply 
of PAs was shown to protect bean plants 
from rust disease provoked by Uromyces 
appendiculatus (Haggag, 2005). Mango 
fruit quality and quantity were increased 
by exogenous PAs (Malik and Singh, 
2006). Application of thermospermine 
(unusual PA) was found to induce the 
defense genes in order to restrict CMV 
in Arabidopsis thaliana plants (Sagor 
et al., 2012). External application of 
PAs to micropropagated shoot tissues of 
clover phyllody phytoplasma-infected 
Catharanthus roseus plants was found 
to diminish the infection severity and 
deform the pathogen cells (Musetti et al., 
1999). Yamakawa et al. (1998) found that 
exogenous application of Spm induced 
the expression of acidic PR-1 gene and 
accumulation of acidic PR-2, PR-3 and 
PR-5 proteins in Tobacco mosaic virus 
(TMV)-infected Nicotiana tabacum 
leaves. Uehara et al. (2005) found that 
one Spm response element ZFT-1 (a 
Cys2/His2 type zing-finger transcription 
repressor) discovered in tobacco was 
induced by Spm application, not by Put 
or Spd. Furthermore, ZTF-1 was found to 
be over-expressed in tobacco plants more 
resistant to TMV. Takahashi et al. (2004b) 
established that hypersensitive response 
marker genes (HSR203J, HSR201 and 
HSR515) were induced by Spm in Spm-
signaling pathway of tobacco. The same 
authors identified another gene family 
HIN1, HIN9 and HIN18 (harpin-induced) 
which was Spm-responsive and controlled 
the TMV-induced HR (Takahashi et al., 
2004a). The expression of Arabidopsis 
thaliana gene HIN10 similar to tobacco 
HIN1 was also controlled by Spm 
treatment and specifically accumulated 
during the HR caused by exposure to 
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an avirulent Cucumber mosaic virus 
(CMV) strain (Zheng et al., 2004, 2005). 
Treatment with Spm (similarly to CMV-Y 
and CMV-B2 - strain infections) activated 
the expression of several transcription 
factor genes including ZAT7, ZAT12, 
AtWRKY40 and AtbZIP60 (Mitsuya et 
al., 2009). The first three genes encoded 
the proteins which contribute to H2O2 
signalling in the host plant as part of 
its defense tools. The AtbZIP60 gene 
encoded AtbZIP60 protein which plays 
a proven role in the unfolded protein 
response (UPR) in Arabidopsis thaliana 
that may function to control the expression 
of genes participating in protein folding 
and secretion. These results support the 
existence of a Spm-signaling pathway in 
Arabidopsis thaliana and its significant 
role in the defense mechanisms against 
CMV. Spermidine increased resistance 
responses in the pathosystem tobacco/
TMV (Lazzarato et al., 2009). Both the 
hypersensitive response to TMV in a 
leaf disk model system and the systemic 
acquired resistance in whole plants were 
significantly affected. Moreover, this 
response was correlated with changes in 
the endogenous concentration of salicylic 
acid and in the transcript levels of PR-
1a, PR-2, and arginine decarboxylase 
(ADC). Conjugated salicylic acid content 
and ADC transcripts were significantly 
increased locally and at the systemic 
level.

The volatile organic compounds 
(VOCs) can help host plants to respond 
effectively to a wide range of feeding 
attackers (Arimura et al., 2011). 
Exogenous application of Spm to Lima 
bean leaves induced the release of VOCs 
which are emitted in plants in response to 
herbivory (Ozawa et al., 2009).

3. Concluding remarks
Achieving global food security whilst 

reconciling demands of the environment 
is the greatest challenge faced by 
mankind. By 2050 we will need to feed 
9 billion people and the demand for food 
is expected to increase as a result of the 
growing population. According to FAO, 
the world will need 70% more food by 
2050. The importance of the problem to 
increase plant productivity, to improve 
quality and enhance sustainability could 
not be ignored anymore. The urgency 
to find a solution of this problem has 
led to a huge scientific advance. Since 
all types of stress limit plant growth 
and crop productivity, the efforts of 
scientists are focused on minimizing the 
negative stress consequences. Genetic 
manipulation of plants by conventional 
breeding to improve plant growth and 
yield under stress conditions (stress-
tolerant plant varieties) is a sustainable 
solution of some of the problems caused 
by the global climate change. However, 
this approach is time-consuming and 
demands constant efforts. The use of 
growth regulators including PAs is a 
faster and pragmatic solution of such 
problems. Exogenous application of 
natural and synthetic PAs allows plants 
to improve their tolerance against a broad 
spectrum of stress factors, which in turn 
increases plant productivity, and extends 
the boundaries of crop cultivation.

For now, the large-scale agricultural 
application of PAs is rather limited. 
However, it seems that usage of 
exogenous PAs to cope with the negative 
consequences of different stresses is a 
promising approach to enhance plant 
tolerance and adaptation capacity to 
environmental stress.



