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Abstract

Polyamines are aliphatic amines found in all living cells, and they are necessary for several
fundamental cell processes. Their protective role against various abiotic stress factors has been
reported in different plant species, while the mechanism by which polyamines act during plant-
microbe interaction is still poorly understood. The several types of the interactions between the
plants and the microbes outline a divers and complex picture of the action mechanisms. The
present review focuses on this aspect of the mode of action of polyamines and polyamine
metabolism during biotroph and necrotroph interactions between plants and pathogens. It
seems that apoplastic metabolism of polyamines of the host and the accumulation of H202 as a
result of polyamine catabolism play important signalling role in plant-pathogen interactions. The
manipulation of the members of the polyamine-induced signalling pathways could increase the
host plant resistance to biotic stresses.

Introduction

Polyamines (PAs) are aliphatic amines found in all living cells. The most abundant
PAs in plants are putrescine (PUT), spermidine (SPD) and spermine (SPM), the latter
two are also called as higher PAs. However, the levels of individual PAs vary depending
on the plant species or organ and on the developmental stage. The biosynthetic
pathway of these PAs is well documented [1]. Briefly, PUT is synthesized by the
decarboxylation of ornithine, catalysed by ornithine decarboxylase (ODC), or indirectly
by the decarboxylation of arginine by arginine decarboxylase (ADC), via agmatine.
Higher PAs (SPD and SPM) are produced by the sequential addition of aminopropyl
moieties to the PUT skeleton through enzymatic reactions catalyzed by the SPD and
SPM synthases. S-adenosylmethionine decarboxylase (SAMDC) is responsible for the
synthesis of decarboxylated S-adenosylmethionine which is used for the addition of
the aminopropyl moiety. Besides the diamine oxidases (DAOs) and PA oxidase (PAOs),
which catalyse the terminal catabolism of PAs in the apoplast, PAs also undergo rapid
interconvertion in the PA-cycle in the peroxisomes, where the partial and/or full back-
conversion of SPM to SPD and of SPD to PUT are catalyse by special PAOs (Pal et al.
2015). The metabolism of PAs in fungi shows some differences compared to plants.
Compare to plants, not all fungi contain SPM. In fungi SPD is the most important PA,
which involved in all the functions such as the regulation of cell proliferation and
differentiation, vegetative growth, spore germination, sporulation or dimorphic
transition, probably in all fungi [2-4]. Another pronounced difference is, that in plants
PUT is synthesized by two alternative pathways catalysed by ODC and ADC, but in fungi,
there is a unique pathway PUT formation in which the enzyme ODC plays the central
role. The synthesis of higher PAs (SPD and SPM) functions similarly as in plants, as also
the terminal catabolism of PAs. Although completed with some additional enzymatic
reactions the back-conversion of SPM into SPD, and SPD to PUT is also occurred in
fungi [4].
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Due to their cationic nature, they are able to interact with negatively charged
macromolecules (such as nucleic acids, phospholipids, proteins) and stabilize their
structure, especially under stress conditions. According to these bindings, PAs influence
the membrane permeability characteristics, induce changes in protein function [1,5].
Besides their direct protective role, their binding to the chromatin cause alteration
in the availability of genomic sites to DNA or RNA polymerases [6]; furthermore
several protein kinases have been shown to be influenced at the transcriptional or
post-translational level by PAs [7]. In addition PA metabolism is also related to several
other metabolic pathways, such as proline, and the synthesis of plant hormones and
signalling molecules, such as ethylene, H,0, or NO (Pal et al.). Although several studies
have been published on both the changes of PA levels during abiotic stress (Kovacs et
al.,; Pal et al.,) and protective effects of PAs against various abiotic stress factors, such
as drought or cadmium (Szalai et al.,; Tajti et al.), the mechanism by which PAs act
during plant-microbe interaction is sometimes contradictory. In addition, the several
types of the interactions between the plants and the microbes resulted in a divers and
complex action mechanisms [8].

PAs are not only essential to maintain cell viability, but function as signalling
molecules regulating many of the responses that help the plants to cope with biotic
stresses and also to build symbiotic interactions. The present review focuses on this
aspect of the mode of action of PAs and attempts to find answers to the following
questions: is there a relationship between accumulation of PAs and plant biotic stress
resistance and what are the differences between biotroph and necrotroph interactions?

