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Abstract

Polyamines (PAs) are positively charged amines such as putrescine, spermidine and spermine that ubiquitously exist in all
organisms. They have been considered as a new type of plant biostimulants, with pivotal roles in many physiological pro-
cesses. Polyamine levels are controlled by intricate regulatory feedback mechanisms. PAs are directly or indirectly regulated
through interaction with signaling metabolites (H,0,, NO), aminobutyric acid (GABA), phytohormones (abscisic acid, gib-
berellins, ethylene, cytokinins, auxin, jasmonic acid and brassinosteroids) and nitrogen metabolism (maintaining the balance
of C:N in plants). Exogenous applications of PAs enhance the stress resistance, flowering and fruit set, synthesis of bioactive
compounds and extension of agricultural crops shelf life. Up-regulation of PAs biosynthesis by genetic manipulation can
be a novel strategy to increase the productivity of agricultural crops. Recently, the role of PAs in symbiosis relationships
between plants and beneficial microorganisms has been confirmed. PA metabolism has also been targeted to design new
harmless fungicides.
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Introduction Cr, Fe and Ni) and oxidative stresses [106]. In plant, PAs

interplay with a variety of fundamental cellular processes,

Polyamines (PAs), including putrescine, spermidine and
spermine, have been known as aliphatic biogenic amines
which are present in most prokaryotes and all eukaryotic
organisms [100]. PAs have been used in a wide range of bio-
logical processes in plant growth and development, such as
seed germination, root growth, embryogenesis, rhizogenesis,
organogenesis, floral initiation and development, vascular
development, fruit development, biofilm formation, ripen-
ing, leaf senescence and programmed cell death [46, 75].
PAs also play important roles in resistance against different
abiotic stresses, including low and high temperatures, salt,
drought, wounding, ozone, flooding, acid, heavy metals (Cu,
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including membrane stabilization, nucleic acids and protein
synthesis, modulating RNAses, proteases and other enzymes
activities, gene expression, DNA replication, transcription,
RNA modification, ion-channel regulation, cation—anion
balance, free radical scavenging activity, cell cycle regula-
tion, protein modification, interaction with phytohormones,
regulation of buffering mechanism, ethylene biosynthesis
and N metabolism (they serve as N reserve, play a role in
proline synthesis and N: C ratio regulation) [70].

Polyamine biosynthesis

Metabolic pathways and numerous enzymes involved in PA
synthesis and conversion of Put into the higher polyamines
have been discovered over the last two decades. The process
of synthesis is carried out by two aminopropyl transferase
enzymes: Spermidine and spermine synthase S-adenosyl-
methionine (SAM) is also needed for ethylene biosynthesis
which is made by ACC synthase and ACC oxidase [109].
Thus, both ethylene and polyamine biosynthetic pathway
compete for SAM as substrate.
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Regulatory feedback mechanisms
of polyamines

Ornithine as a non-proteinogenic amino acid plays an
important role in regulation of PAs biosynthesis. De-Oli-
vera et al. [25] showed that arginine (Arg) or ornithine
(Orn) act as regulators of PA metabolites in Araucaria
angustifolia cell lines. Exogenous Arg and Orn led to the
increase in cellular PAs contents and expression of genes
related to PAs biosynthesis and catabolism. Also, these
compounds demonstrate distinct roles in embryogenesis
of plants. Exogenous D-Orn promotes the expression of
genes involved in Orn, Arg and S-adenosyl methionine
metabolisms [32]. PA levels are controlled by intricate
regulatory feedback mechanisms [55]. PAs control the
level of OAZ (ODC antizyme) through multiple mecha-
nisms that provide a homeostatic feedback regulation of
PA levels [116]. Azl temporally attaches to ODC then,
Az]1 binding triggers ODC degradation by increasing the
breakdown of cryptic proteasome-interacting surface of
ODC. Yordanova et al. [120] reported that some cis-acting
elements in antizyme mRNAs such as specific RNA struc-
tures are needed to induce the frame-shifting efficiency. In
fact, a nascent polypeptide stimulates frame-shifting effi-
ciency in response to PAs within the ribosome exit tunnel.
A feedback in PA-dependent translational regulation indi-
cated that the synthesis of full-length OAZ requires a ribo-
somal frame-shifting (RFS) event that leads to the transla-
tion beyond the interrupting STOP codon [39]. Feedback
in PA-dependent translational regulation indicated that
AZIN1, a repressor of OAZ, is modulated by PA at the
translational level. The more the PA level increases, the
more the translation of AZIN1 decreases. Thus, synthesis
of full-length OAZ is stimulated by high PA concentra-
tions. In another study, Yordanova et al. [120] reported a
new mechanism, indicating that an amount of gene trans-
lation inhibits further translation of the signal message
by creating a ‘‘queue’’ in ribosomes which eventually
interrupts the translation of AMDI1 coding sequences and
shows a regulatory feedback mechanism of PAs.

Polyamine and phytohormone cross-talk

The interactions among the three main PAs (putrescine,
spermidine and spermine) and phytohormones biosynthe-
sis and signaling are quite complex. These PAs regulate
the phytohormones gene expression. Studies on different
plants have shown that PA-derived H,O, acts as a mediator
in ABA signaling during stomatal closure and antioxidant
defense system [5]. PA-derived H,O, also acts as a signal
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and plays key roles in cell wall maturation, stress-induced
stiffening, stomata opening and programmed cell death
(PCD) [7]. Agurla et al. [3] revealed the possible over-
lap of signaling components during stomatal closure by
ABA and PAs. An increased nitric oxide (NO) and reactive
oxygen species (ROS) as essential signaling components
in guard cells of a plant were observed during stomatal
closure. Increased ROS seems to be a prerequisite for NO
production and can be considered as an upstream event
of ROS. Similarly, increased levels of ROS and NO were
observed when guard cells were exposed to ABA [97].
Also, it has been reported that a certain threshold of PAs
may elevate degradation or generation of H,O, [118].

In many studies, the cross-talks among PAs, abscisic acid
and NO were confirmed during plant responses to biotic
stresses. NO is a mediator in ABA-dependent stomatal closure
[5]. Nahar et al. [69] showed that PA and NO cross-talk could
alter some physiological processes to promote Cd-toxicity
tolerance.

PAs have also showed a positive feedback with gibberellin
(GA), and both hormones synergistically promote cell divi-
sion [47].

Ethylene and PAs can act as inducers of resistance against
abiotic stresses [122]. Ethylene triggers salt tolerance by acti-
vation of a complex pathway of H,0O, signaling that is PA
catabolism-dependent. In this sense, a model for cross-talk
regulation among ethylene, PAs and H,0, in salt-tolerant
maize genotypes has been reported (Fig. 1; [29]).

PA has a strong link with ethylene (Eth). During PA bio-
synthesis, S-Adenosyl methionine (SAM) is used which is
also an Eth precursor. Therefore, PA and Eth compete with
each other for SAM [109]. It is reported that PAs and Eth play
an important role in the regulation of somatic embryogenesis
of cultured cell/tissues, and Eth alone cannot make somatic
embryogenesis [9]. Asgher et al. [13] confirmed the PA and
Eth cross-talk in plants.

The jasmonate (JA) family acts as signaling molecules
that play an important role in regulation of PAs biosynthesis
[88]. A relationship between brassinosteroids and PAs was
suggested by Choudhary et al. [21] that showed this fact that
the interaction of brassinosteroids and PAs improved copper
stress tolerance in Raphanus sativus. Application of 24-epi-
brassinolide (EBL) and spermidine enhanced plant drought
tolerance by altering PA, Eth and protein levels in Maize
[102]. EBL increased the levels of soluble conjugated and
insoluble bound PAs, particularly putrescine, and consequently
improved the cucumber growth under Ca (NOy), stress [121].
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Fig. 1 Cross-talk regulation
model among ethylene, PAs and
H,0, in salt-tolerant maize [29]
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Role of polyamines in biotic and abiotic
stresses

There are evidences that confirm the critical role of PAs
in stress tolerance such as the increased expression of PAs
biosynthetic genes under stress conditions [5]. Also, the
elevation of endogenous PA levels by exogenous supply of
PAs in stress conditions [5, 51, 52, 53] and the relation of
decreased stress tolerance with reduction in endogenous PAs
[81]. Evidence indicates that PA-triggered salinity tolerance
may be involved in Ca®* signaling [79], various ion-channel
activities, especially cation, and K* channels [124], activity
of PM H*-ATPase [79], protein post-translational modifi-
cations such as S-nitrosylation, carbonylation and tyrosine
nitration [103] and enzymatic and non-enzymatic ROS
detoxifications [59]. The size of PAs pool can be correlated
with the stress tolerance capacity, and it has been confirmed
that there is more accumulation of Spd and Spm in tolerant
genotypes while the sensitive genotypes of the same plant
species accumulated more Put under the same stresses [58].

