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agro-economical importance, including phytonutrient content, fruit 
quality and plant life-span.10,11 Recently, it was shown that PAs are 
implicated in cell migration in mammals.12

Polyamine Homeostasis

Since PAs are implicated in such a divergent array of processes, 
their intracellular titers must be strictly regulated. Thus, apart from 
the rate of biosynthesis, the intracellular concentrations of free PAs 
are regulated by conjugation either to small molecules, especially 
hydroxycinnamic acids (soluble conjugated PAs),13-15 or with high 
molecular mass substances, like hemicelluloses and lignin and, to 
a lesser extent, proteins (so-called insoluble conjugated PAs).16 In 
addition to conjugation, the levels of free PAs can be downregulated 
by oxidative deamination. Cytoplasmic levels of PAs can be regulated 
also by subcellular compartmentalization to vacuoles, mitochondria 
and chloroplasts as well as by extrusion.14,17 In mammalian cells 
cultured under normal growth conditions, up to 90% of Put and 
25% of Spd synthesized by the cells was secreted into the culture 
medium,18 while a similar trend has been observed in plant cells.19

Polyamine biosynthetic pathway is rather short, and the first 
PA to be synthesized is Put, via the Arg decarboxylase (ADC, EC 
4.1.1.9), or Orn decarboxylase (ODC, EC 4.1.1.17) pathway, 
using Arg and Orn as substrates, respectively. Put is subsequently 
converted to Spd via Spd synthase (SPDS, EC 2.5.1.16) and Spd 
to Spm via Spm synthase (SPMS, EC 2.5.1.22), by sequential addi-
tion of an aminopropyl group. The aminopropyl group donor is 
decarboxylated S-adenosyl-L-methionine (dcSAM) produced by 
S-adenosyl-L-methionine decarboxylase (SAMDC, EC 4.1.4.50). 
SAM is a key intermediate for ethylene. Thus, antagonism between 
synthesis of higher PAs and ethylene may exist, since they share the 
same intermediate. These enzymes are under feedback control by 
their end products.20

Interestingly, the sequenced genome of Arabidopsis thaliana 
does not contain a gene encoding for ODC.21 So far, absence of 
this enzyme has only been reported in the protozoan eukaryote 
Trypanosoma cruzi. PAs synthesis in animals also starts from Orn, 
and can be formed directly from Pro by Orn aminotransferase.22 The 

Polyamines have long been implicated in plant growth and 
development, as well as adaptation to abiotic and biotic stress. As 
a general rule of thumb the higher the polyamine titers the better. 
However, their molecular roles in plant stress responses still remain 
obscure. It has been postulated that they could act through their 
catabolism, which generates molecules which may act as secondary 
messengers signalling networks of numerous developmental and 
stress adaptation processes. Recently it was shown that plant and 
mammalian polyamine catabolism share critical features, giving 
new insight in plant polyamine catabolism. In this review, the 
advances in genes and proteins of polyamine catabolism in plants 
is presented and compared to other models.

Introduction

Sensu stricto polyamines (PAs) are defined as the molecules that 
contain more than one amino groups. Sensu lato the term refers 
mostly to the widely found biogenic polycationic molecules, namely 
Putrescine (Put), Spermidine (Spd) and Spermine (Spm), with 
aliphatic structure found in all cells across all kingdoms. Cadaverine 
is also present in legumes, while thermospermine, a Spm isomer, is 
widespread in bacteria and higher plants.1 Since Spm is a general 
constituent of eucaryotic cells, but not of procaryotes, the identifica-
tion of specific Spm functions in nuclei-containing cells was, and still 
is, a serious concern.

Plant PAs have been suggested to play important roles in diver-
gent processes, such as gene expression, protein and DNA synthesis, 
cellular homeostasis, cell division and differentiation, growth and 
developmental processes such as embryogenesis, organogenesis, 
senescence, and also responses to abiotic and biotic stresses.2-9 Plant 
PAs have also been proposed to be responsible for characteristics of 
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pylori induced SMO has been associated with increased ROS produc-
tion and DNA damage, linking SMO to chronic inflammation and 
epithelial carcinogenesis, and also to prostate cancer.24

