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Abstract

Polyamines are amine-containing, low molecular weight, and ubiquitous polycationic molecules present in almost all cells
and free-living microbes, which are formed by aliphatic hydrocarbons replaced with multiple amino groups. They have been
considered as a new kind of plant biostimulant, which play vital roles in diverse plant growth and developmental processes,
and environmental stress responses. However, little is known regarding the effects of polyamines specifically on the elici-
tation of bioactive compounds in medicinal plant production. Therefore, in this review, we attempt to cover these gaps of
information. Supply of polyamines, whether by exogenous application or through genetic engineering, could positively affect
medicinal plant growth, productivity, and stress tolerance; however, these effects depend on type and dose of polyamine
application and plant species. Furthermore, polyamines play as precursor for the several groups of alkaloids (pyrrolizidine,
tropane, and quinolizidine alkaloids) and phenolamides, so these bioactive compounds could significantly increase the con-

centration of the above-mentioned natural products.
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Introduction

A plant biostimulant (phytostimulator) is defined as any non-
toxic substance (mostly natural origin) or microorganism
applied to plant systems that aim to improve nutrition-use
efficiency, stimulate plant life processes, and abiotic stress
tolerance (Jardin 2015). Plant biostimulants impact some
of the metabolic pathways of plants such as photosynthesis,
respiration, and nucleic acid synthesis, and when applied in
proper quantities, improve the plant growth and develop-
ment without changing their natural pathway (Rafiee et al.
2016). Some major biostimulants are humic and fulvic acids,
N-containing compounds (e.g., polyamines and betaines),
seaweed extracts and botanicals, biopolymers (e.g., chi-
tosan), inorganic compounds (e.g., Al, Co, Na, Se, and Si),
and beneficial fungi and bacteria (Jardin 2015).

Polyamines (PAs) are organic polycations present in
almost all cells and free-living microbes, and due to their
stimulatory roles in plant metabolic processes, they are
regarded as plant biostimulants. In higher plants, the most
common PAs are spermidine (Spd), spermine (Spm), and
their diamine precursor putrescine (Put). They are formed by
aliphatic hydrocarbons substituted with two or more amino
groups (Fig. 1). In plant cells, PAs are found in the vacuole,
cytoplasm, plastids, mitochondria, and in the cell wall, but
Spm is also present in the nucleus (Alcazar et al. 2010a).
Polyamines are present in the cells not only in free form
but also due to their polycationic nature at physiological
pH they are able to form linkages to phenolic acids, espe-
cially hydroxycinnamic acid and other compounds with
low molecular weight or to nucleic acids and proteins. The
free forms of PAs are easily translocated within cells due to
their water-soluble properties; this property promotes the
direct action of free PAs. Apart from ionic linkages, PAs are
able to form electrostatic linkages with negatively charged
molecules, causing conformational stabilization/destabiliza-
tion of DNA, RNA, chromatin, and proteins (Alcizar et al.
2010a; Wimalasekera et al. 2011). It is suggested that the
formation of conjugated PAs plays a key role in the regula-
tion of the free PA level (control intracellular concentration)
and may indirectly contribute to development and resistance
regulation.
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Putrescine N N N
2 Hy H,
H, H, H H,
L c C N C NH,
Spermidine I W N g N
z H, Hy Ha Hy
Hy Hy H, H, H H,
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Fig. 1 Chemical structure of putrescine, spermidine, and spermine
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Polyamines as a new type of plant growth biostimulant
play vital roles in a range of developmental and physiologi-
cal processes such as gene expression, protein and DNA
synthesis, and cell division and differentiation; in growth
and developmental processes such as somatic embryogen-
esis, organogenesis, and dormancy breaking of tubers; and
in seed germination, development of flowers and fruits,
and senescence (Shi and Chan 2014; Tavladoraki et al.
2012). Numerous studies have shown that PAs are able to
enhance the tolerance to environmental stresses (Minocha
et al. 2014; Hussain et al. 2011). Interactions of PAs with
signal molecules such as nitric oxide (NO), y-aminobutyric
acid (GABA), proline (Pro), and phytohormones underlie
some of their functions in plant growth and development,
and environmental stress responses (Martin-Tanguy 2001;
Wimalasekera et al. 2011; Subramanyam et al. 2015).
Intensive research on PA function in plants has illustrated
that they are important regulators of growth and develop-
ment. Apart from their stimulatory roles in medicinal plant
growth and tolerance to environmental stresses, PAs have
been reported to facilitate the accumulation of several eco-
nomically important secondary metabolites. The well-known
association between PAs and secondary metabolism is the
creation of various alkaloids (mainly derived from Put)
(Shoji and Hashimoto 2015) and other secondary products
such as phenolic compounds (Bassard et al. 2010). In spite
of significant knowledge on PAs and their roles in plants,
any researcher did not mention practical ways for consum-
ers, so farmers are still bewildered when they want to use
these materials. In addition, there is no specific report on
the effects of these biostimulants on medicinal herb growth
and productivity. Therefore, the present review not only
highlights the prospects of PA application for stimulating
growth and development and enhanced the quality of medic-
inal plants but also prepares forward-looking information
on polyamines.

PA biosynthesis and catabolism

The PA homeostasis in the plant cells is mainly attained
via the regulation of its interconversion, biosynthesis, and
catabolism. In addition, conjugation, transport, and compart-
mentalization affect PA homeostasis in a cellular/extracel-
lular point. The PA biosynthetic and catabolism pathways
have been comprehensively studied in many organisms
such as plants and reviewed in detail (Hussain et al. 2011;
Tiburcio et al. 2014). In plants, Put is a major diamine and a
direct substrate for triamine Spd and tetra-amine Spm. Two
alternative synthesis pathways have been demonstrated for
the Put biosynthesis from various plant species, directly
from either ornithine (Orn) by Orn decarboxylase (ODC)
or arginine (Arg) by Arg decarboxylase (ADC) with two
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intermediates, agmatine and N-carbamoylputrescine (Fig. 2).
Spermidine synthase catalyzes Spd synthesis from Put by
adding an aminopropyl moiety provided by decarboxylated
S-adenosylmethionine (dcSAM). The conversion of SAM
to dcSAM by SAM decarboxylase is a rate-limiting step in
PA pathway. Similarly, Spm is synthesized from Spd and
dcSAM, which is catalyzed by Spm synthase. Polyam-
ine biosynthetic genes and enzymes are listed in Table 1.
Among the PA biosynthesis enzymes, ADC, ODC, and SAM
decarboxylase are the most important for the proper regula-
tion of cellular PAs. Hence, the control of biosynthesis of
PAs in plants might be attained by the genetic manipula-
tion of mentioned enzyme activity. The diamine cadaverine

Fig.2 Schematic representation
of PA metabolism and con-
nections with other metabolic
pathways. Biosynthesis is
indicated by continuous lines
and degradation pathway by
dashed lines. ADC arginine
decarboxylase, AIH agmatine
iminohydrolase, CPA N-carba-
moylputrescine aminohydrolase,
ODC ornithine decarboxylase,
SPDS spermidine synthase,
SPMS spermine synthase, SAMS
S-adenosylmethionine synthase,
SAMDC S-adenosylmethionine
decarboxylase, ACCS 1-amino-
cyclopropane-1-carboxylic-acid
synthase, ACCO 1-amino-cyclo-
propane-1-carboxylic-acid oxi-
dase, LDC lysine decarboxylase,
Spd spermidine, Spm spermine,
Put putrescine, DAO diamine \
oxidases, NO nitric oxide, NOS
nitric oxide synthase, PAO poly-
amine oxidases, PDH pyrroline
dehydrogenase, Cad cadaverine,
GABA gamma aminobutyric
acid, A’ 2-acetyl-1-pyrroline
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(Cad) is derived from lysine either via the action of lysine
decarboxylase (LDC) activity or as a result of ODC (Slocum
and Flores 1991).