Exogenous polyamines and plant adaptation to stress 135

Genetics & Plant Physiology 2015 vol. 5(2)

Acknowledgments
This work was supported by Grant DMU-
03/60 financed by the National Science 
Fund of Republic Bulgaria; Bulgaria –
Egypt Academic Joint Research Project 
(2012-2015) and Bulgaria – Lithuania 
Academic Joint Research Project (2012-
2015).

References
Abavisani A, M Khorshidi, A 

Sherafatmandjour, 2013. Interaction 
between cold stress and polyamine on 
antioxidant properties in dragonhead. 
International Journal of Agriculture 
and Crop Sciences, 5(21): 2555–2560.

Ahmad P, M Sarwat, S Sharma, 2008. 
Reactive oxygen species, antioxidants 
and signaling in pants. Journal of 
Plant Biology, 51: 167–173.

Alcázar R, T Altabella, F Marco, C 
Bortolotti, M Reymond, C Koncz, 
P Carrasco, AF Tiburcio, 2011a. 
Polyamines: molecules with 
regulatory functions in plant abiotic 
stress tolerance. Planta, 231: 1237–
1249.

Alcázar R, M Bitrián, D Bartels, C Koncz, 
T Altabella, AF Tiburcio, 2011b. 
Polyamine metabolic canalization 
in response to drought stress in 
Arabidopsis and the resurrection 
plant Craterostigma plantagineum. 
Plant Signaling and Behavior, 6(2): 
243–250.

Alet A, D Sánchez, J Cuevas, Marina 
M, Carrasco P, Altabella T, Tiburcio 
A, Ruiz O, 2012. New insights into 
the role of spermine in Arabidopsis 
thaliana under long-term salt stress. 
Plant Science, 182: 94–100.

Amooaghaie R, S Moghym, 2011. Effect 
of polyamines on thermotolerance 

and membrane stability of soybean 
seedling, African Journal of 
Biotechnology, 10(47): 9673–9679.

Amri E, M Mirzaei, M Moradi, K Zare, 
2011. The effects of spermidine and 
putrescine polyamines on growth of 
pomegranate (Punica granatum L. cv 
‘Rabbab’) in salinity circumstance. 
International Journal of Plant 
Physiology and Biochemistry, 3(3): 
43–49.

Anisul I, T Blake, F Kocacinar, R 
Lada, 2003. Ambiol, spermine, and 
aminoethoxyvinylglycine prevent 
water stress and protect membranes in 
Pius strobes L.under droght. Stresss, 
17: 278–284.

Anjum M, 2011. Effect of exogenously 
applied spermidine on growth and 
physiology of citrus rootstock Troyer 
citrange under saline conditions. 
Turkish Journal of Agriculture and 
Forestry, 35: 43–53.

Arimura G-I, R Ozawa, ME Maffei, 
2011. Recent advances in plant early 
signaling in response to herbivory. Int 
J Mol Sci, 12: 3723–3739.

Bassard J-E, P Ullmann, F Bernier, 
D Werck-Reichhart, 2010. 
Phenolamides: Bridging polyamines 
to the phenolic metabolism. 
Phytochemistry, 71: 1808–1824.

Belle NA, GD Galmolin, G Fonini, MA 
Rubin, JB Rocha, 2004. Polyamines 
reduce lipid peroxidation induced by 
different pro-oxidant agents. Brain 
Res, 1008: 245–251.

Benavides M, S Gallego, M Comba, M 
Tomaro, 2000. Relationship between 
polyamines and paraquat toxicity in 
sunflower leaf discs. Plant Growth 
Regulation, 31: 215–224.

Bibi A, D Oosterhuis, E Gonias, J Mattice, 



Todorova et al.136

Genetics & Plant Physiology 2015 vol. 5(2)

2007. Exogenous application of 
putrescine on cotton ovaries under 
two temperature regimes. AAES 
Research Series 562, Summaries of 
Arkansas Cotton Research: 79–83.

Çakmak T, Ö Atici, 2009. Effects of 
putrescine and low temperature on the 
apoplastic antioxidant enzymes in the 
leaves of two wheat cultivars. Plant 
Soil and Environment, 55: 320–326.

Çetin E, C Yildirim, N Palavan-Ünsal, M 
Ünal, 2000. Effect of spermine and 
cyclohexylamine on in vitro pollen 
germination and tube growth in 
Helianthus annuus. Canadian Journal 
of Plant Science, 80(2): 241–245.

Calderbank A, 1968. The bipyrydinium 
herbicides. Adv Pest Cont Res, 8: 
127–235.

Chang CJ, CH Kao, 1997. Paraquat 
toxicity is reduced by polyamines in 
rice leaves. Plant Growth Regulation, 
22(3): 163–168.

Chattopadhayay M, B Tiwari, G 
Chattopadhayay, A Bose, D Sengupta, 
B Ghosh (2002) Protective role of 
exogenous polyamines on salinity 
stressed rise (Oryza sativa) plants. 
Physiologia Plantarum, 116(2): 192–
199.