PAs have important roles in biotic stress tolerance, and
PAs association has been demonstrated with both pathogenic
and beneficial microorganisms in plants. A relationship
between polyamines and disease resistance has been shown
in plants. Kim et al. [46] revealed that interplay between
PA metabolic enzymes and pathogen effectors could also
be used by plants to trigger defense response. In this sense,
from cotton genotypes tolerant to Verticillium wilt, a PA
oxidase (PAO) gene was identified and cloned. It has been
revealed that GhPAO participates in plant resistance against
Verticillium through the intermediation of Spm and cama-
lexin (a phytoalexin) signaling [67].

Polyamines regulate protein synthesis
during stresses

It is reported that PAs regulate the protein synthesis at many
steps. Two transcription factors (SoxR and EmrR) and a glu-
tathione synthetic enzyme (GshA) have been found as PAs
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modulators under oxidative stress conditions. Thus, PAs
are involved in reduction in oxidative stress by inducing
the synthesis of SoxR, EmrR and GshA [86]. Li et al. [51,
52, 53] also reported that interaction of Spe with phyto-
hormones could modulate differentially expressed proteins
(DEPs) that are associated with drought tolerance in white
clover. MYB transcription factors are important regulators
of plant response to abiotic stress. Li et al. [54] reported that
PbrMYB21 has a significant role in drought tolerance, which
may be due to the regulation of PAs synthesis.

Cold-regulated (COR) genes associate with cold stress
response [94]. MfERF 1 as a cold effector of ethylene respon-
sive factor (ERF) was isolated from Medicago falcata, an
important forage legume with great cold tolerance. Over-
expression of MfERF I increased freezing and chilling toler-
ance by promoting PA turnover, antioxidant protection and
proline accumulation in transgenic tobacco plants [125].
ICE] (Inducer of CBF Expression 1) encodes a transcrip-
tion factor that acts as a central regulator of cold response.
It was demonstrated that PtrICE] has an essential role in
cold tolerance in trifoliate orange (Poncirus trifoliata L.). It
could regulate PA levels through interaction with the argi-
nine decarboxylase (ADC) gene [37].

In addition to the transcriptional networks, the COR
genes are also subjected to post-transcriptional regulation
by microRNAs (miRNAs). Gupta et al. [36] reported that
over-expression of ptr-MIR396b in transgenic lemon (Citrus
limon) plants caused an enhanced cold tolerance due to the
regulation of ACC oxidase gene expression and modulation
of ethylene polyamine homeostasis.

PAs in high-temperature conditions influence the syn-
thesis of heat shock proteins and also affect cell membrane
properties [1]. Nucleic acid degeneration is increased by
high temperature. It has been reported that PAs could adjust
heat responsive genes expression by enhancing mRNA sta-
bility under heat stress conditions [93]. It was reported that
PAs could protect nucleic acids against thermal depurination
induced by high temperature and decrease depurination of
nucleic acids (DNA and RNA) depending on the types of

@ Springer



Biologia Futura

PAs [107]. Longer and complicated PAs play important roles
to preserve the functional conformation of nucleic acids at
high temperatures compared to standard PAs and Mg>*.
Similarly, unique polycation, N*-bis (aminopropyl) spermi-
dine 3(3)(3)4, was found in the hyperthermophilic archaeon
Thermococcus kodakarensis, which grows at temperatures
between 60 and 100 °C [72].

Genetic engineering of polyamines in stress
resistant plants

Genetic engineering of genes involved in the PAs biosyn-
thesis or degradation has been used for the development of
stress-resistant plants. Reverse genetics enables the identi-
fication of novel genes in the PA pathway. Atanasov et al.
[14] generated a basic protocol for ethylmethanesulfonate
(EMS)-mutagenized populations of Arabidopsis thaliana to
use it in reverse genetics for PAs genes mutation.
Over-expression of PA biosynthesis genes has been suc-
cessfully applied for the manipulation of PA levels in plants
[28]. It was also reported that transgenic centipede grass
(Eremochloa ophiuroides [Munro] Hack.) with over-expres-
sion of S-Adenosylmethionine decarboxylase (SAMDC) gene
had the increased cold tolerance associated with the poly-
amine oxidase (PAO)-catalyzed production of H,0, [60].
In turn, this causes the NR-derived NO production and pro-
moted antioxidant enzyme activities in transgenic plants.
Furthermore, over-expression of S-adenosyl-L-methionine
synthetase enhanced tomato tolerance to alkaline soil stress
through PAs metabolism [34]. Similarly, over-expression
of S-adenosylmethionine synthetase 1 of tomato transgenic
callus enhanced alkaline stress tolerance that was positively
correlated with PAs and H,0O, accumulation [33]. Isolation
of PA catabolism mutant genes could be utilized as another
suitable method for the accumulation of PAs. Sagor et al.
[85] indicated that silencing the cytoplasmic PAOs of Arabi-
dopsis plants increased salinity tolerance by decreasing ROS
generation and induced defense genes expression. Various
results have demonstrated the precise insight of PAO genes
in cotton and sweet orange responses to biotic stress [115].
Wang and Liu [114] revealed that the down-regulation of
PAO gene of orange is involved in PA terminal catabolism
which could be used as an alternative approach to improve
salt stress tolerance. The AtPAOS5 gene which catalyzes the
conversion of tSpm to Spd is found as a member of the PAO
gene family with the highest transcriptional responsivity to
salinity stress. Also, salt tolerance in AtPAO5 mutant was
associated with early increase of ABA biosynthesis and
enhanced jasmonic acid (JA) content. Thus, the results of
this experiment indicated that tSpm has a protective role
against salt stress in Arabidopsis. It was reported that
AtPAOS5 modulates Therm-Spm homeostasis and is involved
in interaction between auxin and cytokinins that is essential
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for differentiation of xylem [4]. Regulation of the key genes
in biosynthesis pathways is an interesting way to improve
stress tolerance in plants.

Altered PA/H,0, homeostasis due to over/under-expres-
sion of the ZmPAO gene in modified Nicotiana tabacum
plants showed that under-expression of ZmPAO increased
thermotolerance, whereas ZmPAO over-expression
decreased thermotolerance. Reduction in PA catabolism in
HS response can be used as an attractive strategy for increas-
ing tolerance to HS [66]. Gémes et al. [30] reported that the
level of PAO expression showed multifaceted effects under
long-term salinity by affecting plant vigor via the modu-
lation of ion homeostasis, antioxidant system, phenolics
and proline contents and ethylene biosynthesis. Therefore,
regulation of the apoplastic PAO can be further utilized as a
potential method to improve plants with enhanced/tolerance
to abiotic stress.

Exogenous application of polyamines

The exogenous PAs or the elevated levels of endogenous
PAs can quickly be converted into each other. The enzymes
involved in biosynthesis and catabolism are also affected by
PA treatment. Also, PA production and transport mecha-
nisms may be tissue and age specifics. On the other hand,
the effect of treatment may also be genotype-dependent [74].

Uptake, sub cellular localization and transport
of polyamines

The mechanisms of PA uptake have been studied in many
plants. Uptake of Put in petal of Saintpaulia has been
reported by Bagni and Pistocchi [15]. PAs are ubiquitous.
PAs have been found in the cytoplasm, nucleus, plasma
membrane, mitochondria and chloroplasts. They especially
have a high concentration in growing tissues during cell
division and elongation [108]. It was suggested that the cell
wall and vacuole are the largest PAs sink in plants [63].
Bortolotti et al. [17] showed that chloroplast and nucleus
are the sinks of ADC in tobacco plants. In photosynthetic
tissues, ADC is located mainly in chloroplasts, whereas in
non-photosynthetic tissues it is collected in nuclei. ODC is
located in the cytoplasm and nucleus but SAMDC, and Spd
synthase is just accumulated in the cytoplasm [108].)