Apart from biosynthesis, PA catabolism plays an impor-
tant role in the regulation of cellular PA titers, which is
primarily ascribed to two amine oxidases, diamine oxidase
(DAO) and PA oxidase (PAO) (Fig. 2), which is completely
reviewed by Moschou et al. (2008) and Kusano et al. (2015).
Diamine oxidase [copper amine oxidases (CuAOs)] cata-
lyzes the oxidation of Put to give A'-pyrroline, hydrogen
peroxide (H,0,), and ammonia (NH,), and PAO catalyzes
the conversion of Spd and Spm to pyrroline and 1,5-diabi-
cyclononane and 1,3-diaminopropane (DAP) and H,0,,
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Table 1 List of enzymes and

) . Gene symbol Enzyme description Gene ID Sequence length
f:orrespgndlng genes 1nv01ved. (n0. of amino
in Arabidopsis PA biosynthesis acids)
(Mattoo et al. 2015)

ADCl1 Arg decarboxylase 1 AT2G16500 702
ADC2 Arg decarboxylase 2 AT4G34710 711
AIH Agmatine iminohydrolase AT5G08170 383
ODC Ornithine decarboxylase XP_003523230 434/431
SAMDC S-Adenosylmethionine decarboxylase AT3G02470 366
SPDS Spermidine synthase AT1G23820 386
SPMS Spermine synthase AT5G53120 359
ACLS5 Thermospermine synthase AT5G19530 339
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respectively. Then, Al-pyrroline can be converted to GABA
by pyrroline dehydrogenase (PDH). The y-aminobutyric acid
can then be oxidized and converted to succinic acid, a central
intermediate in Krebs cycle. This ensures that carbon and
nitrogen resulting from Put breakdown is recycled in the PA
cycle (Pal et al. 2015).

As shown in Fig. 2, PA metabolism is unique, which has
crosstalk with several important metabolites. Put, Pro, and
GABA share glutamate as a common substrate, and these
compounds are synthesized by alternate pathways from glu-
tamate (Glu) (Hyun et al. 2013). Furthermore, Arg is the
substrate for ADC, NO synthases (NOS), and urea cycle,
which produce Put, NO, and Orn, respectively (Bitrian et al.
2012).

Mode of application

There are two main types of application ways that supply
more PAs for plant to grow up and stress tolerance. These
include (1) exogenously application (seed priming, foliar
spray, or adding to media) and (2) genetic engineering
through up-regulation of PA biosynthesis in plants.

Seed priming is defined as a presowing technique by
which seeds are partially hydrated to the induction and acti-
vation of pregerminative metabolism, but radicle emergence
inhibited (Bradford 1986). Primed seeds mainly displayed
improved germination rate and uniformity and sometimes
higher germination percentage (Farooq et al. 2011; Savvides
et al. 2016). Recently, several researches demonstrated that
seed priming with PAs positively affects the germination
performance of medicinal plants and was effective in pro-
ducing the vigorous seedlings (Xu et al. 2011; Mustafavi
et al. 2015a). In the next stages of plant growth, foliar appli-
cation technique by which PAs are directly contacted with
leaf surface is more effective than seed priming (Farooq
et al. 2009b). Recently, genetic engineering was used to pro-
duce and extend novel plant/green sources with enhanced
therapeutic properties. In this way, up-regulation of the rate-
limiting enzyme gene has been mostly used for increasing
the synthesis and accumulation of biologically active ingre-
dients (Gill and Tuteja 2010).

Stimulatory roles of PAs in medicinal plants

Polyamine in seed germination, plant growth,
and development

Seed germination and seedling growth are the two most vital
and sensitive stages in the life cycle of plants (Ahmad et al.
2009). Polyamine contents alter during the seed germination
process, with the increase during imbibition and decrease
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from radicle protrusion onward (Dias et al. 2009; Pieruzzi
et al. 2011), so this may be an important evidence that they
contributed to the seed germination process. For instance, it
has been showed that Put has a fundamental function at the
beginning of the embryogenesis, when cell division rate is
high, while at the end of embryo growth and development in
which growth depends on cellular elongation, supply of Spm
and Spd would be necessary (Astarita et al. 2003). These
findings highlight the importance of increment in PA levels
during germination process. Pieruzzi et al. (2011) reported
that Spd and Spm could play more important role in the seed
germination process than Put. After imbibition, Spd and
Spm transport from the megagametophyte and accumulate
in corrosion cavity, the space where the embryo develops
and serves as a nutritional and hormonal interphase between
the developing embryo and megagametophyte (Carmanet
al. 2005). Therefore, (Spm + Spd):Put ratio, which mainly
increases prior to radicle emergence, could be a crucial
index for germination. Recently, several reports showed that
exogenously applied PAs affect germination and dormancy
breaking of seeds although it depends on the type of PA
and its concentration (Farooq et al. 2011; Savvides et al.
2016; Huang et al. 2017). Role of PAs and their alteration
during the seed germination process had been previously
reviewed by Matilla (1996). Positive effects of seed priming
with PAs on seed germination, seedling vigor, and growth
and development of different medicinal plants are well docu-
mented (Table 2). Moreover, hot pepper (Capsicum annuum
L.) seed primed with PAs (75 mM for 48 h) led to rapid
and uniform germination of the seeds compared with con-
trol (Khan et al. 2012). Polyamines positively affect seed
germination not only under favorable conditions but also
under environmental stresses. Tobacco (Nicotiana tabacum
L.) seeds pretreated with Put showed high germination per-
centage and seedling dry weight under chilling condition
(Xu et al. 2011).