Cheng L, R Sun, F Wang, Z Peng, F Kong, 
J Wu, J Cao, G Lu, 2012. Spermidine 
affects the transcriptome responses 
to high temperature stress in ripening 
tomato fruit. Journal of Zhejiang 
University Sciience B, 13(4): 283–
297. 

Choudhary SP, M Kanwar, R Bhardwaj, 
J-Q Yu, L-SP Tran, 2012. Chromium 
Stress Mitigation by Polyamine-
Brassinosteroid Application Involves 
Phytohormonal and Physiological 
Strategies in Raphanus sativus 

L. PLoS ONE, 7(3): e33210. 
doi:10.1371/journal.pone.0033210.

Cuevas JC, DH Sánchez, M Marina, OA 
Ruiz, 2004. Do polyamines modulate 
the Lotus glaber NADPH oxidation 
activity induced by the herbicide 
methyl viologen? Functional Plant 
Biology, 31: 921–928.

De Agazio M, M Zacchini, 2000. 
Dimethylthiourea, a hydrogen 
peroxide trap, partially prevents stress 
effects and ascorbate peroxidase 
increase in spermidine-treated maize 
roots. Plant Cell Environ, 24: 237–
244.

Ding C, G Shi, X Xu, H Yang, Y Xu, 
2012. Effect of exogenous spermidine 
on polyamine metabolism in water 
hyacinth leaves under mercury stress. 
Plant Growth Regulation, 60: 61–67. 

Duan JJ, J Li, S Guo, Y Kang, 2008. 
Exogenous spermidine affects 
polyamine metabolism in salinity-
stressed Cucumis sativus roots and 
enhances short-term salinity tolerance. 
Journal of Plant Physiology, 165(15): 
1620–1635.

Edreva A, 1996. Polyamines in plants. 
Bulgarian Journal of Plant Physiology, 
22: 73–101.

Edreva AM, VB Velikova, TD Tsonev, 
2007. Phenylamides in Plants. 
Russian Journal of Plant Physiology, 
54(3): 287–301.

El Ghachtouli N, M Paynot, D Morandi, 
J Martin-Tanguy, S Gianinazzi, 
1995. The effect of polyamines on 
endomycorrhyzal infection of wild-
type Pisum sativum, cv. Frisson 
(nod+myc–) and two mutants (nod–

myc+ and nod–myc–). Mycorrhyza, 5: 
189–192.

Farooq M, Wahid A, Lee DJ, 2009. 



Exogenous polyamines and plant adaptation to stress 137

Genetics & Plant Physiology 2015 vol. 5(2)

Exogenously applied polyamines 
increase drought tolerance of rice 
by improving leaf water status, 
photosynthesis and membrane 
properties. Acta Physiologiae 
Plantarum, 31: 937–945.

Fariduddin Q, P Varshney, M Yusuf, A 
Ahmad, 2013. Polyamines: potent 
modulators of plant responses to 
stress. Journal of Plant Interactions, 
8(1): 1–16.

Gill S, N Tuteja, 2010a. Polyamines 
and abiotic stress tolerance. Plant 
Signaling and Behavior, 5: 26–33. 

Gill S, N Tuteja, 2010b. Reactive oxygen 
species and antioxidant machinery in 
abiotic stress tolerance in crop plants. 
Plant Physiology and Biochemistry, 
48: 909–930.

Gonzalez ME, F Marco, EG Minguet, 
P Carrasco-Sorli, MA Blázquez, J 
Carbonell, OA Ruiz, FL Pieckenstain, 
2011. Perturbation of spermine 
synthase gene expression and 
transcript profiling provide new 
insights on the role of the tetraamine 
spermine in Arabidopsis defense 
against Pseudomonas viridiflava. 
Plant Physiology, 156(4): 2266–2277. 

Groppa M, M Tomaro, M Benavides, 
2001. Polyamines as protectors 
against cadmium or copper-induced 
oxidative damage in sunflower leaf 
discs. Plant Science, 161: 481–488.

Groppa MD, MP Benavides, 2008. 
Polyamines and abiotic stress: recent 
advances. Amino Acids, 1: 35–45.

Gupta S, N Gupta, 2011. Field efficacy 
of exogenously applied putrescine 
in wheat (Triticum aestivum) under 
water-stress conditions. Indian 
Journal of Agricultural Science, 
81(6): 516–519.

Haggag WM, 2005. Polyamines: induction 
and effect on rust disease control of 
bean. Plant Pathology Bulletin, 14: 
89–102.

Hajiboland R, N Ebrahimi, 2011. Effect of 
exposure to UV radiation on growth, 
photosynthesis and antioxidant 
defence enzymes in tobacco (Nicotiana 
rustica L. cv. Basmas) plants treated 
with exogenous polyamines. Genetics 
and Plant Physiology, 1(1–2): 76–90.

Hippeli S, E Elstner, 1996. Mechanisms of 
oxygen activation during plant stress: 
Biochemical effects of air pollutants. 
Journal of Plant Physiology, 148: 
249–257.