Limited knowledge of mechanisms underlying PA trans-
port is obtained from plants, despite early evidence that
pointing to the occurrence of this mechanisms and the detec-
tion of PAs in phloem and xylem sap in different plant spe-
cies [8]. On the bases of studies of short- and long-distance
transport of PAs in plant tissues, it is suggested that they
belong to the group of phytohormones rather than to second
massengers.
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Periplasmic proteins play a main role in PAs transporta-
tion. It has been suggested that the transfer of PAes through
membrane is carried out by PotD and PotF (the substrate
binding protein). These periplasmic binding proteins are
the primary receptors of the polyamine transport system,
which regulate the polyamine content in Escherichia coli.
[98, 111]. It has been reported that plasma membrane pro-
teins are means for transporting spd in plants such as zuc-
chini (Cucurbita pepo) and maize (Zea mays) [104, 105].
In resent studies, few PA transporters have been identified
in plants, mainly in rice and Arabidopsis [68]. A recent
research reveals that the evolution of PA transport might
be determined by the acquisition of functional novelties
induced by random mutations [18]. Evidences showed that
in prokaryotes and eukaryotes, PA transport is not a passive
mechanism, and selectivity is achieved through specific rec-
ognition and translocation that can be affected by induced
mutations and natural genetic variation [109].

Polyamines roles in inducing plant stress resistance

The effects of exogenous PAs in plant tolerance under a/
biotic stresses and alleviating the negative effects of stress
have been studied in many plants (Table 1). However,
harmful effects of PAs when they are applied under non-
stressful environmental conditions have been reported by
Recalde et al. [83] who showed the decreased root and
shoot elongation in wheat under this situation. This study
showed the complex interactions among PAs-derived ROS
and NO that occur after the exogenous application of PAs
on wheat plants. This application triggered a plethora of
events at different cellular levels which led to growth inhi-
bition. Higher spd and spm levels but not put increased
dose-dependent oxidative damage in wheat and maize

plants. Furthermore, the higher PAs levels were paralleled
with salicylic acid accumulation [99]. Mellidou et al. [65]
also reported that SAMDC may act as a regulator of the
trade-off between stress tolerance and plant growth and
developmental traits. Under natural conditions SAMDC
reduction increased plant vigor by affecting photosyn-
thesis, ROS homeostasis and ion content. But, SAMDC
depletion led to increased sensitivity during abiotic stress.
These results can be used as the basis for designing strate-
gies to increase tolerance to NaCl. Exogenous Spd concen-
trations affected the PA metabolism, and salt tolerance in
Zoysiagrass and high concentration of Spd reduced the
growth of this plant under salt stress. Spd and Spm con-
tents and ODC, SAMDC, DAO and antioxidant enzymes
activities initially increased and then decreased with
increasing concentrations of exogenous Spd [51, 52, 53].

In addition to the exogenous application of PAs, some
compounds can influence the PA synthesis and increase
stress tolerance. Gong et al. [34] reported that melatonin
plays a positive role in plant tolerance to alkaline stress
by regulating the biosynthesis enzymes activity of PAs.
It was reported that melatonin enhances cold tolerance
in cucumber seedlings by up-regulation of CsZatl2 and
modulation of PA and abscisic acid metabolisms [125]. It
has been shown that melatonin can increase the resistance
of plants to Fe deficit in a phenomena dependent on the
PA-induced NO production [125]. Exogenous application
of y-aminobutyric acid (GABA) promoted PA synthesis
which in turn prevented PA degradation and alleviated Ca
(NOsy), stress [38]. Exogenous SA application increased
shoot growth in two tomato cultivars (sensitive and toler-
ant to salt stress) and promoted ethylene and PAs produc-
tion [31]. Szalai et al. [99] suggested that PAs could assist
the stress resistance of plants primed with SA.

Table 1 Summary of the effects of exogenous PAs application on abiotic stress tolerance of agricultural crops

Agriculture crops Effects Applied polyamines References
Cucumber Increase salinity tolerance, induction of antioxidant enzymes and osmoticants, ~ Spd: 1 mM Liet al. [50]
induce S-Adenosylmethionine synthase
Pomegranate Alleviate growth inhibition and salinity harmful effects, increase potassium and Put, Spd: (1 and 2 mM) Amri et al. [6]
prolin concentrations
Pistachio Reduction in severe effects of salt stress, increase activities of superoxide Spm, Spd: (0.1 mM) Kamiab et al. [42]
dismutase and catalase, decrease hydrogen peroxide (H,0,) activity, lower
Na:K ratio
Sorghum Induce salt tolerance and reduce Na* accumulation Spd: 0.5 mM Yinetal. [119]
Lettuce Increase antioxidant enzyme activities and drought tolerance Put: 0.1 mM Liu et al. [56]
Apple Alleviate salt stress, increase fresh weight Put: 5 mM Liu et al. [57]
Wheat Osmolyte accumulations, increase free polyamine levels Put and Spm: 100 upM  Ebeed et al. [26]
Woad Increase yield and drought tolerance Put: 0.1, 1and2mM  Comlekcloglu

and Arikan [22]
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Polyamines roles in postharvest shelf life

PAs act as anti-senescence and anti-ripening regulators by
reducing respiration rate and ethylene release, retarding
color changes, inducing mechanical resistance and reduc-
ing chilling injury symptoms and enhancing the firmness
and quality attributes of fruits [92]. Many studies were
conducted on the effects of postharvest exogenous appli-
cation of PAs in order to enhance the storage life of fruits
and cut flowers (Table 2). Anti-senescence and ripening
effects of PAs have been reported in many climacteric
fruits, but there are few studies about this effect on non-
climacteric fruits. Guo et al. [35] showed that the content
of Spm increased sharply after the onset of fruit coloration
in strawberry compared to Put or Spd. Transcription of a
strawberry S-adenosyl-L-methionine decarboxylase gene
(FaSAMDC) led to Spm dominance in ripe fruit and up-
and down-regulation of FaSAMDC expression stimulated
or inhibited ripening, respectively. Exogenous application
of Spm- and Spd-induced fruit coloration, while exoge-
nous Put and SAMDC inhibitors inhibited this process.

The results of this research revealed that Spm could regu-
late strawberry fruit ripening in an ABA-dominated, [AA-
related and ethylene-coordinated manner that was different
from the previous experiment on climacteric fruit [61].

It was reported that copper-containing amine oxidases
(CuAOs) and PAOs are involved in physiological processes
that take place during fruit ripening [110]. There was an
association between PA catabolism with fruit ripening in
grape and tomato [2, 110]. The up-regulation of CuAOs/
PAOs during ripening may form ROS signaling events that
lead to the promotion of the ripening process [106]. It was
reported that PA catabolism participates with plant hormo-
nal pathways, such as ethylene and ABA [2]. It was shown
that increased accumulation of Spm in cPAO4 (pao4-1
and pao4-2) loss-of-function mutants was associated with
delayed entry into senescence under dark condition [90].