In addition to the germination stage, PAs are involved in
different types of fundamental events such as growth and
development, replication, cell proliferation, cell differentia-
tion, stimulation of embryogenesis, and senescence (Tibur-
cio et al. 2014; Hussain et al. 2011). In higher plants, PAs
appear in large quantities in meristem tissues and in highly
active growing tissues, and decline towards the cell-elonga-
tion zone (Flores and Galston 1982). Takahashi and Kakehi
(2010) studied the individual functions of each PA in plant
cells and showed that among the PAs, Spd is the most criti-
cal PA for plant growth. Spermidine is a substrate for hypu-
sine synthesis (a polyamine-derived amino acid), which is
required for cell division. Spermidine conjugates contribute
in pollen development (Tiburcio et al. 2014). Thermosper-
mine, which is synthesized from Spd in a similar reaction to
Spm synthesis, plays a critical role in stem elongation (Taka-
hashi and Kakehi 2010). Due to stimulatory role of PAs on
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Table 2 Stimulatory roles of PAs on seed germination, growth, and environmental stress tolerance of some plants containing secondary metabo-

lites
Species PA type/dosage Mode of application Result Reference
Borago officinalis L. Put, Spd, and Spm Sp? Improved germination Shekari et al. (2015)
40 mg L™! behavior of borage seeds
under salt stress via
involvement in antioxi-
dant defenses
Nicotiana tabacum L. Put SP Increased germination Xuetal. (2011)
0.01 and 0.1 mM performance and seedling
growth of tobacco varie-
ties
Foeniculum vulgare Mill. Put SP 10 ppm Put priming Mustafavi et al. (2015a)
10 and 20 mg L! effectively improved low-
temperature tolerance of
fennel seedling
Matricaria chamomilla L. Put, Spd, and Spm SP Increased seedling dry Ali et al. (2009)
0.01, 0.1, and 1.5 mM matter
Vigna sinensis L. Spd SP Spermine mitigated the del- Alsokari (2011)
0.3 mM eterious effects of salinity
stress on growth and
yield of the cowpea
Pelargonium graveolens Put FSP Increased the height, plant ~ Ayad et al. (2010)
L’ Hér 0, 10, 20, and 40 mg L! fresh, and dry weight
Chrysanthemum indicum L. Put FS Increased number and Mabhros et al. (2011)
100, 200, and 300 mg L~ diameter of flowers, dry
weight, and carbohydrate
content
Dahlia pinnata L. Put FS Increased vegetative Mahgoub et al. (2011)
50, 100, and 150 mg L™ growth, yield of flower,
flower characters, and
chlorophyll content
Allium cepa L. Put FS Increased leaf growth and ~ Amin et al. (2011)
25, 50, and 100 mg Lt bulb yield
Gladiolus grandiflorus Put FS Improved growth, flower-  Nahed et al. (2009)
Andrews 200 mg L' ing, and some chemical
constituents
Matthiola fruticulosa L. Put FS Promoted plant height, Youssef et al. (2004)
Maire 250 mg L™ number of leaves/plant,
fresh, and dry weight of
leaves
Dianthus caryophyllus L. Put FS Significantly increased Mahgoub et al. (2006)
200 mg L™ growth parameters
Catharanthus roseus L. Put FS Upheld growth at succes-  Talaat et al. (2005)
1 mM sive developmental stages
Nicotiana tabacum L. Put, Spd, and Spm FS Increase light energy Ioannidis and Kotzabasis
0.5 mM utilization through stimu- (2007)
lation of photophospho-
rylation, stimulated up to
70% ATP synthesis
Ocimum basilicum L. Put FS Increased plant growth, Talaat and Balbaa (2010)
25, 50, 100, and 150 essential oil content
mg L™!
Valeriana officinalis L. Put, Spd, and Spm FS Spermidine and spermine  Mustafavi et al. (2016)

1 mM

decreased adverse effects
of water deficit on cell
membrane, plant growth,
and pigments content

@ Springer
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Table 2 (continued)

Species PA type/dosage Mode of application Result Reference
Valeriana officinalis L. Spd FS Increased antioxidant Mustafavi et al. (2015b)
0.5 and 1 mM enzyme activity, photo-
synthetic pigments, and
some nutrients
Matricaria chamomilla L.  Put, Spd, and Spm FS Foliar application of any Ali et al. (2007)

and Origanum majorana
L.

Salvia miltiorrhiza Bunge.

Nicotiana sylvestris Speg.
& Comes

Nicotiana rustica L.

0.1 mM

Put, Spd, and Spm
50 mg L~}

Put

1 mM

Put, Spd, and Spm
0.5 mM

In hairy root culture media
Suspension culture

Applied to the nutrient
solution

PAs counterbalanced the
effects of salinity

Growth stimulation

Growth stimulation

Hao et al. (2012)

Oshmarina et al. (1982)

Increase in Chl a content Hajiboland and Ebrahimi
and the Chl a/b ratio, (2011)
higher photosynthetic

rate, improved anti-
oxidant enzymes with
reduction of H,0,, and
increased Pro concentra-
tion

2Seed priming, Pfoliar spray

plant growth and productivity, many researchers attempt
to exogenously apply them in medicinal plant production.
For instance, foliar application of Put on Pelargonium gra-
veolens L. plants significantly increased plant height, fresh,
and dry weight of leaves/plant (Ayad et al. 2010). Talaat
et al. (2005) found that the application of Put at 1 mM sig-
nificantly improved the growth and productivity of periwin-
kle plants. Polyamines also are important in primary root
growth, and lateral and adventitious root formation, and the
depletion of their pool has dramatic effects on root develop-
ment (Tisi et al. 2011). Polyamines can be the precursors of
several alkaloids that are synthesized in roots and seem to
be correlated with root growth (Couee et al. 2004). Translo-
cation of PAs produced in the turmeric leaves to rhizomes
affected the growth and thereby increased biomass (Ferreira
et al. 2016). Chriqui et al. (1986) demonstrated that there is
a synergistic effect between auxins and PAs in rhizogenesis
in Datura innoxia (Mill.) leaf explants. These findings are
in line with the results of Bais et al. (1999) on hairy root
culture of Cichorium intybus (L.).

Plant roots associated with microorganisms play a key
role in plant nutrition, health, and productivity (Xie et al.
2014). Research indicates that the establishment of mutu-
alism and symbiosis relationship between plants and ben-
eficial microorganisms such as plant growth-promoting
rhizobacteria (PGPR) and mycorrhizae depends on PA
metabolism (Jiménez-Bremont et al. 2014). In addition, it
has been shown that exogenous PAs have the potential to
promote mycorrhizal colonization and development in the
in vitro and greenhouse cultivation systems (Rezvanypour
et al. 2015). Niemi et al. (2006) revealed that PA content

@ Springer

and the activity of PA metabolic enzymes were increased in
infected tissues after microbial inoculation. There is some
evidence for a link between PAs and biofilm formation by
PGPR, which plays an important role in protecting plants.
Biofilms are multicellular communities of bacteria enclosed
in an extracellular matrix of protein, exopolysaccharide, and
sometimes DNA, in which their formation is necessary for
the plant root colonization (Ramey et al. 2004; Karatan and
Michael 2013). Burrell et al. (2010) reported that in Bacil-
lus subtilis, ADC enzyme and PAs are essential for biofilm
formation, and this seems to be the most important role of
polyamines in bacteria. Xie et al. (2014) showed that stimu-
latory role of B. subtilis is attributed to PAs (especially Spd)
produced by themselves.