Hussain SS, M Ali, M Ahmad, KHM 
Siddique, 2011. Polyamines: Natural 
and engineered abiotic and biotic stress 
tolerance in plants. Biotechnology 
Advances, 29: 300–311.

Iriti M, F Faoro, 2009. Chemical diversity 
and defence metabolism: how plants 
cope with pathogens and ozone 
pollution. International Journal of 
Molecular Sciences, 10: 3371–3399.

Jenkins GI, 2009. Signal transduction in 
responses to UV-B radiation. Annu 
Rev Plant Biol, 60: 407–431.

Jiang W, J Bai, X Yang, H Yu, Y Liu, 2012. 
Exogenous application of abscisic acid, 
putrescine, or 2,4-epibrassinolide at 
appropriate concentrations effectively 
alleviate damage to tomato seedlings 
from suboptimal temperature stress. 
HortTechnology, 22: 137–144.

Katerova Z, D Todorova, 2011. Effect 
of enhanced UV-C irradiation on the 
growth, malondialdehyde, hydrogen 
peroxide, free proline, polyamines, 
IAA and IAA-oxidase activity in pea 
plants (Pisum sativum L.). Compt rend 
Acad bulg Sci, 64(11): 1555–1562.



Todorova et al.138

Genetics & Plant Physiology 2015 vol. 5(2)

Katerova Z, D Todorova, 2012. 
Polyamines and free proline protect 
young pea (Pisum sativum L.) leaves 
against enhanced UV-C irradiation. 
Compt rend Acad bulg Sci, 65(4): 
473–478.

Katerova ZI, D Todorova, 2009. 
Endogenous polyamines lessen 
membrane damages in pea plants 
provoked by enhanced ultraviolet-C 
radiation. Plant Growth Regulation, 
57: 145–152.

Kim TE, SK Kim, TJ Han, JS Lee, SC 
Chang, 2002. ABA and polyamines 
act independently in primary leaves of 
cold-stressed tomato (Lycopersicon 
esculentum). Physiologiae Plantarum, 
115(3): 370–376.

Kocsy G, L Simon-Sarkadi, Z Kovács, 
Á Boldizsár, C Sovány, K Kirsch, G 
Galiba, 2011. Regulation of free amino 
acid and polyamine levels during cold 
acclimation in wheat. Acta Biologica 
Szegediensis, 55: 91–93.

Kondo S, A Fiebig, K Okawa, H Ohara, 
L Kowitcharoen, H Nimitkeatkai, M 
Kittikorn, M Kim, 2011. Jasmonic 
acid, polyamine, and antioxidant 
levels in apple seedlings as affected 
by ultraviolet-C irradiation. Plant 
Growth Regulation, 64: 83–89.

Krishnamutry R, 1991. Ammelioration of 
salinity effecting salt tolerant rice by 
foliar application of putrescine. Plant 
Cell Physiol, 32: 699–703.

Kurepa J, J Smalle, M Van Montague, D 
Inze, 1998. Polyamines and paraquat 
toxicity in Arabodopsis thaliana. 
Plant and Cell Physiology, 39: 987–
992.

Kusano T, T Berberich, C Tateda, Y 
Takahashi, 2008. Polyamines: 
essential factors for growth and 

survival. Planta, 228: 367–381.
Kuthanova A, L Gemperlova, S Zelenkova, 

J Eder, I Machačkova, Z Opatrny, M 
Cvikrova, 2004. Cytological changes 
and alterations in polyamine contents 
induced by cadmium in tobacco 
BY-2 cells. Plant Physiology and 
Biochemistry, 42: 149–156.

Langridge P, N Paltridge, G Fincher, 
2006. Functional genomics of abiotic 
stress tolerance in cereals. Briefings in 
Functional Genomics and Proteomics, 
4: 343–354.

Lazzarato L, G Trebbi, C Pagnucco, 
C Franchin, P Torrigiani, L Betti, 
2009. Exogenous spermidine, arsenic 
and b-aminobutyric acid modulate 
tobacco resistance to tobacco 
mosaic virus, and affect local and 
systemic glucosylsalicylic acid levels 
and arginine decarbo xylase gene 
expression in tobacco leaves. Journal 
of Plant Physiology, 166: 90–100.

Linos A, A Petralias, CA Christophi, 
E Christoforidou, P Kouroutou, 
M Stoltidis, A Veloudaki, E Tzala, 
K Makris, M Karagas, 2011. Oral 
ingestion of hexavalent chromium 
through drinking water and cancer 
mortality in an industrial area of 
Greece – An ecological study. Environ 
Health, 10: 50.

Lutts S, JM Kinet, J Bouharmont, 1996. 
Ethylene production by leaves of rice 
in relation to salinity tolerance and 
exogenous putrescine application. 
Plant Sci, 116:15–25.

Malik AU, Z Singh, 2006. Improved fruit 
retention, yield and fruit quality in 
mango with exogenous application of 
polyamines. Scientia Horticulturae, 
110: 167–174.