Biotechnological intermediation by utilizing chimeric
gene constructs of PA encoding genes has opened a new
means to develop transgenic fruits and vegetables in order
to improve shelf life and quality under storage period. Fur-
thermore, nanotechnology-based carriers could be developed
for the targeted assimilation of the PAs when used for the

Table 2 Summary of the effects of exogenous PAs application on postharvest physiology and quality of horticultural crops

Horticultural crops Effects

Applied polyamines References

Spm, Put: (0.5 mM) Champa et al. [20]

Put: (1 mM) Davarynejad et al. [24]

Spm: 0.5 mM, Spm (3 ppm),  Malik and Singh [62], Venu and

Grape Inhibition of chlorophyll degradation and reduc-
tion of color changes

Apricot Increase shelf life, reduce respiration rate and
ethylene release, stabilize color and firmness of
fruits, lower cellular juice leakage and browning

Mango Improve fruit retention, shelf life, yield and qual-
ity, regulate fruit softening and antioxidative
enzyme systems

Kiwifruit Improve postharvest quality

Apple Decrease weight loss and increase firmness

Strawberry Increase vitamin C, anthocyanin, phenolic
contents, and antioxidant capacity, reduce color
change

Peach Delay ethylene emission and maintain flesh firm-
ness

Pomegranet Alleviate chilling injury, enhance shelf life and
preserve fruit quality

Zucchini Maintain fruit quality

Broccoli Prevent chlorophyll degradation, maintain antioxi-
dant compounds and delay senescence

Green bell pepper  Increase vitamin C content and antioxidant capac-
ity, reduce color changes

Cucumber Inhibit chlorophyll degradation and reduce color
changes

Gladiolus increase fresh weight, uptake of vase solution,
flower opening and vase life

Chrysanthemum  Enhance quality and vase life, increase superox-

ide dismutase, decrease ACC-oxidase enzyme
activity

put (150 ppm) Ramdevputra [112]
Put (1 mM) Petkou et al. [78]
Put (1and 2 mM) Asgarpour et al. [12]
Put (2 mM) Siruieneja et al. [95]
Put (1 mM) Serrano et al. [91]
Put (2 mM) Barman et al. [16]
Put (1 mM) Palma et al. [73]

Put (0.25 mM)

Spd (20 uM)and Put (20 uM)
Put (0.4 mM)

put (100 PPM), spd (100 PPM)

Spd: 3 mM

Zheng et al. [123]
Patel et al. [76]
Jia et al. [40]

Raju Dantuluri et al. [82]

Kamiab and Zamanibahramabadi [43]
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shelf life extension in perishable horticultural crops. Studies
have been carried out to investigate the over-expression of
genes encoding PAs for maintaining quality and shelf life in
tomato transgenic plants [61, 96].

Polyamines role on symbiosis relationships
between plants and beneficial
microorganisms

Association of plant roots with microorganisms plays a
fundamental role in plant nutrition, health and productivity
[117]. Studies have shown that the relationships between
PAs and biofilm (multicellular communities of bacteria that
their formation is necessary for the plant root colonization)
formation by plant growth-promoting rhizobacteria (PGPR)
have an essential role in plant protection [117]. Another
research showed that PA biosynthesis inhibitors enhanced
anti-biofilm activity of amphotericin B (AmB) against Can-
dida albicans biofilms [49].

PA has also been known as a component involved in
mycorrhizal development [48]. On the other hand, mod-
ern breeding programs might have caused decreased plant
responsiveness to arbuscular mycorrhizal fungi (AMF) [77].
Symbiosis relationship between plants and beneficial micro-
organisms such as plant growth-promoting rhizobacteria
(PGPR) and mycorrhiza depends on PA metabolism [41].
Also, it has been revealed that exogenous PAs have impor-
tant roles to induce mycorrhizal colonization and develop-
ment in in vitro and greenhouse cultivation systems [84].
Niemi et al. [71] revealed that PA content and localization
of Pinus sylvestris ADC and Suillus variegatus ODC mRNA
transcripts during the formation of mycorrhizal interaction
increased in infected tissues after microbial inoculation.
Dual applications of arbuscular mycorrhizal fungi and Put
have increased nutrients uptake and growth of trifoliate cit-
rus (Poncirus trifoliate) Seedlings [80].

It has been reported that effective microorganism applica-
tion could mitigate salt toxicity and help plant growth and
productivity owing to the PA pool modification in common
bean [101].

PAs role as fungicides

Inhibition of the ornithine decarboxylase (ODC) activity
by a-difluoromethylornithine (DFMO) inhibitor has been
known as the main strategy often used to manipulate and
control PAs metabolism. DFMO targets ODC activity in
pathogens, whereas the plant utilizes another pathway of
PAs biosynthesis. Thus, this method can solve the problem
of resistance to fungicide [23];).

Estiarte et al. [27] utilized D, L-a-difluoromethylornithine
(DFMO) on Alternaria alternate and showed the reduced
fungal growth and mycotoxin production in in vitro condi-
tion. PA biosynthesis pathways are blocked in fungal cells,
but they are able to uptake the PAs from the host plant in
field condition. PA analogs for inhibiting the cellular PA
transport have been introduced by Burns et al. [19] who
designed a group of lipophilic PA analogs. Estiarte et al.
[27] tested two PA analogs, AMXT-2455 and AMXT-3016
and observed that they partially control A. alternata viability
in vitro and in vivo using tomato plants. This method can
be used to reduce aflatoxin in susceptible crops. Guazatine
is a potent inhibitor of PA oxidase (PAO) activity and is
used as a fungicide in agriculture. But, application of this
compound has toxicity effects on plants. Thus, Atanasov
et al. [14] identified a genome-wide association mapping
for the tolerance to guazatine in Arabidopsis thaliana and
introduced a natural method for Arabidopsis populations that
can reduce the toxicity of guazatine fungicide.

PAs role in flowering, fruit set
and embryogenesis

PAs are essential for plant reproduction including flowering
[10], fruit set and development [1]. Increased ovule longev-
ity and fruit set were associated with increased foliar and
flower N and B levels in Putrescine treated plants. Arias
et al. [11] reported that PAs may act as a nitrogen source
rather than a regulator of fruit set. Increased nutrients in
leaves and decreased fruit abscission could increase fruit set
after exogenous application of PAs.
5’-Methylthioadenosine (MTA) cycle is the main S recy-
cling pathway in plants. This compound is produced as a
by-product during ethylene, PA and nicotianamine synthe-
sis [89]. Zierer et al. [126] analyzed Arabidopsis thaliana
mutants with defects in the Met cycle enzymes and showed
that the reproductive inability was due to the reduction in PA
levels in mutant inflorescences. Phloem-specific S recycling
during periods of S deficiency is necessary for the biosyn-
thesis of PAs needed for flowering and seed development.

The reduced fruit drop due to the exogenous application
of PAs has been reported [64]. Khezri et al. [44] showed the
decreased abscission of inflorescence buds and increased
fruit set in pistachio trees with application of Spm. Spm
dominantly plays a key role in the growth and development
of pistachio nuts.

Kim et al. [45] indicated that AtPAOS5gene is a T-Spm
oxidase and recombinant AtPAOS catalyzes the conversion
of T-Spm and Spm to Spd. This gene delayed the transi-
tion from vegetative to reproductive growth, and also it was
observed in AtPAOS loss-of-function mutants (pao5). Liu
et al. [57] reported that the PA level decreased during fruit
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set to ripening in peach fruit. Thus, the above results indi-
cated that there is an antagonistic effect between PAs and
senescence. Vondrakova et al. [113] reported that exogenous
Put increased endogenous PA levels and caused the somatic
embryos development of Picea abies. Also it has been indi-
cated that stress responses and specific changes in PA metab-
olism could influence on Scots pine somatic embryogenesis.
Thus, the manipulation of stress response pathways may be a
novel strategy for somatic embryo production in recalcitrant
Scots pine lines [87].

Conclusions for future biology

Considerable evidences indicate that PAs are involved in
a wide array of plant processes. PA levels are controlled
by intricate regulatory feedback mechanisms. PA levels are
modified during cell growth and differentiation through
the interaction between the enzyme ornithine decarboxy-
lase (ODC) and two regulatory proteins: antizyme (Az) and
antizyme inhibitor (AzIN).

There are complex and differential relationships among
the three main PAs in regard to the regulation of plant
hormone biosynthesis and signaling. These PAs could be
positively or negatively linked to the expression of genes
regulating plant hormone biosynthesis. The most abundant
PAs, namely Put, Spm and Spd, are able to influence sev-
eral physiological processes, including photosynthesis, the
antioxidant system and ion channels under stress conditions.
PAs cooperate with NO signaling to respond to various a/
biotic stresses through interactions with cell metabolic path-
way, S-nitrosylation of stress responsive proteins and ABA
and (ROS) signaling. Genetic engineering of genes involved
in the PAs biosynthesis or degradation has been used for the
development of stress-resistant plants. Thus, reverse genetics
enables the identification of novel genes in the PA pathway.