Plant-pathogen interactions

Biotrophic pathogens: Biotrophic fungal pathogens colonize and require living
plant cells to survive because they obtain nutrients from living host cells (Glazebrook,
2005). During a compatible interaction between plants and pathogens, in the green
island regions - surrounding the infection sites, induction of photosynthesis and
delay in senescence were found - fungal pathogens induces the PA synthesis of the
host, as it was found in the case of the compatible interaction between barley and
Puccinia hordei Otth. (Greenland and Lewis, 1984) or Blumeria graminis f. sp. hordei
[9]. Similarly, accumulation of the free and conjugated forms of SPD was found already
after 3 days and of SPM 7 days after powdery mildew infection, in both susceptible
and resistant wheat genotypes. As the precursor of SPD and SPM, PUT is, probably
used up for synthesis of SPD and SPM, which were then stored in conjugated form
(Pal et al. 2013). This suggested that the accumulation of PAs was a general response
to inoculation; furthermore, differences between the initial and induced levels of PAs
were not correlated with the degree of tolerance to powdery mildew. However, the
opposite was found, when powdery mildew resistant and susceptible barley cultivars
have been described, and the resistant cultivar accumulates higher PUT and SPD levels
than the susceptible one after infection [10]. Relationships between the PA contents
and the level of pathogen resistance were also found in oat cultivars. Both resistant
and susceptible oat cultivars in response to Blumeria graminis f.sp. avenae or Blumeria
graminis f.sp. hordey, showed significant differences in the free PA levels. The resistant
genotype showed higher level of SPD than the sensitive one, and showed a significant
increase in it after Blumeria graminis f.sp. avenae (host interaction) inoculation,
and similar pattern was detected for ADC activity. In the case of Blumeria graminis
f.sp. hordey (non-host interaction) infection increased levels of PUT was found in
the sensitive genotype [11]. Increased levels of free PUT and SPD and of conjugated
forms of PUT, SPD and SPM have already been reported 1-4 d after infection in an
incompatible interaction, between powdery mildew and barley. In addition not only
increased level of PAs, but increased activity of the synthetic enzymes, ODC, ADC and
SAMDC were detected [12]. The early accumulation of PUT and induction of ODC and
ADC gene expression were found in wheat after Fusarium graminearum inoculation
[13].
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Changes in PA levels have also been found in oat after crown rust (Puccinia coronata
f. sp. avenae) inoculation, and differences in PA contents between resistant and
susceptible cultivars were associated with increased pre-penetration and penetration
resistance. Increased amount of SPD and SPM, together with increased level of PA
degradation were found in the resistant cultivar at early stages of the infection process.
In addition, increased ADC activity in the susceptible cultivar was detected during pre-
penetration, and exogenous PA treatment reduced the appressorium formation in the
same oat cultivars [14]. In most cases induction of PA synthesis has been reported
during biotroph pathogen infection, however, in the highly susceptible sugarcane
infected with Ustilago scitaminea reduced free PA content has been reported [15].

Increased gene expression level of genes encoding PA synthesis enzymes was found
in flax seedlings infected with pathogenic strains of Fusarium culmorum and Fusarium
oxysporum and the non-pathogenic strain of Fusarium oxysporum. The highest
induction of the mRNA level was found in the case of ODC and ADC after Fusarium
culmorum inoculation, while the gene expression of PAO did not change. However, the
highest total PA level, especially cell wall-bound SPD content was found in the plants
infected by the pathogenic Fusarium oxysporum, suggesting that locally accumulated
PAs can directly inhibit pathogen growth or reinforce the cell wall to restrict pathogen
invasion. Lowest induction in the gene expression levels and PA accumulation was
detected in the case of the non-pathogenic Fusarium oxysporum strain. Differences
observed between the two pathogenic strains also suggested, that the two pathogens
have different mechanisms for plant tissues penetration, and they also induced
different defence mechanism in flax seedlings [16].

According to these, fungal infection of plants might be controlled by a specific
inhibitor of PA synthesis. ODC (responsible for PUT synthesis in fungi) enzyme can
be irreversibly blocked by alpha-difluoromethylornithine (DFMO), which has no effect
on ADC (not found in fungi, only in plants). DFMO provided protection against three
biotrophic fungal pathogens, namely leaf rust, stem rust and powdery mildew in wheat
[17]. Originally, it was thought that inhibition of PA synthesis alone would be enough
to control the growing of pathogen fungi. However, these treatments (e.g. DFMO) were
not always completely efficient against pathogens, which may be due to an increase
in the PA uptake by the pathogens from host. When wheat spikes were treated with
DFMO and subsequently inoculated with Fusarium graminearum conidia, DFMO
did not display inhibitory effects on the fungus. Indeed DFMO added to the medium
induced the expression of a transcriptional regulator and the trichodiene synthase,
which have role in deoxynivalenol mycotoxin biosynthesis. In addition up-regulation
of ODC, and some type of PA transporter was found in F. graminearum cultures when
treated with DFMO [18]. These results suggested that the inhibition of PA biosynthesis
together with inhibition of plant PA transporters, may be useful target as a way to
avoid this secondary effect.

