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Abstract

In the present work changes in polyamine conterdseevinvestigated after various
hydroponic polyamine treatments (putrescine, spdimaiand spermine at 0.1, 0.3 and 0.5
mM concentrations) in two different crop speciebgat and maize. In contrast to putrescine,
higher polyamines (spermidine and spermine) inducedcentration-dependent oxidative
damage in both crops, resulting in decreased bisndee unfavourable effects of polyamines
were more pronounced in the roots, and maize wag sensitive than wheat. The adverse
effects of polyamine treatment were proportionathte accumulation of polyamine and the
plant hormone salicylic acid in the leaves and soot both plant species. Changes in
polyamine content and catabolism during osmotiesstrconditions were also studied after
beneficial pre-treatment with putrescine. The gregiositive effect of putrescine in wheat
than in maize can be explained by differences énpiblyamine metabolism under normal and
osmotic stress conditions, and by relationship betwpolyamines and salicylic acid. The
results demonstrated that changes in the polyampaw are important for fine tuning of
polyamine signalling, which influences the hormolbalance required if putrescine is to exert

a protective effect under stress conditions.

Keywords: osmotic stress; maize; polyamines; salicylic asideat

Abbreviations: Ci: intracellular CQ concentration; DAO: diamine oxidase; DAP: 1,3-
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phenylalanine ammonia lyase; PAO polyamine oxidR#e;polyamine; R COz assimilation
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1. Introduction

Polyamines (PAs) occur in free, conjugated or botorihs. Putrescine (PUT) is
synthesized by the decarboxylation of ornithineimdirectly by the decarboxylation of
arginine, while higher polyamines (spermidine: S&id spermine: SPM) are produced by the
sequential addition of aminopropyl moieties to F&T skeleton through enzymatic reactions.
PAs are catabolized by diamine oxidase (DAO) arigigmoine oxidases (PAOs). Besides the
apoplastic PAOs, which catalyse the terminal cdistmoof SPD or SPM, other peroxisomal
PAO enzymes are involved in the partial and/or fhatk-conversion of SPM to SPD and of
SPD to PUT. The polyamine pool is thus dynamic,ngivag over time, and PAs undergo
rapid interconversion in the “polyamine cycle” (R&l al., 2015). The activation of PA
biosynthesis and their direct protective role unsiigess conditions have been extensively
reported in several plant species (recently revietwe Minocha et al., 2014). Many reports
have indicated that the stress tolerance of planterrelated with their capacity to enhance
the synthesis of polyamines upon exposure to stegmbseveral elegant studies have shown
that the overexpression of PA biosynthetic genesnseffective strategy to elevate the
endogenous PA pool and to modify stress tolerange ét al., 2015). However, the
accumulation of PUT under stress conditions, legqdiina high PUT/(SPD+SPM) ratio may
even result in plant injury under stress conditi@@Bu et al., 2012). PAs have double-edged
roles: as free radical scavenger in the nucleus,aansources of free radicals in the apoplast
(Takahashi and Kakehi, 2010Besides their direct protective role as antioxidatitey also
regulate various fundamental cellular processesigalling molecules (Pal et al., 2015).
There is accumulating evidence that the PA pookuuks extensive changes in response to
a range of abiotic stresses (Do et al., 2013; Lial.e2015; Shu et al., 2015), but these studies

have mainly shown the positive effects of PAs aesst resistance, without discussing the



important influence of exogenous PAs on the PA modhe fact that a proper balance in PA
pool may be responsible for the positive effectensd.

Salicylic acid (SA) has also been shown to paratgpin the signalling of various
stresses in plants (Pal et al.,, 2013b; Janda e@l4). It has been suggested that SA
treatment influences the polyamine content (Nénedtlal., 2002; El-Khawas, 2012) and
catabolism (Szepesi et al.,, 2011), and it is evideat different concentrations of SA had
different effects on the PA metabolism (Wang et2012). Similarly, pre-treating seed with
SPD or SPM was reported to enhance the SA contemheat under salt stress (Igbal et al.,
2006). In a few studies, parallel changes in endoge SA and PA contents were also
described under stress conditions (Igbal and Asi2@d6; Majlath et al., 2011; Pal et al.,
2013a). Based on these results a relationshipiggtit to exist between endogenous SA and
PA contents.