Martinez-Tellez MA, MG Ramos-



Exogenous polyamines and plant adaptation to stress 139

Genetics & Plant Physiology 2015 vol. 5(2)

Clamont, AA Gardea, I Vargas-
Arispuro, 2002. Effect of infiltrated 
polyamines on polygalacturonase 
activity and chilling injury responses 
in zucchini squash (Cucurbita pepo 
L.). Biochemical and Biophysical 
Research Communications, 295: 98–
101.

Mirdehghan SH, M Rahemid, S Castillo, 
D Martinez-Romero, M Serrano, D 
Valero, 2007. Pre-storage application 
of polyamines by pressure or 
immersion improves shelf-life of 
pomegranate stored at chilling 
temperature by increasing endogenous 
polyamine levels. Postharvest Biology 
and Technology, 44: 26–33.

Mitsuya Y, Y Takahashi, T Berberich, A 
Miyazaki, H Matsumura, H Takahashi, 
R Terauchi, T Kusano, 2009. Spermine 
signaling plays a signifi cant role in 
the defense response of Arabidopsis 
thaliana to cucumber mosaic virus. 
Journal of Plant Physiology, 166: 
626–643.

Moschou PN, PF Sarris, N Skandalis, 
AH Andriopoulou, KA Paschalidis, 
NJ Panopoulos, KA Roubelakis-
Angelakis, 2009. Engineered 
polyamine catabolism preinduces 
tolerance of tobacco to bacteria and 
oomycetes. Plant Physiology, 149. 
1970–1981.

Musetti R, S Caramagli, C Vighi, L 
Pressacco, P Torrigiani, M Favali, 
1999. The involvement of polyamines 
in phytoplsma-infected periwinkle 
(Catharanthus roseus L.) plants. Plan 
Biosystem, 133: 37–45.

Nasrin F, F Nasibi, R Rezazadeh, 2012. 
Comparison the effect of nitric oxide 
and spermidine pretreatment on 
alleviation of salt stress in chamomile 

plant (Matricaria regutita L.). 
Journal of Stress Physiology and 
Biochemistry, 8: 214–223.

Nayyar H, 2005. Putrescine increases 
floral retention, pod set and seed yield 
in cold stressed chickpea. Journal of 
Agronomy and Crop Science, 191: 
340–345.

Ndayiragije A, S Lutts, 2006. Do 
exogenous plyamines have an impact 
on the response of a salt-sensitive 
rise cultivar to NaCl? J Plant Physiol, 
163:506–516.

Öktem HA, F Eyidoğan, F Selçuk, MT 
Öz, JAT Da Silva, M Yücel, 2008. 
Revealing response of plants to biotic 
and abiotic stresses with microarray 
technology. Genes, Genomes and 
Genomics 2(1): 14–48.

Orsini F, M Accorsi, G Gianquinto, 
G Dinelli, F Antognoni, KB Ruiz 
Carrasco, EA Martinez, M Alnayef, 
I Marotti, S Bosi, S Biondi, 2011. 
Beyond the ionic and osmotic 
response to salinity in Chenopodium 
quinoa: functional elements of 
successful halophytism. Functional 
Plant Biology, 38(10): 818–831.

Ozawa R, CM Bertea, M Foti, R Narayana, 
G Arimura, A Muroi, J Horiuchi, T 
Nishioka, ME Maffei, J Takabayashi, 
2009. Exogenous polyamines elicit 
herbivore-induced volatiles in lima 
bean leaves: involvement of calcium, 
H2O2 and Jasmonic acid. Plant Cell 
Physiol, 50: 2183–2199.

Pal M, V Kovacs, G Vida, G Szalai, T 
Janda, 2011. Changes in salicylic acid 
and polyamine contents following 
powdery mildew infection of near-
isogenic Thatcher-based wheat lines 
carrying different Lr genes. Acta 
Biologica Szegediensis, 55(1): 139–



Todorova et al.140

Genetics & Plant Physiology 2015 vol. 5(2)

141.
Pang XM, ZY Zhang, XP Wen, Y Ban, 

T Moriguchi, 2007. Polyamine, 
all-purpose players in response to 
environment stresses in plants. Plant 
Stress, 1(2): 173–188.

Potters G, N Horemans, MAK Jansen, 
2010. The cellular redox state in plant 
stress biology – A charging concept. 
Plant Physiology and Biochemistry 
48: 292–300.

Radyukina NL, AV Shashukova, S 
Mapelli, NI Shevyakova, VV 
Kuznetsov, 2010. Proline controls the 
level of polyamines in common sage 
plants under normal conditions and at 
UV-B irradiation. Russian Journal of 
Plant Physiology, 57(3): 422–429.

Rahdari P, SM Hoseini, 2013. Roll of poly 
amines (Spermidine and Putrescine) 
on protein, chlorophyll and phenolic 
compounds in wheat (Triticum 
aestivum L.) under salinity stress. Sci 
Res Rep 1(1): 19–24.