Anti-senescence and anti-ripening effect of polyamines
has been reported in many climacteric fruits. CuAOs and
PAOs involves in physiological processes taking place dur-
ing fruit ripening. Nanotechnology-based carriers can be
developed for the targeted assimilation of the PAs to extend
the shelf life of agricultural products. Studies showed that
there is a positive correlation between PAs and beneficial
microorganisms. Furthermore, PAs can be utilized as fungi-
cide which is novel approach to reduce the fungicide resist-
ance. PAs are essential for flowering and fruit set; therefore,
by exogenous application of them or genetic manipulation
of genes involve in PAs biosynthesis pathways we can sig-
nificantly improve the performance and yield of agricultural
Ccrops.

Author contribution All the authors have equally contributed to col-
lecting the information and writing the manuscript.

@ Springer

Funding This work did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Abbasi NA, Ali I, Hafiz IA, Khan AS (2017) Application of
polyamines in horticulture: a review Int. J Biosci 10:319-342
2. Agudelo-Romero P, Bortolloti C, Pais MS, Tiburcio AF, Fortes
AM (2013) Study of polyamines during grape ripening indicate
an important role of polyamine catabolism. Plant Physiol Bio-
chem 67:105-119
3. Agurla S, Gayatri G, Raghavendra AS (2018) Polyamines
increase nitric oxide and reactive oxygen species in guard cells
of Arabidopsis thaliana during stomatal closure. Protoplasma
255:153-162
4. Alabdallah O, Ahou A, Mancuso N, Pompili V, Macone A,
Pashkoulov D, Tavladoraki P (2017) The Arabidopsis polyam-
ine oxidase/dehydrogenase 5 interferes with cytokinin and auxin
signaling pathways to control xylem differentiation. J Exp Bot
68:997-1012
5. Alcéazar R, Bitrian M, Bartels D, Koncz C, Altabella T, Tibur-
cio AF (2011) Polyamine metabolic canalization in response to
drought stress in Arabidopsis and the resurrection plant Crater-
ostigma plantagineum. Plant Signal Behav 6:243-250
6. Amri E, Mirzaei M, Moradi M, Zare K (2011) The effects of
spermidine and putrescine polyamines on growth of pomegranate
(Punica granatum L. cv Rabbab) in salinity circumstance. Int J
Plant Physiol 3:43-49
7. Angelini R, Cona A, Federico R, Fincato P, Tavladoraki P, Tisi
A (2010) Plant amine oxidases “on the move”: an update. Plant
Physiol Biochem 48:560-564
8. Antognoni F, Fornale S, Grimmer C, Komor E, Bagni N (1998)
Longdistance translocation of polyamines in phloem and xylem
of Ricinus communis L. plants. Planta 204:520-527
9. Anwar R, Mattoo AK, Handa AK (2015) Polyamine interactions
with plant hormones: crosstalk at several levels. In: Polyamines.
Springer, Tokyo, pp 267-302
10. Applewhite PB, Kaur-Sawhney R, Galston AW (2000) A role for
spermidine in the bolting and flowering of Arabidopsis. Physiol
Plant 108:314-320
11. Arias M, Carbonell J, Agusti M (2005) Endogenous free poly-
amines and their role in fruit set of low and high parthenocarpic
ability citrus cultivars. J Plant Physiol 162:845-853
12. Asgarpour A, Babalar M, Ali M, Sarcheshmeh A (2016) The
effect of preharvest spray ofputrescine and salicylic acid solu-
tions on some qualitative properties of ‘Granny Smith’ apple
fruit. Iran J Hortic Sci 47:445-456
13. Asgher M, Khan MIR, Anjum NA, Verma S, Vyas D, Per
TS, Khan NA (2018) Ethylene and polyamines in counteract-
ing heavy metal phytotoxicity: a crosstalk perspective. J Plant
Growth Regul 37:1050-1065
14. Atanasov KE, Barboza-Barquero L, Tiburcio AF, Alcazar R
(2016) Genome wide association mapping for the tolerance to the
polyamine oxidase inhibitor guazatine in Arabidopsis thaliana.
Front Plant Sci 7:401-411
15. Bagni N, Pistocchi R (1985) Putrescine uptake in Saintpaulia
petals. Plant Physiol 77:398—402



Biologia Futura

16.

17.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Barman K, Asrey R, Pal RK (2011) Putrescine and carnauba
wax pre-treatments alleviate chilling injury, enhance shelf life
and preserve pomegranate fruit quality during cold storage. Sci
Hortic 130:795-800

Bortolotti C, Cordeiro A, Alcazar R, Borrell A, Culiafez-
Macia FA, Tiburcio AF, Altabella T (2004) Localization
of arginine decarboxylase in tobacco plants. Physiol Plant
120:84-92

Brill S, Falk OS, Schuldiner S (2012) Transforming a drug/
H* antiporter into a polyamine importer by a single mutation.
Proc Natl Acad Sci USA 109:16894-16899

Burns MR, Graminski GF, Weeks RS, Chen Y, O’Brien TG
(2009) Lipophilic lysine—spermine conjugates are potent polyam-
ine transport inhibitors for use in combination with a polyamine
biosynthesis inhibitor. ] Med Chem 52:1983-1993

Champa WH, Gill MIS, Mahajan BVC, Arora NK (2014) Post-
harvest treatment of polyamines maintains quality and extends
shelf-life of table grapes (Vitis vinifera L.) cv. Flame Seedless.
Postharvest Biol Technol 91:57-63

Choudhary SP, Oral HV, Bhardwaj R, Yu JQ, Tran LSP (2012)
Interaction of brassinosteroids and polyamines enhances copper
stress tolerance in Raphanus sativus. J ExpBot 63:5659-5675
Comlekcioglu N, Arikan S (2017) Effects of physiologi-
cal stress and exogenous poliamines on seedling growth and
indigo amounts in Isatis tinctoria L. leaves. Mediterr Agric Sci
30:261-267

Crespo-Sempere A, Estiarte N, Marin S, Sanchis V, Ramos Al
(2015) Targeting Fusarium graminearum control via polyam-
ine enzyme inhibitors and polyamine analogs. Food Microbiol
49:95-103

Davarynejad G, Zarei M, Ardakani E, Nasrabadi ME (2013)
Influence of putrescine application on storability, postharvest
quality and antioxidant activity of two Iranian apricot (Prunus
armeniaca L.) cultivars. Not Sci Biol 5:212-219

De Oliveira LF, Navarro BV, Cerruti GV, Elbl P, Minocha R,
Minocha SC, Floh EIS (2018) Polyamine-and amino acid-related
metabolism: the roles of arginine and ornithine are associated
with the embryogenic potential. Plant Cell Physiol 59:1084—1098
Ebeed HT, Hassan NM, Aljarani AM (2017) Exogenous appli-
cations of polyamines modulate drought responses in wheat
through osmolytes accumulation, increasing free polyamine lev-
els and regulation of polyamine biosynthetic genes. Plant Physiol
Biochem 118:438-448

Estiarte N, Crespo-Sempere A, Marin S, Sanchis V, Ramos Al
(2017) Exploring polyamine metabolism of Alternaria alternata
to target new substances to control the fungal infection. Food
Microbiol 65:193-204

Espasandin FD, Maiale SJ, Calzadilla P, Ruiz OA, Sansberro
PA (2014) Transcriptional regulation of 9-cis-epoxycarotenoid
dioxygenase (NCED) gene by putrescine accumulation positively
modulates ABA synthesis and drought tolerance in Lotus tenuis
plants. Plant Physiol Biochem 76:29-35

Freitas VS, de Souza Miranda R, Costa JH, de Oliveira DF, de
Oliveira Paula S, de Castro Miguel E, Gomes-Filho E (2018) Eth-
ylene triggers salt tolerance in maize genotypes by modulating
polyamine catabolism enzymes associated with H,0O, production.
Environ Exp Bot 145:75-86