The general aim of the present study was to helnoterstanding the importance of
the PA cycle in stress acclimation processes, quaatily regarding the different effects and
roles of individual exogenous and endogenous PAsadhieve this goal, treatments with
different PA compounds at various concentrationeeveempared in wheat and maize plants
without stress conditions, after which beneficieg-preatment with PUT was applied before
osmotic stress to highlight differences betweentiye plant species under stress conditions.
Furthermore, since the relationship between theaRéA SA signalling pathways is poorly
understood, the effects of PA treatments and clsaimgPA contents on SA levels were also

studied.

2. Materials and methods



2.1. Plant material and growth conditions

Wheat {riticum aestivum L. TC33) (Thatcher-based near-isogenic line, TC33:
Thatcher*6/P.1.58548) and maizéea mays L. Mv255) plants were used in the experiments.
After 3 days of germination between moistened fifiapers at 20°C for wheat and 22°C for
maize in the dark, seedlings were grown in modifithgland solution (Pal et al., 2005) at
20/18°C for wheat and 22/20°C for maize with 16/Bght/dark periodicity and 75% relative
humidity in a Conviron GB-48 plant growth chambeZoftrolled Environments Ltd,
Winnipeg, Canada). Plastic containers were plantéd 12 wheat seedlings or 6 maize
seedlings and placed in the growth chamber in dy fuandomized manner. The
photosynthetic photon flux density (PPFD) was 2B@l m? s*. The plant growth solution
was changed every two days.

In the first experiment, after 7 days of growthHoagland solution the wheat and
maize plants were treated hydroponically with @13 or 0.5 mM of putrescine (PUT-
treated), spermidine (SPD-treated) or spermine (&ekted), and these treatments were
repeated every"2day using fresh hydroponic solution containing shene concentration of
the relevant polyamine. The growth solution of teatrol plants (without PA treatment) was
also changed every'®day. After 7 days of treatment the roots and yeshdully developed
leaves were sampled for analysis (Suppl. Fig. 1A).

Based on the results of the first experiment, acentration of 0.5 mM PUT was
chosen as the pre-treatment in further experimeiiter 7 days of growth in Hoagland
solution, the wheat and maize seedlings were eignewn further under control growth
conditions in hydroponic solution or treated witth M PUT hydroponically for 7 days.
After this, the roots were washed in distilled watben half of each group was grown further
under control conditions; in the case of PUT-piaid plants this functioned as a recovery

period. The other half of each group was treatdad W% PEG-6000, for 5 days in the case



of wheat and for 2 days in the case of maize (ob¥f®EG or PUT-pretreated+PEG). The
duration of the PEG treatment was established basgulevious results (Németh et al., 2002;
Kovacs et al., 2014). Samples were collected asritbesl above at the end of the PEG

treatment for both stressed and non-stressed lauagpl. Fig. 1B).

2.2. Chlorophyll-a fluorescence induction measurements

Chlorophylla fluorescence was measured using a pulse amplimddulated
fluorometer (Imaging-PAM M-Series fluorometer; WalZffeltrich, Germany). The
maximum quantum yield of PSII photochemistry/Fgs, as K/Fn= (Fn-Fo)/Fm, Where R is
the maximal fluorescence induced by a saturatiashf(800Qumol m? s* PPFD for 0.8 s) in
leaves dark-adapted for 20 min, angdig-the minimum chlorophyll fluorescence vyield iret
dark (PPFD < 1umol m? s%). (As no significant changes were observed in B,
parameter, these data are not shown.) The effe&sk quantum yield AF/Fm’) which
represents the proportion of absorbed light enexgysumed in photochemistry, and was
measured at a light intensity of 2ol m? s* calculated as (Fm’-F)/Fm’, where Fm’ is the
maximal fluorescence level induced by a saturdtgig pulse in the steady state, and F is the
steady state chlorophyll fluorescence immediateigrpto the flash. Measurements were

performed on the last fully expanded leaves.

2.3. Gas exchange measurements
Gas exchange analyses were performed 5 or 2 digrsoainotic stress treatment, on
the intact, last fully expanded leaves using a40® instrument (Li-Cor, Lincoln, USA) for
wheat and a Ciras 2 Portable Photosynthesis Sy§fenesbury, USA) for maize. The
reference level of COwas 380uL L™ and the light intensity was 250mol m?s™. The gas

exchange analysis was performed at room temperaancethe air humidity was 50+£3% in



both cases. The parameters2@8similation rate (Pn), stomatal conductangg {igtracellular
CO, concentration (¢ and transpiration (E) were determined at thedstestate level of

photosynthesis.