Similarly to the fungal pathogens, biotrophic interactions between viruses or
bacteria and plants also revealed that during HR and the induced programmed cell
death (PCD) the activity of ODC and the level of PAs increased in tobacco plants infected
with tobacco mosaic virus [19], or in pepper plants after infection with Xanthomonas
campestris [20].Intobacco during infection with the biotrophic bacterium Pseudomonas
viridiflava an increase of apoplastic SPM levels was detected. Enhancement of host
PA levels either due to overexpression of ADC gene or PAs treatments, decreased the
growth of bacteria, while inhibition PAO enzymes enhanced it [21].

Asthe generation of H,0, via the terminal catabolism of PAs plays arole in PA-related
signalling processes (Pal et al., 2015), PA metabolisms may be involved in penetration
resistance against biotroph pathogens. The formation of H,0, resulting from the
enhanced activities of DAO and PAO, could be responsible for the hypersensitive
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reaction (HR) observed in barley after powdery mildew infection [12]. It has also been
suggested that SPM is the most important PA in plant defence against pathogens in
incompatible host-pathogen interactions [22]. Therefore, it is an interesting aspect
to examine the role of different PAOs in controlling HR and/or PCD in plants during
pathogen attacks [23].

Necrotroph pathogens: Necrotroph pathogens Kkill the host cells at very early
stages in the infection and feed on the remains. According to this it seems that PCD in
the host would merely make life easier for the pathogen (Glazebrook, 2005). Infection
of tobacco by the Sclerotinia sclerotiorum resulted in increased gene expression level
and activity of ADC in the host tissues, as well as PUT and SPM accumulation in the
apoplast. The increased PA exodus and the apoplastic terminal catabolism has also
role in the pathogen-induced necrosis [24]. It was also found that overexpression of
ADC in transgenic tobacco plants or infiltration with exogenous PAs, led to increased
necrosis after infection with S. sclerotiorum. In contrast, inhibition of apoplastic DAO
and PAO decreased leaf necrosis during the fungal infection [21].

However, the results on necrotroph pathogens are sometimes contradictory.
Infection of tobacco leaves with Peronospora tabacina, Alternaria tenuis, Erysiphe
cichoracearum, Pseudomonas tabaci or tobacco mosaic virus resulted in lower level
of PUT and SPD in the infected plants, compared to the control [25]. These results
suggested that the changes were not related to the type of pathogens (fungi, bacterium
or virus) or the type of mechanism (biotroph or necrotroph) but to the severity of
damage symptoms. The SPD synthase overexpressor transgenic tomato lines, which
accumulate higher levels of SPD than the wild-type plants were more susceptible
to Botrytis cinerea (necrotroph), while responses to Alternaria solani (necrotroph)
or Pseudomonas syringae pv tomato (biotroph) were similar to the wild-type plants
(Nambeesan et al.,, 2012). The inhibition of DAO activity in chickpea resistant to the
necrotroph fungal pathogen, Ascochyta rabiei resulted in reduced resistance to the
pathogen [26]. In accordance with this, constitutive overexpression of cotton PAO
gene- responsible for the back-conversion of SPM to SPD - in Arabidopsis improved
resistance to Verticillium dahlia (Mo et al., 2015).

Conclusion

Thus, on one hand PAs serve as nutrients from the host cell to support further fungal
growth, but on the other hand plants also need them to limit the fungal multiplication. It
can be concluded that accumulation and further oxidation of PAs in the apoplast of host
plant cells catalysed by DAO and PAO may occur in a similar, although not identical way
during plant responses induced by biotroph or necrotroph pathogens. These responses
play a beneficial role in plant defence mechanisms against biotrophic pathogens that
depend on living tissue, while help necrotroph pathogens to colonize host tissues. Thus,
apoplastic PAs play important roles in plant-pathogen interactions, and modulation of
host PA metabolism, may lead to significant changes in host susceptibility to different
pathogens. Importance to keep the homeostasis of PAs, revealing that imbalance of
SPD impairs host signalling cascades leading to alterations in the immune responses.
Another important aspect is that the accumulation of H,0, as a result of PA catabolism
plays an important signalling role in plant-pathogen interactions, suggesting that the
manipulation of the members of the PA-induced signalling pathway could increase the
host plant resistant to biotic stresses. However, the picture is often more complicated
as the presence of PAs in both plants and pathogenic fungi makes it difficult to identify
their respective contribution to PA accumulation in infected organs. Further research
needs to clarify the exact role of PA metabolism in plant-pathogen interactions.
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