Polyamines play a crucial role in improving the photo-
synthesis performance, stomatal conductance, and quan-
tum yield (as reviewed by Shu et al. 2012). Exogenous Spd
increased photosynthetic rate and plant growth by promoting
the Rubisco activity and decreasing the carbohydrate accu-
mulation in leaves, which reduced feedback inhibition of
photosynthesis (Chen et al. 2011). It was also reported that
among the PAs, Spd could directly interact with thylakoid
membranes, so that they become more resistant to degrada-
tion during leaf senescence (Legocka and Zajchert 1999).
Hajiboland and Ebrahimi (2011) showed that exogenous
0.5 mM PAs (Spd, Spm, and Put) added to the nutrient solu-
tion increased net assimilation rate of tobacco (Nicotiana
rustica L. cv. Basmas) plants. In Catharanthus roseus (L.)
plants, Put treatments increased Chl a, b and carotenoids
content (Talaat et al. 2005). Foliar spray of Lactuca sativa
(L.) with 0.2 mM Spm could ameliorate the adverse effect of
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senescence on degradation of Chl a and Chl b by increasing
TGase activity (Serafini-Fracasini et al. 2010). Exogenously
applied PAs were able to stimulate photophosphorylation in
tobacco leaves, which led to an increase in ATP synthesis
up to 70% (Ioannidis and Kotzabasis 2007).

Polyamines (especially conjugated PAs) are involved
in the regulation of the reproductive process of plants as
reported in several studies. Plant PAs occur not only as free
forms but also as a conjugated form with hydroxycinnamic
acids such as caffeic, p-coumaric, and ferulic acids (Tiburcio
et al. 2014). Conjugated PAs including hydroxycinnamoyl
Put, Spd, and Spm conjugates are found in many plant spe-
cies and they are essential for certain developmental pro-
cesses (Bassard et al. 2010). Biondi et al. (2001) found
that MeJA treatment induced PA conjugate accumulation
in tobacco root culture. PA conjugates mainly are found in
roots, then transmitted and accumulated in shoot apices upon
floral initiation (Martin-Tanguy 1997). They are closely
related to bud dormancy and development, flower develop-
ment, floral initiation and development, pollen development,
fruit set, and flower fertility (El-Yazal and Rady 2012; Aloisi
et al. 2016). Promotion of flowering by exogenous PAs has
been demonstrated in some medicinal plants. For instance,
exogenous Spd promoted floral bud development by 20%
in tobacco tissue cultures, while all the buds were vegeta-
tive when cultures were lacking in Spd (Kaur-Sawhney et al.
1988). Mahgoub et al. (2006) stated that exogenous applica-
tion of Put (200 mg 17!) increased number of flowers/plant,
fresh, and dry weight of Dianthus caryophyllus (L.) flowers.
Similar results were also reported by Youssef et al. (2004)
on Datura innoxia (Mill.). In addition, a few examples of

Fig.3 Correlation between the Arginine
PAs and the alkaloid biosyn- lADC
thesis pathway. The enzymes

involved are indicated: ADC

arginine decarboxylase, DAO Agmatine

diamineoxidase, LDC lysine
decarboxylase, PMT putrescine
N-methyltransferase, ODC orni-
thine decarboxylase, and HSS
homospermidine synthase

N-carbomylputrescine

\Put PMT
& < l

the beneficial effects of exogenous PAs on the growth and
development of medicinal plants are presented in Table 2.

Polyamine in secondary metabolite production

In addition to the effect of PAs on germination, growth, and
development of medicinal plants, these biostimulants affect
plants’ secondary metabolite production. Polyamines affect
the production of secondary metabolites in two ways. One of
them is the direct impact of PAs on the production of these
metabolites and the other by indirectly on plant growth.
For instance, Bais et al. (2000) found that the incorporation
of Put and Spd enhanced betalain and thiophene contents
through increased biomass accumulation. Elicitation of gin-
senoside synthesis and accumulation by Alternaria panax
and Cylindrocarpon destructans in Panax quinquefolius (L.)
were attributed to Put signaling (Yu et al. 2016). A wide
range of plant secondary compounds can be metabolized
from PAs through greatly unelucidated pathways. Secondary
metabolites that are derived from PAs are as follows.

Polyamine-related alkaloids

Alkaloids are nitrogenous substances synthesized from
primary metabolites such as PAs in plant cells, offering
huge adaptive benefits to plants eliciting them. Polyamines
are metabolized into nicotine, pyrrolizidine, and tropane
alkaloids. According to Fig. 3, Put acts as precursor for a
wide variety of alkaloids. The pyrrolidine rings of tobacco
alkaloids (nornicotine and nicotine), pyrrolizidine (ret-
ronecine), and tropane alkaloids (hyoscyamine, hyoscine,

Ornithine

oDC

Y

Lysine

lLDC

N-methylputrescine

Homospermidine L id
l N-methylbutanal Nicotinic aci
Spm \
Pyrridizine alkaloids N-methylpyrrolinium Anabasine
. \
Tropane alkaloids Nicotine 54 ¢abine Anataline
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and meteloidine) are Put derivatives (Shoji and Hashimoto
2015). In addition, Put is incorporated into the tropane ring
in tropane alkaloids and has also been involved as precursor
in biosynthesis of calystegines (Drager 2004). According to
Graser and Hartmann (2000), spermidine is a vital and direct
precursor for pyrrolizidine alkaloid biosynthesis. It provides
aminobutyl group that is subsequently combined with Put
and produces the first specific precursor of pyrrolizidine
alkaloids, namely homospermidine. Homospermidine syn-
thase (HSS, EC 2.5.1.44) catalyzes the formation of homo-
spermidine from Put and Spd as substrates. Cadaverine is an
essential free intermediate in the production of quinolizidine
and piperidine alkaloids derived from lysine through a Cad
precursor (Fig. 3). Biosynthesis pathway of these alkaloids
is completely reported by Bhattacharya and Rajam (2007).

Nicotine is the predominant alkaloid in the family of Sola-
naceae and species of Nicotiana especially tobacco (Nico-
tiana tabacum L.) and highly toxic, which serves as an effi-
cient and safe fumigant and insecticide. Tropane alkaloids
that comprise the pharmaceutically important anticholiner-
gic compounds, hyoscyamine and scopolamine, cocaine, and
calystegines have been traditionally used for their medicinal,
hallucinogenic, and poisonous characteristics. Besides the
Solanaceae family, tropane alkaloids are also found in the
Convolvulaceae, Cruciferae, Rhizophoraceae, and Brassi-
caceae. Cocaine is mainly produced in Erythroxylum coca
(Erythroxylaceae). Pyrrolizidine alkaloids, however, are
constitutively formed in some genera of Asteraceae, Boragi-
naceae, Fabaceae, and Orchidaceae as defense compounds
against herbivores (Hartmann and Witte 1995).