Moreover, a third class of enzymes includes lysine-decarboxylases-
demethylases that possess also an amine oxidase domain similar to 
that of PAOs. These enzymes specifically localize to the nucleus and 
they are involved in the histone remodelling, the process of post-
translational modifications of histone N-terminal tails.32 Within 
eukaryotic cells, DNA is packed into the higher order structure 
known as chromatin. The basic repeating unit of chromatin is the 
nucleosome, consisting of a histone octamer containing two copies 
each of histones H2A, H2B, H3 and H4, around which approxi-
mately 147 bp of DNA is wrapped. The histones of the histone 
octamer contain unstructured N-terminal “tails”, the residues of 
which are the site of numerous posttranslational modifications, 
including acetylation of lysine, phosphorylation of serine and threo-
nine, and methylation of lysine and arginine. Additionally, lysine 
residues may be mono-, di- or trimethylated, while arginine residues 
may be mono- or dimethylated. The resulting complexity of modi-
fications has been postulated to act as a “histone code”, by which 
these patterns of modifications are “read” by the cellular machinery 
to produce a specific gene regulatory outcome. The process impacts 
chromatin structure. This third class includes the LSD (lysine 
demethylase) proteins and requires FAD for catalytic activity.32

This category of enzymes is common between plants and animals, 
and the protein consists of two additional individual domains, except 
that of PAO, namely the SWIRM (Swi3p, Rsc8p and Moira), found 
in proteins involved in chromatin modifications or remodeling, and 
the spacer region.32 LSD1 functions as a transcriptional co-repressor 
through histone dimethylase activity specifically to histone H3 lysine 
4, which is linked to active transcription. Interestingly, the PAO 
domain does not seem to exert any effect upon PAs. A. thaliana 
homologs of LSD1 promote floral transition through repressing the 
expression of floral repressor genes.33

In animals, PA catabolism requires the highly regulated inducible 
enzyme SSAT,34,35 which localizes to the cytoplasm and catalyzes the 
formation of N1-acetyl derivatives by the transfer of the acetyl group 
from acetylcoenzyme A to the N1 position of Spm/Spd. The acetyl 
derivatives are then converted to Spd or Put along with the produc-
tion of 3-aceto-aminopropanal and H2O2 by the peroxisomal and 
constitutive PAO.27 It is worth noticing that in plants, PAO3 was 
also shown to be highly expressed (constitutive), whereas PAO1 was 
shown to be expressed at very low levels.30,31

Interestingly, mice chronically treated with the PAO inhibitor 
MDL72527 [N1,N4-bis(2,3-butadienyl)-1,4-butanediamine] died, 
due to Spm accumulation in red blood cells and blood plasma. This 
result indicates that blockage of PA catabolism, especially Spm catab-
olism, can be fatal in these animals,36 and emphasizes the importance 
of PA catabolism in mammals.

Polyamine Oxidases and Development

PAs are essential for growth and development, as inhibition of PA 
biosynthesis blocks cell growth.37-43 A reasoning of Spd requirement 
for eukaryotic viability has been recently established. Spd is a precursor 
of the unusual amino acid hypusine, which is involved in posttransla-
tional modification of the ε-amino group of one specific lysine residue 
of the eukaryotic translational initiation factor 5A (eIF5A).44,45

ADC pathway via agmatine, as described for bacteria and plants, has 
not been demonstrated in animal cells. The existence of two path-
ways in plants for Put synthesis adds up significant complexity in PA 
homeostasis. Recently, a reconstruction of the evolutionary pathways 
of genes involved in PA biosynthesis23 provided plausible interpreta-
tions for the structural features that distinguish the different enzyme 
activities.

On the other hand, the main PA catabolic process is exerted 
through diamine oxidases (DAO, EC 1.4.3.6) and polyamine 
oxidases (PAO, EC 1.5.3.3), the former showing strong preference 
for diamines (Put and Cad), while the latter oxidize only higher PAs, 
such as Spd and Spm.24 DAOs are copper-containing proteins, with 
the tendency to form homodimers. They catalyze the oxidation of Put 
to 4-aminobutanal with concomitant production of NH3 and H2O2, 
and the resulting aldehyde is further converted to γ-aminobutyric 
acid (GABA) via Δ1-pyrroline. In addition, each subunit contains a 
2,4,5-thrihydroxyphenylalanine quinine (TPQ) cofactor. In plants, 
DAOs occur at high levels in dicots, particularly pea, chickpea, lentil 
and soybean seedlings, loosely associated to cell wall.

Polyamine Oxidases

The first PA-catabolizing enzymes, which were characterized were 
DAOs25,26 and ruminant serum amine oxidase (SAO). The PAOs, 
able to catalyze the oxidative deamination of PAs with more than 
two amino-groups, bear FAD with non-covalent bonds that use 
N1-acetylderivatives as substrates in mammals, and non-acetylated 
PAs in plants.27 They are highly expressed in monocots, and can be 
classified as (i) those involved in the terminal catabolism of PAs, (ii) 
those involved in back-conversion, and (iii) those that contain a PAO 
domain but do not deaminate PAs.