Gémes K, Mellidou I, Karamanoli K, Beris D, Park KY, Matsi
T, Roubelakis-Angelakis KA (2017) Deregulation of apoplas-
tic polyamine oxidase affects development and salt response of
tobacco plants. J Plant Physiol 211:1-12

Gharbi E, Martinez JP, Benahmed H, Fauconnier ML, Lutts S,
Quinet M (2016) Salicylic acid differently impacts ethylene and
polyamine synthesis in the glycophyte Solanum lycopersicum
and the wild-related halophyte Solanum chilense exposed to mild
salt stress. Physiol Plant 158:152—167

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Gholami M, Bahabadi SE, Ghanati F, Borojeni LY (2018) Ste-
reo-specific transcript regulation of the polyamine biosynthesis
genes by enantiomers of ornithine in tobacco cell culture. Iran J
Biotechol 16:124-138

Gong B, Wang XM, Yang F, Li Y, Shi Q (2016) Overexpres-
sion of S-adenosylmethionine synthetase 1 enhances tomato
callus tolerance to alkali stress through polyamine and hydrogen
peroxide cross-linked networks. Plant Cell Tissue Organ Cult
(PCTOC) 124:377-391

Gong X, Shi S, Dou F, Song Y, Ma F (2017) Exogenous mela-
tonin alleviates alkaline stress in Malus hupehensis Rehd. by
regulating the biosynthesis of polyamines. Molecules 22:1542
Guo J, Wang S, Yu X, Dong R, Li Y, Mei X, Shen Y (2018)
Polyamines regulate strawberry fruit ripening by abscisic acid,
auxin, and ethylene. Plant Physiol 177:339-351

Gupta K, Sengupta A, Chakraborty M, Gupta B (2016) Hydrogen
peroxide and polyamines act as double edged swords in plant
abiotic stress responses. Front Plant Sci 7:1343

Huang XS, Zhang Q, Zhu D, Fu X, Wang M, Zhang Q, Liu JH
(2015) ICEL1 of Poncirus trifoliata functions in cold tolerance by
modulating polyamine levels through interacting with arginine
decarboxylase. Exp Bot 66:3259-3274

Hu X, XuZ, Xu W, LiJ, Zhao N, Zhou Y (2015) Application of
y-aminobutyric acid demonstrates a protective role of polyamine
and GABA metabolism in muskmelon seedlings under Ca(NO;),
stress. Plant Physiol Biochem 92:1-10

Ivanov IP, Shin BS, Loughran G, Tzani I, Young-Baird SK, Cao
C, Dever TE (2018) Polyamine control of translation elongation
regulates start site selection on antizyme inhibitor mRNA via
ribosome queuing. Mol Cell 70:254-264

Jia B, Zheng Q, Zuo J, Gao L, Wang Q, Guan W, Shi J (2018)
Application of postharvest putrescine treatment to maintain
the quality and increase the activity of antioxidative enzyme of
cucumber. Sci Hortic (Amsterdam) 239:210-215

Jiménez Bremont JF, Marina M, Guerrero-Gonzéalez MDLL,
Rossi FR, Sanchez-Rangel D, Rodriguez-Kessler M, Garriz A
(2014) Physiological and molecular implications of plant poly-
amine metabolism during biotic interactions. Front Plant Sci
5:95-104

Kamiab F, Talaie A, Khezri M, Javanshah A (2014) Exogenous
application of free polyamines enhance salt tolerance of pistachio
(Pistacia vera L.) seedlings. Plant Growth Regul 72:257-268
Kamiab F, Zamanibahramabadi E (2016) The effect of differ-
ent polyamines on some physiological traits as ACC oxidase
and superoxide dismutase enzymes activity in Chrysanthemum
morifolium cv. ‘Bright Golden Ann’. J] Ornam Hortic Plants
6:124-138

Khezri M, Talaie A, Javanshah A, Hadavi F (2010) Effect of
exogenous application of free polyamines on physiological dis-
orders and yield of ‘Kaleh-Ghoochi’pistachio shoots (Pistacia
vera L.). Sci Hort 125:270-276

Kim DW, Watanabe K, Murayama C, Izawa S, Niitsu M, Michael
AJ, Kusano T (2014) Polyamine oxidase5 regulates Arabidopsis
growth through thermospermine oxidase activity. Plant Physiol
165:1575-1590

Kim NH, Kim BS, Hwang BK (2013) Pepper arginine decarboxy-
lase is required for polyamine and y-aminobutyric acid signaling
in cell death and defense response. Plant Physiol 162:2067-2083
Krishnan S, Merewitz EB (2017) Polyamine Application effects
on gibberellic acid content in creeping bentgrass during drought
stress. ] Am Soc Hortic Sci 142:135-142

Kusano T, Berberich T, Tateda C, Takahashi Y (2008) Poly-
amines: essential factors for growth and survival. Planta
228:367-381

Liao Z, ZhangGuan X, Zhu Z, Yao X, Yang Y, Jiang Y, Cao Y
(2015) Enhancement of the antibiofilm activity of amphotericin

@ Springer



Biologia Futura

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

B by polyamine biosynthesis inhibitors. Int J Antimicrob Agents
46:45-52

LiB,HeL, Guo S, LiJ, Yang Y, Yan B, LiJ (2013) Proteomics
reveal cucumber Spd-responses under normal condition and salt
stress. Plant Physiol Biochem 67:7-14

Li H, Meininger CJ, Bazer FW, Wu G (2016) Intracellular
sources of ornithine for polyamine synthesis in endothelial cells.
Amino Acids 48:2401-2410

Li S, Jin H, Zhang Q (2016) The effect of exogenous spermi-
dine concentration on polyamine metabolism and salt tolerance
in zoysiagrass (Zoysia japonica Steud) subjected to short-term
salinity stress. Front plant Sci 7:1221-1323

LiZ, Zhang Y, Xu Y, Zhang X, Peng Y, Ma X, Yan Y (2016)
Physiological and iTRAQ-based proteomic analyses reveal the
function of spermidine on improving drought tolerance in white
clover. J Proteome Res 15:1563-1579

Li K, Xing C, Yao Z, Huang X (2017) Pbr MYB 21, a novel
MYB protein of Pyrus betulaefolia, functions in drought tol-
erance and modulates polyamine levels by regulating arginine
decarboxylase gene. Plant Biotechnol J 15:1186-1203

Limon A, Mamdani F, Hjelm BE, Vawter MP, Sequeira A (2016)
Targets of polyamine dysregulation in major depression and sui-
cide: activity-dependent feedback, excitability, and neurotrans-
mission. Neurosci Biobehav Rev 66:80-91

Liu CJ, Wang HR, Wang L, Han Y'Y, Hao JH, Fan SX (2018)
Effects of different types of polyamine on growth, physiological
and biochemical nature of lettuce under drought stress. In: IOP
conference series: earth and environmental science, vol 185, no
1. IOP Publishing, p 012010

LiuJ, Yu BJ, Liu YL (2006) Effects of spermidine and spermine
levels on salt tolerance associated with tonoplast HT-ATPase
and H*-PPase activities in barley roots. Plant Growth Regul
49:119-126

Liu T, Kim DW, Niitsu M, Berberich T, Kusano T (2014) Oryza
sativa polyamine oxidase 1 back-converts tetraamines, spermine
and thermospermine, to spermidine. Plant Cell Rep 33:143-151
Liu Y, Gu D, Wu W, Wen X, Liao Y (2013) The relationship
between polyamines and hormones in the regulation of wheat
grain filling. PLoS ONE 8:¢78196

Luo J, Liu M, Zhang C, Zhang P, Chen J, Guo Z, Lu S (2017)
Transgenic centipedegrass (Eremochloa ophiuroides [Munro]
Hack.) overexpressing S-adenosylmethionine decarboxylase
(SAMDC) gene for improved cold tolerance through involve-
ment of H,0, and NO signaling. Front Plant Sci 8:1655
Madhulatha P, Gupta A, Gupta S, Kumar A, Pal RK, Rajam MV
(2014) Fruit-specific over-expression of human S-adenosylme-
thionine decarboxylase gene results in polyamine accumulation
and affects diverse aspects of tomato fruit development and qual-
ity. J Plant Biochem Biotechnol 23:151-160