Phenolamides (hydroxycinnamic acid amides)

A large proportion of the PAs found in plants are predomi-
nantly as conjugated form with phenolic acids including
caffeic, coumaric, and ferulic acids. Phenylpropanoid path-
way contributed to phenolamide production by providing
conjugation partners for PAs. Therefore, the activity of this
pathway significantly regulates plant growth (Mader and
Hanke 1997). Conjugation of PA with phenolics changes
some of their chemical characteristics such as polarity and
hydrophilicity, and thus promotes their translocation, com-
partmentation, and stability. Furthermore, conjugates were
considered as stored and final products, and they could regu-
late the phenolics and bioactive PA pool in the cells through
decomposition and conversion (Bassard et al. 2010). Phe-
nylamides are quantitatively major phytochemicals, which
are firmly regulated during plant ontogeny and pollen devel-
opment processes as well as adaptative responses (Edreva
et al. 2007). Biological roles of phenolamides in plant
growth, development, and stress tolerance have been previ-
ously discussed in two reviews (Edreva et al. 2007; Bassard
et al. 2010), which are mainly associated with their phenolic
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and PA constituents. Kakkar and Rai (1993) reported that
plant floral induction and development are most often related
to high concentrations of phenolamides. In addition, phen-
olamides are often considered as bioactive substances with
various therapeutic effects. For example, N-feruloyltyramine
has been reported as the most active ingredient in garlic
(Allium sativum L.), which plays a major positive role in
cardiovascular system (Park 2009). Coumarins, a group of
phenylpropanoids, have also been reported to accumulate in
different diseased plants (Murray et al. 1982).

Polyamines and environmental stress tolerance
of medicinal plants

Plants are mainly exposed to various environmental fluc-
tuations, such as drought, cold, salinity, and heavy metal,
which affect their growth, development, and productivity.
To cope with these stresses and their negative effects, plants
possess efficient mechanisms of defense (Bartels and Sunkar
2005). One of the important defensive systems is the synthe-
sis and accumulation of certain functional substances such
as protective proteins and compatible solute (Farooq et al.
2009a). These solutes maintain cellular turgor and water
potential, and play as chaperones to stabilize protein and
membrane structures or scavenge of reactive oxygen species.
Like their stimulatory role in plant growth and development
processes, PAs also have an important function in modulat-
ing the defense response against stressors. Contribution of
PAs in the induction of abiotic stress tolerance in plants has
been reviewed in several reports (Alcazar et al. 2010a, b;
Hussain et al. 2011; Shi and Chan 2014; Pal et al. 2015; Liu
et al. 2015).

Literature has demonstrated that environmental stresses
caused the accumulation of PAs in many plant species, and
these findings illustrated the possible roles of PAs in plant
stress tolerance. In most cases, Spd and Put contents were
decreased under stresses as reported by Do et al. (2013)
under drought and by Sheteiwy et al. (2017) under chill-
ing stress; in contrast, Spm contents were either unchanged
or somewhat increased. Takahashi and Kakehi (2010)
revealed that among the PAs, Spm plays versatile role in
stress responses. Although there is much evidence dem-
onstrating the regulating role of Spm in the control of ion
channel, one of the most important roles of Spm has been
thought to be in protecting DNA from reactive oxygen spe-
cies and subsequent mutation (Takahashi and Kakehi 2010).
Recently, many researches proved that the supply of PAs
for plants whether by exogenous application or genetic
transformation with PA biosynthetic genes could enhance
the tolerance of medicinal plants to environmental stresses
(Tables 2, 3). For instance, Mustafavi et al. (2016) found
that the foliar application of PAs ameliorated the adverse
effect of water stress on valerian (Valeriana officinalis L.)
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Table 3 Catalog of abiotic stress tolerance in transgenic medicinal plants expressing PA biosynthesis pathway genes

Gene name Gene source Transfer to Overproduction Tolerance to References

oDC? Mouse Tobacco Put® Salt Kumria and Rajam (2002)
SAMDC® Carnation Tobacco Put, Spd?, and Spm® Multiple Wi et al. (2006)

SAMDC Arabidopsis Arabidopsis Spm Multiple Alcazar et al. (2006)
SAMDC Human Tobacco Put and Spd Salt, osmotic pressure Waie and Rajam (2003)

Qrnithine decarboxylase, °S-adenosylmethionine decarboxylase, putrescine, Yspermidine, ®spermine

plants, and Spm was effective than others. Under salinity
stress, exogenous Spd reduced H,0, and superoxide mol-
ecules in ginseng (Panax ginseng CA Meyer) seedlings by
activating antioxidant-based defense system (Parvin et al.
2014). Seed priming with Spd improved the germination
percentage and seedling growth as compared with those
of unprimed seeds (Sheteiwy et al. 2017). Under chilling
stress, a-amylase activity decreased and starch degradation
limited subsequently (Hussain et al. 2016), which priming
with Spd significantly improved it (Sheteiwy et al. 2017).
Apart from exogenous PA application, overexpression of PA
biosynthesis-related genes is an alternative tool to enhance
the status of endogenous PA and to alter environmental
stress tolerance. For instance, overexpression of ADC genes
from Datura stramonium (L.) increased Put content in the
transgenic plants and resulted in enhanced drought tolerance
(Roy and Wu 2001; Capell et al. 2004). In addition, overex-
pression of other genes involved in the biosynthesis of PA
such as ODC, SPDS, and SAMDC in transgenic plants has
been shown to improve tolerance to specific stresses, such
as drought and salt (listed in Table 3). In general, overex-
pression of a PA-related biosynthetic gene has been verified
to increase tolerance to different environmental stresses in
plants (Wang et al. 2011; Kasukabe et al. 2006; Liu et al.
2017), showing that modification in the endogenous PA level
has an extreme influence on stress tolerance.

Polyamines: mechanism of action

As PAs interact with primary and secondary metabolism
of plants, it is impossible to suggest one common mode of
action. They stimulate the synthesis and/or activation of
natural hormones, root growth, and protein synthesis. At
the cellular level, PAs affect cell division and differentiation,
membrane integrity, DNA replication, and ion channel regu-
lation (Handa and Mattoo 2010). In addition, PAs are impli-
cated in physiological processes including seed germination,
floral initiation and development, modulation of carbon and
nitrogen (C/N) balance, organogenesis, and fruit devel-
opment and ripening. Protective role of PAs during plant
response to environmental stresses is also demonstrated in

several researches. Possible mechanism of action of PAs is
summarized in Fig. 4.

Nitrogen metabolism and signal molecules

Carbon and nitrogen are crucial for plant growth, develop-
ment, and stress responses; therefore, their sufficient appli-
cation is critical, and the N:C ratio also participates in the
sensing of environmental changes. Nitrogen metabolism is
a critical network related to photosynthetic C assimilation,
and is necessary for preparing energy and C skeletons during
the assimilation of N, particularly during conditions with
restricted photosynthesis which take place under environ-
mental perturbations.