Saeidnejad A, F Pouramir, M Naghizadeh, 
2012. Improving chilling tolerance of 
maize seedlings under cold conditions 
by spermine application. Notulae 
Scientia Biologicae 4(3), 110–117.

Sagor G, H Takahashi, M Niitsu, Y 
Takahashi, T Berberich, T Kusano, 
2012. Exogenous thermospermione 
has an activity to induce a subset 
of the defense genes and restrict 
cucumner mosaic virus multiplication 
in Arabidopsis thaliana. Plant Cell 
Reports 31: 1227–1232.

Sagor GHM, T Berberich, Y Takahashi, 
M Niitsu, T Kusano, 2013. The 
polyamine spermine protects 
Arabidopsis from heat stress‐induced 
damage by increasing expression of 
heat shock-related genes. Transgenic 

Res, 22: 595–605.
Senaratna T, C Mackay, B McKersie, R 

Fletcher, 1988. Uniconasole-induced 
chilling tolerance to tomato and its 
relationship to antioxidant content. J 
Plant Physiol, 133: 56–61.

Sergiev I, V Alexieva, S Yanev, E Karanov, 
2000. Effect of atrazine and spermine 
on free proline content and some 
antioxidants in pea (Pisum sativum 
L.) plants. Compt rend Acad bulg Sci, 
53(10): 63–66.

Shanker AK, C Cervantes, H Loza-Tavera, 
S Avudainayagam, 2005. Chromium 
toxicity in plants. Environ Int, 31: 
739–753.

Sharp RE, V Poroyko, LG Hejlek, WG 
Spollen, GK Springer, HJ Bohnert, 
HT Nguyen 2004. Root growth 
maintenance during water deficits: 
physiology to functional genomics. 
Journal of Experimental Botany, 55: 
2343–2351.

Shi H, T Ye, Z Chan, 2013a. Comparative 
proteomic and physiological analyses 
reveal the protective effect of 
exogenous polyamines in the bermuda 
grass (Cynodon dactylon) response to 
salt and drought stresses. J Proteome 
Res, 12 (11): 4951–4964. 

Shi J, XZ Fu, T Peng, XS Huang, QJ Fan, 
JH Liu, 2013b. Spermine pretreatment 
confers dehydration tolerance of 
citrus in vitro plants via modulation 
of antioxidative capacity and stomatal 
response. Tree Physiol, 30: 914–922.

Shu S, L-Y Yuan, S-R Guo, J Sun, C-J Liu, 
2012. Effect of exogenous spermine on 
photosynthesis, xanthophil cycle and 
endogenous polyamines in cucumber 
seedlings exposed to salinity. African 
Journal of Biotechnology 11(22): 
6064–6070.



Exogenous polyamines and plant adaptation to stress 141

Genetics & Plant Physiology 2015 vol. 5(2)

Slathia S, A Sharma, SP Chodhary, 2012. 
Influence of exogenously applied 
epibrassinolide and putrescine on 
protein content, antioxidant enzymes 
and lipid peroxidation in Lycopersicon 
esculentum under salinity stress. 
American Journal of Plant Science, 3: 
714–720.

Slathia S, A Sharma, SP Chodhary, 2013. 
Co-application of 24-epibrassinolide 
and putrescine enhances salinity 
tolerance in Solanum lycopersicum 
L. by modulating stress indicators 
and antioxidant system. International 
Journal of Pharma and Bio Science, 
4(1): (B) 70–85.

Stoeva N, M Berova, A Vassilev, Z 
Zlatev, 2005. Effect of exogenous 
polyamine diethylenetriamine on 
oxidative changes and photosynthesis 
in As treated maize plants (Zea mays 
L.). Journal of Central European 
Agriculture, 6: 367–374.

Stoynova E, E Karanov, V Alexieva, 1999. 
Subcellular aspects of the protective 
effect of spermine agains atrazine in 
pea plants. Plant Growth Regulation, 
29: 175–180.

Sudha G, GA Ravishankar, 2002. 
Involvement and interaction of 
various signaling compounds on the 
plant metabolic events during defense 
response, resistance to stress factors, 
formation of secondary metabolites 
and their molecular aspects. Plant 
Cell, Tissue and Organ Culture, 71: 
181–212.

Sudhur P, SDS Murthy, 2004. Effect 
of salt stress on basic processes of 
photosynthesis. Photosynthetica, 42: 
481–486.

Szalai G, M Pap, T Janda, 2009. Light-
induced frost tolerance differs in 

winter and spring wheat plants. 
Journal of Plant Physiology, 166: 
1826–1831.

Tachimoto M, M Fukutomi, H Matsushiro, 
M Kobayashi, E Takahashi. 1992. 
Role of putrescine in Lemna plants 
under potassium deficiency. Soil Sci. 
Plant Nutr. 38: 307–313.

Takahashi H, T Imamura, A Miyagi, 
H Uchimiya, 2012. Comparative 
metabolomics of developmental 
alterations caused by mineral 
deficiency during in vitro culture of 
Gentiana triflora. Metabolomics, 8: 
154–163. 