Malik AU, Singh Z (2003) Abscission of mango fruitlets as influ-
enced by biosynthesis of polyamines. J Hortic Sci Biotechnol
78:721-727

Mariani P, Dorazi D, Bagni N (1989) Polyamines in primary
walls of carrot cells: endogenous content and interactions. J Plant
Physiol 135:508-510

Marzouk HA, Kassem HA (2011) Improving yield, quality, and
shelf life of Thompson seedless grapevine by preharvest foliar
applications. Sci Hortic 130:425-430

Mellidou I, Moschou PN, Ioannidis NE, Pankou C, Gémes K,
Valassakis C, Karamanoli A (2016) Silencing S-Adenosyl-L-Me-
thionine Decarboxylase (SAMDC) in Nicotiana tabacum points
at a polyamine-dependent trade-off between growth and tolerance
responses. Front Plant Sci 7:379

Mellidou I, Karamanoli K, Beris D, Haralampidis K, Constanti-
nidou HIA, Roubelakis-Angelakis KA (2017) Underexpression

@ Springer

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

of apoplastic polyamine oxidase improves thermotolerance in
Nicotiana tabacum. J Plant Physiol 218:171-174

Mo H, Wang X, Zhang Y, Zhang G, Zhang J, Ma Z (2015) Cot-
ton polyamine oxidase is required for spermine and camalexin
signalling in the defence response to Verticillium dahliae. Plant
1 83:962-975

Mulangi V, Phuntumart V, Aouida M, Ramotar D, Morris P
(2012) Functional analysis of OsPUT1, a rice polyamine uptake
transporter. Planta 235:1-11

Nahar K, Hasanuzzaman M, Alam MM, Rahman A, Suzuki T,
Fujita M (2016) Polyamine and nitric oxide crosstalk: antago-
nistic effects on cadmium toxicity in mung bean plants through
upregulating the metal detoxification, antioxidant defense and
methylglyoxal detoxification systems. Ecotoxicol Environ Saf
126:245-255

Nahed GAA, Lobna ST, Soad MI (2009) Some studies on the
effect of putrescine, ascorbic acid and thiamine on growth,
flowering and some chemical constituents of gladiolus plants at
Nubaria. Ozean J Appl Sci 2:169-179

Niemi K, Julkunen-Tiitto R, Higgman H, Sarjala T (2006) Suil-
lus variegatus causes significant changes in the content of indi-
vidual polyamines and flavonoids in Scots pine seedlings during
mycorrhiza formation in vitro. J Exp Bot 58:391-401

Nishio T, Yoshikawa Y, Fukuda W, Umezawa N, Higuchi T, Fuji-
wara S, Yoshikawa K (2018) Branched-chain polyamine found
in hyperthermophiles induces unique temperature-dependent
structural changes in genome-size DNA. Chem Phys Chem
19:2299-2304

Palma F, Carvajal F, Ramos JM, Jamilena M, Garrido D (2015)
Effect of putrescine application on maintenance of zucchini fruit
quality during cold storage: contribution of GABA shunt and
other related nitrogen metabolites. Postharvest Biol Technol
99:131-140

Pal M, Szalai G, Janda T (2015) Speculation: polyamines are
important in abiotic stress signaling. Plant Sci 237:16-23

Pang XM, Zhang ZY, Wen XP, Ban Y, Moriguchi T (2007) Poly-
amines, all-purpose players in response to environment stresses
in plants. Plant Stress 1:173-188

Patel N, Gantait S, Panigrahi J (2019) Extension of postharvest
shelf-life in green bell pepper (Capsicum annuum L.) using exog-
enous application of polyamines (spermidine and putrescine).
Food Chem 275:681-687

Pérez-Jaramillo JE, Mendes R, Raaijmakers JM (2016) Impact
of plant domestication on rhizosphere microbiome assembly and
functions. Plant Mol Biol 90:635-644

Petkou I, Pritsa T, Sfakiotakis E (2003) Effect of dipping and
pressure infiltration of putrescine on the propylene induced auto-
catalytic ethylene production and ripening of ‘Hayward’ kiwi-
fruit. Acta Hortic 610:261-266

Pottosin I, Velarde-Buendia AM, Bose J, Fuglsang AT, Shabala
S (2014) Polyamines cause plasma membrane depolarization,
activate Ca>*-, and modulate H*-ATPase pump activity in pea
roots. J Exp Bot 65:2463-2472

Qiang-Sheng WU, Ying-Ning ZOU (2009) The effect of dual
application of arbuscular mycorrhizal fungi and polyamines upon
growth and nutrient uptake on trifoliate orange (Poncirus trifo-
liata) seedlings. Not Bot Horti Agrobot Cluj-Napoca 37:95-98

Quinet M, Ndayiragije A, Lefevre I, Lambillotte B, Dupont-
Gillain CC, Lutts S (2010) Putrescine differently influences
the effect of salt stress on polyamine metabolism and ethylene
synthesis in rice cultivars differing in salt resistance. J] Exp Bot
61:2719-2733

Raju Dantuluri VS, Misra RL, Singh VP (2008) Effect of poly-
amines on post harvest life of gladiolus spikes. J Ornam Hortic
11:66-68



Biologia Futura

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Recalde L, Vazquez A, Groppa MD, Benavides MP (2018)
Reactive oxygen species and nitric oxide are involved in poly-
amine-induced growth inhibition in wheat plants. Protoplasma
255:1295-1307

Rezvanypour S, Hatamzadeh A, Elahinia SA, Asghari HR
(2015) Exogenous polyamines improve mycorrhizal develop-
ment and growth and flowering of Freesia hybrida. J Hortic
Res 23:17-25

Sagor GHM, Zhang S, Kojima S, Simm S, Berberich T, Kusano
T (2016) Reducing cytoplasmic polyamine oxidase activity in
Arabidopsis increases salt and drought tolerance by reducing
reactive oxygen species production and increasing defense gene
expression. Front Plant Sci 7:214-226

Sakamoto A, Terui Y, Yoshida T, Yamamoto T, Suzuki H, Yama-
moto K, Kashiwagi K (2015) Three members of polyamine mod-
ulon under oxidative stress conditions: two transcription factors
(SoxR and EmrR) and a glutathione synthetic enzyme (GshA).
PLoS ONE 10:123-132

Salo HM, Sarjala T, Jokela A, Higgman H, Vuosku J (2016)
Moderate stress responses and specific changes in polyamine
metabolism characterize Scots pine somatic embryogenesis. Tree
Physiol 36:392-402

Sandip AG, Carucci A, Renato A, Tisi A, Franchi S, Tavladoraki
P, Cona A (2015) The apoplastic copper amine oxidase AtAO1
mediates jasmonic acid-induced protoxylem differentiation in
Arabidopsis roots. Plant Physiol 168:690-707

Sauter M, Moffatt B, Saechao MC, Hell R, Wirtz M (2013)
Methionine salvage and S-adenosylmethionine: essential links
between sulfur, ethylene and polyamine biosynthesis. Biochem
J451:145-154

Sequera-Mutiozabal MI, Erban A, Kopkal Atanasov KE, Bastida
J, Fotopoulos V, Tiburcio AF (2016) Global metabolic profiling
of Arabidopsis polyamine oxidase 4 (AtPAO4) loss-of-function
mutants exhibiting delayed dark-induced senescence. Front Plant
Sci 7:173

Serrano M, Martinez-Romero D, Guillén F, Valero D (2003)
Effects of exogenous putrescine on improving shelf life of four
plum cultivars. Postharvest Biol Technol 30:259-271

Sharma S, Pareek S, Sagar N, Valero D, Serrano M (2017) Modu-
latory effects of exogenously applied polyamines on postharvest
physiology, antioxidant system and shelf life of fruits: a review.
Int J Mol Sci 18:1789

Shen Y, Ruan Q, Chai H, Yuan Y, Yang W, Chen J, Shi H (2016)
The Arabidopsis polyamine transporter LHR 1/PUT 3 modulates
heat responsive gene expression by enhancing mRNA stability.
Plant J 88:1006-1021