Polyamines and several other N-rich metabolites play
important physiological roles in C:N assimilation and bal-
ancing, and finally plant development and stress response
(Moschou et al. 2012; Minocha et al. 2014; Majumdar et al.
2016). For instance, excess NH,* originated from acqui-
sition, nitrate reduction, photorespiration processes, and
also stress conditions is chiefly converted to Glu through
the action of glutamine synthetase and glutamate synthase.
Glutamate is a precursor of two major N-rich metabolites,
namely Put and Pro, which also produces intermediates such
as NO and the non-protein amino acid GABA that has criti-
cal function in plant growth, development, and abiotic stress
tolerance (Mattoo et al. 2010, and reviewed by Shelp et al.
2012). Therefore, the N movement towards PAs makes these
cells accumulate N nutrient and may act as potential source
for excess NH,*, thereby decreasing its toxic effects (Sera-
piglia et al. 2008).

Not only PA biosynthesis, but also their catabolism,
which produces H,0, and A'-pyrroline, is also involved in
maintaining the balance of C:N in plants (Fait et al. 2011).
Polyamine-derived H,O, could act as a signal and play key
roles in cell wall maturation events and stress-induced stiff-
ening, signaling of stomata opening, and in programmed
cell death (PCD) (Angelini et al. 2010). Furthermore, A'-
pyrroline can be catabolized to GABA (a key metabolite in
signal transduction during the oxidative stress), and subse-
quently transaminated inside the Krebs (TCA) cycle for C
recycling (Moschou et al. 2008). In addition, PA conjugates,
which are regarded as final products and accumulated in
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different organs such as seed, serve as N sources for seed
germination, growth, and developmental processes (Bassard
et al. 2010). In the alternative way, PAs affect N metabo-
lism by promoting the nitrate reductase (NR), a rate-limiting
enzyme, activity (Rosales et al. 2012; Miura 2013). Moreo-
ver, enhanced photosynthetic capacity by Spd may increase
NR activity through improvement in the reductant pool.

Polyamine-phytohormone cross-talk

As PAs are considered as growth biostimulant, their physi-
ological processes are often similar to phytohormones. It is
found that plant hormone roles in plant growth and devel-
opment are correlated with PA metabolism. The changes in
the PA levels and their biosynthetic enzymes accompany
many hormonal responses, and in a few cases, PAs appear
to mimic the effects of plant hormones (Rastogi and Davies
1991; Yan-hua et al. 2016).

Abscisic acid (ABA) is an essential phytohormone that
plays an important role in response to different abiotic
stresses and stress signaling. Several reports indicated a pos-
itive interaction between Put and ABA, which promotes each
other’s biosynthesis in regulating abiotic stress responses
(Alcazar et al. 2010a). Priming with Put increased leaf ABA
(Farooq et al. 2011) by which can adjust the photoassimilate
utilization pathways in leaves through allocation of carbon
flows either to the synthesis of macromolecules (e.g., pro-
teins, cellulose, and hemicellulose), or to the synthesis of
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transportable types of carbohydrates (Kiseleva and Kamin-
skaya 2002). Polyamines have also a positive feedback with
gibberellin (GA), and these two hormones synergistically
induced cell division (Anwar et al. 2015). Kaur-Sawhney
et al. (1986) suggested that GA-induced growth stimulation
might be due to increase in PA levels. Another hormone that
has crosstalk with PA is auxin. Tissues treated with auxins
display increases in PA level prior to the occurrence of cell
division and other morphological changes (Kanchanapoom
et al. 1991). Several reports demonstrate that endogenous
indole-3-acetic acid (IAA) levels interfere with PA applica-
tion, therefore, causing a synergistic effect in plant growth
(Pieruzzi et al. 2011). The treatment with Put at 1.5 mM
concentration increased endogenous IAA contents as com-
pared with the control plants; it supported faster growth and
total coumarin production (Bais and Ravishankar 2003). Liu
et al. (2013) and Yang et al. (2016) demonstrated that the
promotion of seed germination by PAs was closely associ-
ated with rapid seed starch degradation induced by GAs.
Polyamine has a strong relation with ethylene (Eth). Dur-
ing PA biosynthesis, SAM is used as an Eth precursor; there-
fore, these two compounds compete with each other for SAM
(Tiburcio et al. 2014). Inhibition of Eth synthesis by PA appli-
cation enhanced membrane stability (Apelbaum et al. 1985). A
few reports indicated that the PAs and Eth play an important
role in the regulation of somatic embryogenesis of cultured
cell/tissues, and Eth alone does not aid in somatic embryo-
genesis (Anwar et al. 2015). The jasmonate (JA) family of
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signaling molecules plays a key role in regulating the PA bio-
synthesis. Caffeoylputrescine (CP) in tomato is a conjugate
between caffeic acid and Put and, therefore, belongs to the
hydroxycinnamic acid amide compound group. Chen et al.
(2006) revealed that the biosynthesis of CP in cells of tomato
plants is regulated by the JA signaling pathway.

Recently, Huang et al. (2017) reported that improving
the germination behavior of sweet corn seeds by Spd appli-
cation might be due to the metabolism of hormones such
as GA, ABA, and Eth, and with the increase of H,0, in
the radical produced partly from Spd oxidation. Yang et al.
(2016) reported that high contents of IAA, GA, and ABA
induced by exogenous Spd and Spm hastened the seed starch
breakdown and improved the concentration of soluble sug-
ars in seeds during seed germination. Signaling roles of
phytohormones and ROS in seed germination process have
been previously reviewed by Oracz and Karpinski (2016).
Furthermore, the improvement of biotic and abiotic stress
tolerance after the application of PAs could be due to the
changes in endogenous phytohormones by which antioxidant
system increased (Li et al. 2016).

Polyamine and cell growth response: mechanism
of action

Polyamines use several mechanisms to regulate cell growth.
They are important factors regulating gene expression, tran-
scription and translation, membrane stabilization, cell cycle,
post-translational modification, and conformational transi-
tion of DNA (Dey et al. 2014). The most important mode
of action involves the property of the cationic amine groups
of PAs that can bind to anionic phosphate groups (present
in DNA, RNA, and phosphoproteins) and carboxyl groups
(present in acidic proteins) in the cell, which can cause
conformational changes, altering the activity or function
of the bound molecule or membrane (Mattoo et al. 2015).
For instance, such a binding may stabilize the double helix
structure in DNA (Lindemose et al. 2005) and affect post-
translational alteration of proteins (Serafini-Fracasini et al.
2009). In the alternative way, the PA Spd is required in
the post-translational formation of hypusine in eukaryotic,
which converts a eukaryotic translation initiation factor 5A
(eIF5A) precursor from inactive form to a high active pro-
tein. This is an essential factor for protein biosynthesis and
cell growth (Wolff and Park 2015). Therefore, the hypusine
modification determines a link between PAs and cell growth/
proliferation via promotion of translation.