From the first group, the best characterized enzyme so far is 
the maize PAO (ZmPAO). It is a 53 kD monomeric glycoprotein 
associated with cell walls and catalyzes the terminal catabolism 
of PAs, able to deaminate Spd and Spm, using FAD as cofactor 
and O2 as electron donor; the catabolic products are 4-aminobu-
tanal or (3-aminopropyl)-4-aminobutanal, respectively, along with 
1,3-diaminopropane and H2O2.

The second group, which resembles the mammalian PAOs, 
includes peroxisomal PAOs involved in a sequential back-conversion 
pathway of diacetylSpm (N1-N12) to acetylSpd and acetylSpd to 
acetylPut.28,29 Thus, in mammals an intriguing point is the absence 
of terminal catabolic PAOs. In addition, Spm oxidase (SMO, EC 
1.5.3.3), a FAD-dependent amine oxidase was initially identified 
in animal cells; it catalyzes the back-conversion of Spm to Spd with 
concomitant production of 3-aminopropanal and H2O2. Recently 
an isoform was identified in the nucleus.24 Arabidopsis genome 
contains five putative PAO genes. Tavladoraki et al.30 identified 
PAO1 as an enzyme catalyzing the same reaction as SMO. Later, 
Moschou et al.31 identified PAO3 as the enzyme that completes 
the back-conversion pathway, converting Spm to Spd and Spd to 
Put. More importantly, in mammals PAOs that fall in this category 
are constitutively expressed, while their supply with their substrates 
depends on Spd/Spm N1-acetyltransferase (SSAT; EC 2.3.1.57) 
activity.24 On the other hand, SMO seems to be inducible, by certain 
polyamine analogues which adds considerably to the importance of 
this new pathway member because its regulation may contribute to 
the facilitation of tumor cell apoptosis.24 Furthermore, Helicobacter 
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Moreover, Spm and Spd were potent inducers of nitric oxide (NO) 
in A. thaliana, but Put and its biosynthetic precursor Arg did not.67 
NO inhibits oxidative phosphorylation in plant mitochondria68 and 
plays an important signalling role in plant-pathogen interactions.69 
Therefore, further research on the role of PA-catabolism mediated 
NO production is justified.70

In mammals, the activation of PA catabolism increased cellular 
oxidative stress through the generation of H2O2, and induced the 
death of multiple types of cancer cells.30 Hydrogen peroxide, or/and 
the molecules produced through PAOs action, could exert signalling 
effects. In particular, 4-aminobutanal can be further metabolized to 
GABA, through the action of an aldehyde dehydrogenase (ADH, 
EC 1.2.1.3). GABA can also be produced by cytosolic glutamate 
dehydrogenase, and it is an important metabolite associated with 
various stress responses, including the regulation of cytosolic pH, 
carbon fluxes into the citric acid pathway, insect deterrence, protec-
tion against oxidative stress and signalling. DAP, on the other 
hand, is involved in tolerance since it is precursor of β-alanine and 
uncommon PAs.

A nodal point in stress responses is the activation of downstream 
responsive partners, such as Mitogen Activated Protein Kinases 
(MAPK) signalling pathways. H2O2 produced by PAO could trigger 
activation of MAPKs.71 Interestingly, PAO genes in Arabidopsis are 
upregulated by elicitors, such as flagellin, thus promoting probably 
activation of MAPKs involved in pathogen signal perception, while 
abiotic stresses also result to moderate increase.

Mechanical wounding stress significantly increased expression of 
PAO genes.31 Also, Tisi et al.72 provided evidence for the involve-
ment of maize PAO to the wound healing response and to pathogen 
attack and more specifically to TMV. Yoda et al.73,74 reported that 
in Nicotiana tabacum plants resistant to TMV, PAO expression and 
PA titers increased in tissues exhibiting TMV-induced HR. Cell 
death caused by TMV infection or cryptogein, an oomycete-origi-
nated elicitor, was partially mediated by H2O2 generated through 
PA catabolism. These authors suggested that the PA substrate for 
H2O2 production is Spd, since during HR elicitation Spd but not 
Spm accumulated in the apoplast. That plants employ polyamine 
catabolism-derived H2O2 as a defensive tool upon exposure to biotic 
stresses has been reviewed by other groups.47,51,52

Moreover, tobacco PAO was an early-responsive gene when 
tobacco plants were challenged with the biotrophic Pseudomonas 
syringae pv tabaci (Moschou PN and Sarris et al., unpublished data). 
On the other hand, Takahashi et al.75 provided evidence for the 
correlation of Spm oxidation and induction of HR-associated and 
defense related genes. In addition, tolerance to TMV infection by 
treatment with Spm was modulated independently of SA.75 Finally, 
PAO RNAi lines showed significantly reduced PCD rate when 
treated with cryptogein.74 Whether PA accumulation under biotic 
stress is necessary to provide the catabolic pathway with substrate 
remains to be elucidated.