Shi J, Fu XZ, Peng T, Huang XS, Fan QJ, Liu JH (2010) Sper-
mine pretreatment confers dehydration tolerance of citrus in vitro
plants via modulation of antioxidative capacity and stomatal
response. Tree Physiol 30(7):914-922

Siruieneja B, Mortazavi SMH, Moalemmi N, Eshghi S (2013)
The Effect of postharvest application of putrescine and UV-C
irradiation on strawberry (Fragaria X ananasa cv. Selva) fruit
quality. Plant Prod 36:117-127

Sobolev AP, Neelam A, Fatima T, Shukla V, Handa AK, Mat-
too AK (2014) Genetic introgression of ethylene-suppressed
transgenic tomatoes with higher-polyamines trait overcomes
many unintended effects due to reduced ethylene on the primary
metabolome. Front Plant Sci 5:632-645

Song Y, Miao Y, Song CP (2014) Behind the scenes: the
roles of reactive oxygen species in guard cells. New Phytol
201(4):1121-1140

Sugiyama S, Vassylyev DG, Matsushima M, Kashiwagi K, Iga-
rashi K, Morikawa K (1996) Crystal structure of PotD, the pri-
mary receptor of the polyamine transport system in Escherichia
coli. J Biol Chem 271:9519-9525

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Szalai G, Janda K, Darko E, Janda T, Peeva V, Pal M (2017)
Comparative analysis of polyamine metabolism in wheat and
maize plants. Plant Physiol Biochem 112:239-250

Takahashi Y, Cong R, Sagor GHM, Niitsu M, Berberich T,
Kusano T (2010) Characterization of five polyamine oxidase
isoforms in Arabidopsis thaliana. Plant Cell Rep 9:955-965
Talaat NB (2015) Effective microorganisms modify protein and
polyamine pools in common bean (Phaseolus vulgaris L.) plants
grown under saline conditions. Sci Hortic 190:1-10

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

Tanou G, Ziogas V, Belghazi M, Christou A, Filippou P, Job
D, Molassiotis A (2014) Polyamines reprogram oxidative and
nitrosative status and the proteome of citrus plants exposed to
salinity stress. Plant Cell Environ 37:864-885

Tassoni A, Napier RM, Franceschetti M, Venis MA, Bagni N
(2002) Spermidine-binding proteins. Purification and expression
analysis in maize. Plant Physiol 128:1303-1312

Tassoni A, Antognoni F, Bagni N (1996) Polyamine binding to
plasma membrane vesicles isolated from zucchini hypocotyls.
Plant Physiol 110:817-824

Tavladoraki P, Cona A, Angelini R (2016) Copper-containing
amine oxidases and FAD-dependent polyamine oxidases are key
players in plant tissue differentiation and organ development.
Front Plant Sci 7:824

Terui Y, Yoshida T, Sakamoto A, Saito D, OshimaT Kawazoe
M, Kashiwagi K (2018) Polyamines protect nucleic acids against
depurination. Int J Biochem Cell Biol 99:147-153

Tiburcio AF, Altabella T, Borrell A, Masgrau C (1997) Polyam-
ine metabolism and its regulation. Physiol Plant 100(3):664—674
Tiburcio AF, Altabella T, Bitrian M, Alcazar R (2014) The roles
of polyamines during the lifespan of plants: from development to
stress. Planta 240:1-18

Tsaniklidis G, Kotsiras A, Tsafouros A, Roussos PA, Aivalakis
G, Katinakis P, Delis C (2016) Spatial and temporal distribution
of genes involved in polyamine metabolism during tomato fruit
development. Plant Physiol Biochem 100:27-36

Vassylyev DG, Tomitori H, Kashiwagi K, Morikawa K, Igar-
ashi K (1998) Crystal structure and mutational analysis of the
Escherichia coli putrescine receptor structural basis for substrate
specificity. J Biol Chem 273:17604-17609

Venu A, Ramdevputra MV (2018) Effect of polyamines and NAA
application on quality and shelf life of mango (Mangifera indica
L.) cv. Kesar. Int J Curr Microbiol Appl Sci 7:2906-2911
Vondrakova Z, EliaSové K, Vagner M, Martincova O, Cvikrova
M (2015) Exogenous putrescine affects endogenous polyamine
levels and the development of Picea abies somatic embryos. Plant
Growth Regul 75:405-414

Wang W, Liu JH (2016) CsPAO4 of Citrus sinensis functions in
polyamine terminal catabolism and inhibits plant growth under
salt stress. Sci Rep 6:31384

Wang W, Liu JH (2015) Genome-wide identification and expres-
sion analysis of the polyamine oxidase gene family in sweet
orange (Citrus sinensis). Gene 555:421-429

Wu HY, Chen S, Hsieh JY, Chou F, Wang YH, Lin WT, Lin
CL (2015) Structural basis of antizyme-mediated regulation of
polyamine homeostasis. Proc Natl Acad Sci 112:11229-11234
Xie SS, Wu HJ, Zang HY, Wu LM, Zhu QQ, Gao XW (2014)
Plant growth promotion by spermidine-producing Bacillus sub-
tilis OKB105. Mol Plant Microbe Interact 27:655-663

Yang LI, Hong XU, Wen XX, Liao YC (2016) Effect of pol-
yamine on seed germination of wheat under drought stress is
related to changes in hormones and carbohydrates. J Integr Agric
15:2759-2774

@ Springer



Biologia Futura

119.

120.

121.

122.

Yin L, Wang S, Tanaka K, Fujihara S, Itai A, Den X, Zhang S
(2016) Silicon-mediated changes in polyamines participate in
silicon-induced salt tolerance in Sorghum bicolor L. Plant Cell
Environ 39:245-258

Yordanova MM, Loughran G, Zhdanov AV, Mariotti M, Kiniry
SJ, O’Connor PB, Gladyshev VN (2018) AMD1 mRNA employs
ribosome stalling as a mechanism for molecular memory forma-
tion. Nature 553:356-365

Yuan L, Zhu S, Li S, Shu S, Sun J, Guo S (2014) 24-Epibrassi-
nolide regulates carbohydrate metabolism and increases poly-
amine content in cucumber exposed to Ca(NO;), stress. Acta
Physiol Plant 36:2845-2852

Zapata PJ, Serrano M, Garcia-Legaz MF, Pretel MT, Botella MA
(2017) Short term effect of salt shock on ethylene and polyam-
ines depends on plant salt sensitivity. Front Plant Sci 8:855

@ Springer

123.

124.

125.

126.

Zheng Q, Zuo J, Gu S, Gao L, Hu W, Wang Q, Jiang A (2019)
Putrescine treatment reduces during senescence of broccoli
(Brassica oleracea L. var. italica). Postharvest Biol Technol
152:29-35

Zhao F, Song CP, He J, Zhu H (2007) Polyamines improve K*/
Na™ homeostasis in barley seedlings by regulating root ion chan-
nel activities. Plant Physiol 145(3):1061-1072

Zhao H, Zhang K, Zhou X, Xi L, Wang Y, Xu H, Zou Z (2017)
Melatonin alleviates chilling stress in cucumber seedlings by up-
regulation of CsZat12 and modulation of polyamine and abscisic
acid metabolism. Sci Rep 7:4998

Zierer W, Hajirezaei MR, Eggert K, Sauer N, von Wirén N, Pom-
merrenig B (2016) Phloem-specific methionine recycling fuels
polyamine biosynthesis in a sulfur-dependent manner and pro-
motes flower and seed development. Plant Physiol 170:790-806



	Biologia futura: the role of polyamine in plant science
	Abstract
	Introduction
	Polyamine biosynthesis
	Regulatory feedback mechanisms of polyamines
	Polyamine and phytohormone cross-talk
	Role of polyamines in biotic and abiotic stresses
	Polyamines regulate protein synthesis during stresses
	Genetic engineering of polyamines in stress resistant plants
	Exogenous application of polyamines
	Uptake, sub cellular localization and transport of polyamines
	Polyamines roles in inducing plant stress resistance


	Polyamines roles in postharvest shelf life
	Polyamines role on symbiosis relationships between plants and beneficial microorganisms
	PAs role as fungicides
	PAs role in flowering, fruit set and embryogenesis
	Conclusions for future biology
	References