Polyamine and stress response in plants: potential
mechanism of action

In general, different roles of PAs in ameliorating the adverse
effects of stress on plants may include: (1) they serve as

compatible solute (Lepri et al. 2001), and their catabolism
is also closely related to Pro, GABA, soluble sugars, and
p-alanine betaine production (Moschou et al. 2008); (2)
interact with plant cell macromolecules such as proteins,
DNA, RNA, transcriptional and translational systems, and
cellular and organellar membrane structures for their stabi-
lization (Mattoo et al. 2015); (3) play directly in scavenging
oxygen and free radicals and enhance the generation of their
conjugates, which are known as the most efficient antioxi-
dant (Li et al. 2014; Sheteiwy et al. 2017); (4) act as cellular
signaling molecules in the ABA and NO regulatory stress
response networks (e.g., regulating stomatal responses) and
through the production of H,0, (reviewed by Wimalasekera
et al. 2011); (5) regulation of several ion channels and Ca**
homeostasis via direct binding to the channel proteins and/or
their associated membrane components (Pottosin and Sha-
bala 2014), and (6) participation in PCD by regulating the
activity of transglutaminase (TGase) enzymes (Del Duca
et al. 2014).

Polyamines and medicinal plant in vitro
culture

Medicinal plants in the most developing countries are the
major source of medicines. Biologically active metabolites
derived from plants are not only being used as influential
healthcare and remedy products, but also constitute the
primary material of food additives, fragrance and flavors,
insecticides, pigments, cosmetics, and perfumes. Medicinal
plant species are largely gathered from the wild, and rela-
tively few genera are cultivated on a commercial scale. This
exploitation has resulted in habitats disappearing. There-
fore, in vitro regeneration or micropropagation provides
novel tools for the economical processing of rare plants and
the metabolites they produce. Many plant growth regula-
tors (e.g., auxins and cytokinins) have been used in vitro.
Recently, beneficial effects of PAs on in vitro regeneration
and somatic embryogenesis in tissue culture and micropro-
pagation technique have been evidenced in several medicinal
plant species (listed in Table 4). These investigations have
been mainly implemented by two strategies: by following the
endogenous levels of these compounds during the develop-
ment of somatic embryos, and by exogenously applying PAs.

Literature mostly demonstrated that PA applications
could stimulate callus organogenesis, somatic embryogen-
esis, and also root induction. For instance, in Curcuma longa
L., the exogenous application of PAs led to the production
of developed callus with numerous roots that showed good
regeneration and produced vigorous plants (Viu et al. 2009).
A positive involvement of Put in the inductive phases of cell
proliferation was also suggested by Scaramagli et al. (1995)
in tissue culture of tobacco (Nicotiana tabacum L.).

@ Springer



102 Page 120f 19

Acta Physiologiae Plantarum (2018) 40:102

Table 4 Reports of in vitro growth and development of plants using PAs

Plant species PA type/dose Results References
Nicotiana tabacum L. Put® Putrescine positively affected inductive Scaramagli et al. (1995)
100 umol L™ phases of cell proliferation
Panax ginseng C.A. Meyer  Put, Spd®, and Spm° Exogenous application of PAs? in the Kevers et al. (2000)
1075210 M initiation phase increased the number of
embryos produced
Panax ginseng C.A. Meyer Spd The addition of Spd to the initiation Monteiro et al. (2002)
10™* mol medium significantly increased the pro-
duction of somatic embryos
Cynara scolymus L. Put Exogenous Put raised the percentage of Le Guen-Le Saos and Hourmant (2001)
0.5 mM rooting

Berberis buxifolia Lam.

Ocotea catharinensis Mez

Curcuma longa L.

Withania somnifera L.

Stevia rebaudiana Bert.

Datura stramonium L.

Echinacea angustifolia DC.

Put, Spd, and Spm
0, 1, 10, and100 uM
Put, Spd, and Spm

1 mM

Put, Spd, and Spm
10 mmol L™

Put, Spd, and Spm

5,10, 15, 20, and 25 mg L™
Spm

10mg L™

Put
0.01 and 0.05 mM

Put, Spd, and Spm
10, 30, 70, and 100 mg L™!

The best microshoot rooting resulted from
the addition of 1 uM Spd

Spermidine and spermine could success-

fully promote somatic embryo maturation

and morphogenetic evolution

The application of exogenous PAs pro-
duced the most developed callus with
numerous roots, vigorous plants, and
excellent shoot formation

Spermidine at 20 mg L™ induced maxi-
mum number of multiple shoots

The percentage of culture response and
number of shoots/explant were higher
in BAP® (1.5 mg L™") with Spm (10 mg
L") induced (92% and 22 shoots)

Improved the growth, chlorophyll pig-
ments, soluble carbohydrates, and alka-
loid compounds

All PAs showed better regeneration as well

shoot growth (Put at 70 mg L™ was the
best)

Arena et al. (2005)

Santa-Catarina et al. (2007)

Viu et al. (2009)

Sivanandhan et al. (2011)

Veerasamy and Chinnagounder (2013)

Niakan et al. (2015)

Chae (2016)

putrescine, "spermidine, “spermine, “polyamines, °6-benzylaminopurine

Somatic embryogenesis whether directly from the
explants without any callus phase or indirectly after a cal-
lus phase is a tool for clonal propagation, and these somatic
embryos may develop into intact plants generating flowers
and seeds (Neumann et al. 2009). Stimulatory effects of PAs
in the conversion of somatic embryos or shoot regeneration
have been proved in several medicinal plant species. Santa-
Catarina et al. (2007) suggested that Put induced the genera-
tion of new somatic embryos, whereas Spd and Spm resulted
in the development and maturation of somatic embryo. Not
only Put but also the incorporation of its precursors, Arg
and Orn, into the induction or regeneration media may lead
to an increase in the number of embryos produced in Panax
ginseng CA Meyer (Kevers et al. 2000). In liquid cultures
of Panax ginseng CA Meyer, the supplementation of Spd to
the basal medium remarkably enhanced the production of
somatic embryos (Monteiro et al. 2002).

Rooting is probably one of the most challenging aspects
of the regenerating process of a plant in vitro. Auxin is
one of the essential hormones in the rooting process. Most

@ Springer

results demonstrated that high levels of PAs, particularly
Put, play a regulatory role in consonance with auxin. Root-
ing and growth of artichoke (Cynara scolymus L.) explants
were promoted by adding the Put to rooting medium (Le
Guen-Le Saos and Hourmant 2001). In addition to Put, other
PAs could positively affect rooting. In Olea europaea L., the
PAs’ Put, Spd, and Spm when added at 1 mM concentration
into the in vitro rooting medium accelerated the rooting and
improved the final rooting percentage and the number or
roots per explants (Rugini 1992). In general, regeneration
and micropropagation of medicinal plants could be consider-
ably improved by the exogenous application of PAs.

Stimulatory roles of PAs in secondary
metabolite production

To supply the world demand, secondary metabolites are
mostly obtained from cultivated plants. Their chemical
synthesis is usually difficult and not economically feasible.
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One of the most common challenges in the current plant
production system is poor yielding and the high cost of bio-
active compound separation/and or purification. Accord-
ingly, the application of agronomical and biotechnological
approaches to enhance their production and accumulation
has been widely used in the past decades. Several researches
demonstrate that PAs can elicit the production of bioactive
compounds in plants.