Takahashi Y, T Berberich, K Yamashita, 
Y Uehara, A Miyazaki, T Kusano, 
2004a. Identification of tobacco HIN1 
and two related genes as spermine-
responsive genes and their differential 
expression during the tobacco 
mosaic virus-induced hypersensitive 
response and during leaf- and flower- 
senescence. Plant Molecular Biology, 
54: 613–622.

Takahashi Y, Y Uehara, T Berberich, 
A Ito, H Saitoh, A Miyazaki, R 
Terauchi, T Kusano, 2004b. A subset 
of hypersensitive response marker 
genes, including HSR203J is the 
downstream target of a spermine signal 
transduction pathway in tobacco. The 
Plant Journal, 40: 586–595.

Tang W, RJ Newton, 2005. Polyamines 
reduce salt-induced oxidative 
damage by increasing the activities of 
antioxidant enzymes and decreasing 
lipid peroxidation in Virginia pine. 
Plant Growth Regulation, 46: 31–43.

Thomashow MF, 1999. Plant cold 
acclimation: freezing tolerance genes 
and regulatory mechanisms. Ann Rev 
Plant Physiol Plant Mol Biol, 50: 



Todorova et al.142

Genetics & Plant Physiology 2015 vol. 5(2)

571–599.
Tian J, L-P Wang, Y-J Yang, J Sun, S-R 

Guo 2012. Exogenous spermidine 
alleviates the oxidative damage in 
cucumber seedlings subjected to high 
temperatures. Journal of the American 
Society for Horticultural Science, 
137: 11–19.

Todorov D, V Alexieva, E Karanov, 1998. 
Effect of putrescine, 4-PU30 and 
abscisic acid on maize plants grown 
under normal, drought and rewatering 
conditions. Journal of Plant Growth 
Regulation, 17: 197–203.

Todorov D, V Alexieva, E Karanov, 2000. 
Effect of some phenyl amines on maize 
plants grown under drought induced 
by polyethylene glycol. Compt rend 
Acad bulg Sci, 53(4): 103–106.

Todorova D, I Moskova, I Sergiev, V 
Alexieva, S Mapelli, 2008. Changes 
in endogenous polyamines and some 
stress markers content induced by 
drought, 4PU-30 and abscisic acid 
in wheat plants. In: Abiotic Stress 
and Plant Responses, Eds. N Khan, S 
Singh, I. K. International Publishing 
House Pvt. Ltd, 205–215.

Todorova D, D Parvanova, T 
Konstantinova, S Ivanov, D Djilianov, 
V Alexieva, 2003. Endogenous 
free and bound polyamine content 
in tobacco plants subjected to high 
temperature stress. Compt rend Acad 
bulg Sci, 56: 79–84.

Todorova D, I Sergiev, V Alexieva 2012. 
Application of natural and synthetic 
polyamines as growth regulators to 
improve the freezing tolerance of 
winter wheat (Triticum aestivum L.). 
Acta Agronomica Hungarica, 60(1): 
1–10.

Todorova D, I Sergiev, V Alexieva, E 

Karanov, A Smith, M Hall, 2007. 
Polyamine content in Arabidopsis 
thaliana (L.) Heynh during recovery 
after low and high temperature 
treatments. Plant Growth Regulation, 
51: 185–191.

Todorova D, Z Katerova, E Shopova, A 
Nikolova, N Georgieva, I Sergiev, 
S Mapelli, 2013. Polyamine 
spermine protects young pea plants 
against Ultraviolet-C radiation. 
Biotechnology & Biotechnological 
Equipment, 27(3): 3798–3802.

Uehara Y, Y Takahashi, T Berberich, A 
Miyazaki, H Takahashi, K Matsui, M 
Ohme-Takagi, H Saitoh, R Terauchi, 
T Kusano, 2005. Tobacco ZTF1, 
a transcriptional repressor with a 
Cys2/His2 type zinc finger motif 
that functions in spermine-signaling 
pathway. Plant Molecular Biology, 
59: 435–448. 

Unal D, I Tuney, A Sukatar, 2008. The 
role of external polyamines on 
photosynthetic responses, lipid 
peroxidation, protein and chlorophyll 
a content under the UV-A (352nm) 
stress in Physcia semipinnata. Journal 
of Photochemistry and Photobiology 
B, Biology, 90(1): 64– 68. 

Velikova V, I Yordanov, A Edreva, 2000. 
Oxidative stress and some antioxidant 
systems in acid rain treated bean 
plants. Protective role of exogenous 
polyamines. Plant Science, 151: 59–
66.

Velikova V, I Yordanov, K Georgieva, 
T Tsonev, V Goltsev, 1998. Effect 
of exogenous polyamines applied 
separately and in combination with 
simulated acid rain on functional 
activity of photosynthetic apparatus. 
Journal of Plant Physiology, 153: 



Exogenous polyamines and plant adaptation to stress 143

Genetics & Plant Physiology 2015 vol. 5(2)

299–307.
Verma S, SN Mishra, 2005. Putrescine 

alleviation of growth in salt 
stressed Brasica juncea by inducing 
antioxidative defence system. Journal 
of Plant Physiology, 162: 669–677.