With respect to abiotic stress, Moschou et al.20 showed that upon 
salt stress Spd was secreted into the apoplast were it was catabolized 
by PAO producing H2O2. The titers of the apoplastic H2O2 was 
PAO-dependent. High PAO levels resulted to high H2O2 accumula-
tion which induced PCD, whilst moderate levels of PAO and thus 
H2O2 resulted to the signalling and expression of defense genes, 
facilitating abiotic responses.20

In plants, PAOs, that are able to determine at least partly 
Spd titers, are abundant in lignifying tissues, and are spatially 
and temporally associated with cell wall strengthening reactions 
involving cell wall peroxidases.46 Also, PA catabolism has been 
associated with cell survival and cell growth, such as cell wall stiff-
ening and lignification.46,47 PAO is involved in mesocotyl growth 
and in this context a progressive cellular re-distribution occurs 
toward primary and secondary cell walls during tissue maturation 
or light exposure (reviewed in ref. 47). This re-distribution prob-
ably affects tissue maturation by an increment in H2O2 production 
since the PAs titers are higher in cellular compartment than in the 
apoplast were maize PAO is localized. Furthermore, endogenous 
cues controlled the transcript levels of PAO in tobacco48 and in 
maize auxin suppressed whereas light upregulated expression of 
PAO.49

On the other hand, developmental programmed cell death (PCD) 
is preceded by an increase in PAO levels and a concomitant increase 
in H2O2.48 In tobacco, high PAs titers were associated with increased 
cell proliferation, whereas PAO was associated with leaves under-
going developmental PCD; also, PAO and PAs followed an inverse 
gradient; young tobacco leaves had increased PA content, while old 
leaves exhibited increased PAO activity.48 The considerable high 
ZmPAO in differentiating tracheary elements strengthens the view 
that PAOs are probably directly involved in PCD.47

These results suggest that PAOs are associated mostly with older 
rather than young and fast growing tissues, implying its involvement 
in maturation and secondary cell wall strengthening.

Polyamine Oxidases and Stress

PAs frequently accumulate in plants in response to abiotic and 
biotic stresses.5,50-52 There is extensive literature describing the corre-
lation between endogenous PA titers and physiological perturbations 
and on the protective effect of PAs against environmental stresses 
(reviewed in refs. 7, 8 and 53). Exogenously supplied PAs protected 
plants from abiotic stress,54 whereas transgenic plants overexpressing 
PA biosynthetic genes exhibited stress tolerance.55-58 On the other 
hand, loss-of-function mutant of PA biosynthetic genes, or decrease 
of PA titers, resulted to decreased stress tolerance.59-63

PAs also upregulate stress-protective genes probably through their 
catabolism. For example, the tobacco ZFT1 is a Spm-responsive gene 
encoding for a zinc-finger type transcriptional repressor; tobacco 
plants overexpressing ZFT1 were more resistant to tobacco mosaic 
virus (TMV) compared to control plants.64 Furthermore, transgenic 
pine plants overexpressing the gene CaPF1, which encodes for the 
ERF (ethylene responsive factor)/AP2-type transcription factor, 
exhibited dramatically increased tolerance to drought, freezing and 
salt stress.65 In control pine plants, the levels of PAs decreased upon 
exposure to stresses, whereas in the transgenics plants the PA levels 
remained constant.

Recently, Moschou et al.,20 suggested that a crucial point in plant 
stress tolerance is the ratio of PA catabolism to PA anabolism. This 
could explain why overexpression of the gene CaPF1 resulted to 
increased tolerance by maintaining PA titers. Thus, enhanced stress 
tolerance in transgenic pines expressing CaPF1 was associated with 
high PA biosynthesis.66 In addition, apoplastic PA catabolism by 
PAO resulted to induction of stress-responsive genes, correlating PA 
catabolism to specific gene transcription.20
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vinifera plants (Toumi, Moschou PN and Roubelakis-Angelakis KA, 
unpublished data). Whether the pathway is only restricted to dicot 
plants remains to be identified. A comparative model for PA catabo-
lism in plants and animals is summarized in Figure 1.

Conclusion

In conclusion, recent data support the involvement of PAO 
genes in developmental and stress interactions. The picture has been 
complicated by the existence of additional PAO genes, with novel 
subcellular localizations and able to back-convert PAs instead of just 
being involved in their terminal catabolism. The recent availability 
of transgenic plants with up and downregulated the PAO genes and 
the respective mutants will greatly contribute to further reveal the 
physiological functions of these genes.
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