Exogenous application

Although much investigation has been done on the growth
stimulation and stress tolerance roles of exogenous PAs,
there has been much less work about the increased produc-
tion of bioactive substances through elicitation of whole
medicinal plants. Foliar application of a PA catabolite
enhanced the quercetin content in black chokeberry (Aro-
nia melanocarpa Michx. Elliott) up to 60% (Hudec et al.
2006). Abd El Wahed and Gamal El Din (2004) indicated
that Spd treatment enhanced the major terpenic components
(bisabolol oxide B, chamazulene and bisabolol A). Recently,
Orabi et al. (2015) exogenously applied Spm on growth and
essential oil accumulation in lemongrass (Cymbopogon
citratus DC. Stapf) plants. They found that the 100 mg L~
Spm significantly promoted plant height, fresh and dry mass,
total phenols, and essential oil content (especially relative
percentage of citronellol). In addition, it is reported that the
foliar application of Put on drought-stressed ajwain plants
(Trachyspermum ammi L.) not only ameliorated the adverse
effect of stress, but also increased essential oil accumulation
(Zeid et al. 2014). Mustafavi (2016) showed that foliar PA
application on water-stressed valerian plants not only coun-
teracted the adverse effects of the stress, but also increased
essential oil content.

In vitro application

Alteration of the nutritional regime in growth media is one of
the effective strategies used to improve the production of natu-
ral products from in vitro cultures (Isah et al. 2017). Several
reports have been shown that the incorporation of PAs in plant
growth media or in vitro culture could influence the content
and composition of natural products. For instance, Yang et al.
(2010) found that the addition of 50 mg L~! Put increased
the growth and rosmarinic acid content in hairy culture of
Nepeta cataria L. Moreover, the incorporation of Put to hairy
root cultures of witloof chicory enhanced the production of
esculetin and esculin (Bais and Ravishankar 2003). Similar
results were also reported by Bais et al. (1999) and Suresh
et al. (2004), who showed that Put improved hairy root growth
and coumarin and betalaine contents on Cichorium intybus L.
and Beta vulgaris L. Hao et al. (2012) reported that amounts
of salvianic acid A and salvianolic acid B in hairy root cultures

of Salvia miltiorrhiza Bge f.alba. treated with PAs, especially
Put (50 mg L"), were higher than those in the control. It has
also been reported that Put treatment (0.1 mmol L) facili-
tated the increment of capsaicin biosynthesis in cell suspension
cultures of Capsicum frutescens L. (Sudha and Ravishankar
2003). In addition, Kumar et al. (2008) showed that the appli-
cation of PAs and/or their synthesis inhibitors improved the
embryogenesis and caffeine content in in vitro cultures of Cof-

fea canephora P. ex Fr.

Metabolic engineering

Biotechnological approaches provide alternative strategies
to enhance the production of important bioactive compounds
in plant cells or organ cultures. Molecular engineering for
secondary metabolite biosynthesis has great potential to
enhance the product quantity and quality. This technique
applied to plants also resulted in the creation of transgenic
plants (GMO) in which the value, or composition of natural
products is modified to provide therapeutically and com-
mercially important characteristics. Over the last decades,
genetic engineering approach has been applied to improve
the biosynthesis of these metabolites by manipulating the PA
biosynthetic pathway genes (Table 5). Putrescine N-meth-
yltransferase (PMT) is an important enzyme in flowing the
nitrogen away from PA biosynthesis to nicotine and tropane
alkaloid biosynthesis. Several reports showed that PMT
gene overexpressing in plant cell cultures improved nico-
tine and scopolamine production (Sato et al. 2001; Moyano
et al. 2003). Ornithine decarboxylase and arginine decar-
boxylase are other important enzymes that the manipulation
of their related genes could have significant effect on PA-
based bioactive compounds. Hamill et al. (1990) reported
that overexpression of yeast ODC gene in Nicotiana rus-
tica L. enhanced accumulation of both Put and the alkaloid
nicotine. Narula et al. (2004) introduced ODC and ADC
separately into Datura innoxia (Mill.) calli culture using
Agrobacterium tumefaciens. The transgenic lines exhibited
greater PA levels, and also resulted in a maximum content
of hyoscyamine compared with control plants. Overexpres-
sion of a bacterial gene encoding LDC, an important rate-
limiting step in anabasine synthesis in Nicotiana tabacum
L., increased the production of Cad and anabasine (Fecker
et al. 1993). Hao et al. (2012) indicated that exogenous PAs
enhanced the amounts of two salvianolic acids in hairy root
culture of Salvia miltiorrhiza Bge.f.alba.

Conclusions
In this review, an attempt has been made to discuss on the

stimulatory roles of PA on growth, productivity, and abiotic
stress tolerance of medicinal plants. Several agronomical
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Table 5 Metabolic engineering of nicotine and tropane alkaloids by PA biosynthesis pathway genes

Plant species Transgenic material Transgene Increased metabolites References
Nicotiana rustica L. Hairy root oDC? Nicotine Hamill et al. (1990)
Nicotiana sylvestris Speg. & Comes Plant PMT® Nicotine Sato et al. (2001)
Nicotianatabacum L Hairy root LDC* Anabasine Fecker et al. (1993)
Plant H6H! Nicotine Rocha et al. (2002)
Nornicotine
LDC Anabasine Herminghaus et al. (1996)
Atropa belladonna L Hairy root H6H Scopolamine Hashimoto et al. (1993)
Hairy root PMT Hyoscyamine Yang et al. (2011)
Datura metel L Hairy root PMT Hyoscyamine Moyano et al. (2003)
Scopolamine
Datura innoxia Mill ODC and ADC*® Hyoscyamine Narula et al. (2004)
Duboisia hybrid Hairy root H6H Scopolamine Palazén et al. (2003)
Hyoscyamus muticus L Hairy root H6H Scopolamine Jouhikainen et al. (1999)
Hyoscyamus muticus L Hairy root PMT Hyoscyamine Moyano et al. (2003)
Hyoscyamus niger L Hairy root PMT and H6H Scopolamine Zhang et al. (2004)
Scopolia parviflora (Dunn) Nakai Hairy root H6H Hyoscyamine Kang et al. (2005)
Scopolamine
Hairy root PMT Hyoscyamine Lee et al. (2005)
Scopolamine

3Qrnithine decarboxylase, "putrescine N-methyltransferase, ‘lysine decarboxylase, “hyoscyamine 64-hydroxylase, ®arginine decarboxylase

and biotechnological utilities of the role of PA have been
dealt in detail. To sum up, it is inferred that PAs, which are
economical and environment-friendly alternatives not only
positively affect medicinal plant productivity, depending on
type and dose of PA application, but also could significantly
increase the concentration of PA-derived natural products. It
should also be noted that individual PAs have defined action
in plant biology, so for the proper utilization of these materi-
als, attention to their roles is essential. In this regard, seed
germination is mainly affected by (Spm + Spd):Put ratio,
and increase in Spm and Spd contents during germination
process is vital. Therefore, to select an appropriate type of
PA by which germination of our target medicinal plants
improve, the application of Spd and Spm is better than Put.
Plant stress tolerance and cell growth are mainly affected by
Spm and Spd, respectively.
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