Wang B-Q, Q-F Zhang, J-H Liu, G-H 
Li, 2011. Overexpression of PtADC 
confers enhanced dehydration and 
drought tolerance in transgenic 
tobacco and tomato: Effect on 
ROS elimination. Biochemical 
and Biophysical Research 
Communications, 413: 10–16.

Wang T, J Li, SR Guo, HB Gao, SP 
Wang, 2005. Effects of exogenous 
polyamines on the growth and 
activities of H+-ATPase and H+-
PPase in cucumber seedling roots 
under hypoxia stress. Journal of plant 
physiology and molecular biology, 
31(6): 637–642.

Wang W, B Vinocur, A Altman, 2003. 
Plant responses to drought, salinity 
and extreme temperatures: towards 
genetic engineering for stress 
tolerance. Planta, 218: 1–14.

Wang X, G Shi, Q Xu, J Hu, 2007. 
Exogenous polyamines enhance 
copper tolerance of Nymphoides 
peltatum. Journal of Plant Physiology, 
164: 1062–1070.

Wimalasekera R, F Tebartz, GFE Scherer, 
2011. Polyamines, polyamine oxidases 
and nitric oxide in development, 
abiotic and biotic stresses. Plant 
Science, 181: 593–603.

Xu X, G Shi, C Ding, Y Hu, J Zhao, H 
Yang, Q Pan, 2011. Regulation of 
exogenous spermidine on the reactive 
oxygen species level and polyamine 
metabolism in Alternanthera 
philoxeroides (Mart.) Griseb 

under copper stress. Plant Growth 
Regulation, 63(3): 251–258. 

Yamakawa H, H Kamada, M Satoh, Y 
Ohashi, 1998. Spermine is a salicylate-
independent endogenous inducer for 
both tobacco acidic pathogenesis-
related proteins and resistance against 
tobacco mosaic virus infection. Plant 
Physiology, 118: 1213–1222.

Yang J, J Zhang, K Liu, Z Wang, L Liu, 
2007. Involvement of polyamines in 
the drought resistance of rice. Journal 
of Experimental Botany, 58(6): 1545–
1555.

Yiu J-C, LD Juang, DY-T Fang, C-W Liu, 
S-J Wu, 2009. - Exogenous putrescine 
reduces flooding-induced oxidative 
damage by increasing the antioxidant 
properties of Welsh onion. Sci Hort, 
120: 306–314.

Zhang CM, ZR Zou, Z Huang, ZX Zhang, 
2010. Effects of exogenous spermidine 
on photosynthesis of tomato seedlings 
under drought stress. Agricultural 
Research in the Arid Areas, 3: 182–
187.

Zhang R, J Li, S Guo, T Tezuka, 2009a. 
Effect of exogenous putrescine 
on gas-exchage characteristics 
and chlorophyll fluorescence of 
NaCl-stressed cucumber seedlings. 
Photosynthesis Research, 100: 155–
162.

Zhang W, B Jiang, W Li, H Song, Y Yu, 
J Chen, 2009b. Polyamines enhance 
chilling tolerance of cucumber 
(Cucumis sativus L.) through 
modulating antioxidative system. 
Scientia Horticulturae, 122: 200–208.

Zhao F, C-P Song, J He, H Zhu, 2007. 
Polyamines improve K+/Na+ 
homeostasis in barley seedlings by 
regulating root ion chanel activities. 



Todorova et al.144

Genetics & Plant Physiology 2015 vol. 5(2)

Plant Physiol, 145:1061–1072.
Zhao H, H Yang, 2008. Exogenous 

polyamines alleviate the lipid 
peroxidation induced by cadmium 
chloride stress in Malus hupehensis 
Rehd. Scientia Horticulturae, 116: 
442–447.

Zheleva D, T Tsonev, I Sergiev, E Karanov, 
1994. Protective effect of exogenous 
polyamines against atrazine in pea 
plants. Journal of Plant Growth 
Regulation, 13: 203–211.

Zheng MS, H Takahashi, A Miyazaki, 
K Yamaguchi, T Kusano, 2005. 
Identification of the cis-acting 
elements in Arabidopsis thaliana 

NHL10 promoter responsible for 
leaf senescence, the hypersensitive 
response against Cucumber mosaic 
virus infection, and spermine 
treatment. Plant Science, 168: 415–
422.

Zheng MS, H Takahashi, A Miyazaki, H 
Hamamoto, J Shah, I Yamaguchi, 
T Kusano, 2004. Up-regulation 
of Arabidopsis thaliana NHL10 
in the hypersensitive response to 
Cucumber mosaic virus infection 
and in senescing leaves is controlled 
by signalling pathways that differ in 
salicylate involvement, Planta, 218: 
740–750.