2.4. SA extraction and analytical procedure
SA extraction and analysis were performed accordmdal et al. (2005). After
separation on a reverse phase column (ABZ+, 150x5 5um, Supelco, Bellefonte, USA)
SA (excitation: 305 nm; emission: 407 nm) was qifi@at fluorimetrically (W474

fluorescence detector, Waters, USA).

2.5. Measurement of phenylalanine ammonia lyase (PAL) activity
PAL activity was measured according to Gao et2008) using 1 g leaves or roots

and expressed as enzyme units per gram fresh wglgiit FW).

2.6. Polyamine and 1,3-diaminopropane (DAP) analysis

The analysis was carried out as described by Némietd. (2002), by 200 mg of
leaves homogenizing with 1 ml 0.2 M ice-cold peotid acid and leaving them to stand for
20 min on ice. The extract was centrifuged at 190fa@ 20 min and the supernatant was
used. The polyamines, namely PUT, SPD and SPMiheg&vith DAP, the product of SPD
and SPM terminal catabolism, were analysed as t&edgyderivatives via HPLC using a
W2690 separation module and a W474 scanning flaeree detector with excitation at 340
nm and emission at 515 nm (Waters, Milford, MA, US&onjugated forms of PAs were

measured after 1 hour of acid hydrolysation at 96°C

2.7. Diamine oxidase and polyamine oxidase enzyme activities



The activity of the diamine oxidase (DAO, EC 1.8.8and polyamine oxidase (PAO,
EC 1.5.3.3.) enzymes was estimated by the methdakdcs et al. (2016). Enzyme activity
was expressed in nmaf-pyrroline min®* g* FW using an extinction coefficient of 1.86 x°*10

molt cm.

2.8. Satistical analysis
Three independent repetitions were performed foh experiment and representative
data are presented. The results were the meandeaafsh ten replicates for each treatment for
chlorophyll induction, and of 5 replicates for enmy activity and HPLC analysis. The data
were statistically evaluated using the standardadiewn andt-test methods. The SPSS 17.0
statistical program (Statistical Package for theci@oSciences) was used to examine

correlations between the parameters.

3. Results

3.1. Polyamine treatment under control conditions

3.1.1. Concentration dependence of polyamine treatment on biomass parameters and

lipid peroxidation
Treatment with 0.1, 0.3 or 0.5 mM PUT for 7 dayd dot induce pronounced changes

in the shoot and root length or shoot and root F\Wvlbeat and maize plants. However,
exogenous SPD or SPM induced a concentration-depémdecrease in all the biomass
parameters of both plant species (Fig. 1A-B). Theameters investigated showed that the
roots are more sensitive to polyamine treatmem tha shoots in both species and that the
shoots of maize are inhibited to a greater extbosd of the wheat. Like the biomass

parameters, the results of lipid peroxidation measents also showed that the roots of maize



plants were more sensitive than the shoots aftéerent polyamine treatments, and that

greater oxidative stress was induced by highergmlges in both plant species (Fig. 2A-B).

3.1.2. Polyamine contentsin PUT-, SPD- and SPM-treated plants

Since the PAs were added to the hydroponic soluitowas not surprising that the
concentration-dependent effects of PA treatmenievganerally more obvious in the roots
than in the leaves in both plant species. PA treatsnonly had a slight effect at a
concentration of 0.1 mM, while substantial PA acaolation was found after treatment with
0.3 or 0.5 mM PUT, SPD or SPM (Fig. 3-4).

In wheat PUT treatment resulted in a dramatic meeein PUT content, especially in
the roots, and this was also accompanied by areased amount of 1,3-diaminopropane
(DAP), the product of the oxidation of SPD and SBRM PAOs. PUT only caused
pronounced SPD accumulation in both the leaves@wid at 0.5 mM concentration (Fig. 3A-
B). Exogenous SPD was taken up and at 0.3 and M5aomcentrations translocated to the
wheat leaves, increasing the content of endogeS8&I and PUT in the leaves, and of PUT
and SPM in the roots (Fig.3 A-B). SPM treatment@ased the content of all the PAs and of
DAP in both the leaves and roots, especially adtérigoncentrations (Fig. 3A-B).

Slight, concentration dependent increasing trengiewoted in the root PUT and leaf
SPD contents of maize after PUT treatments, whidrewthe most pronounced and
statistically significant at 0.5 mM concentratiohRUT (Fig. 4A-B). Exogenous SPD or SPM
induced the accumulations of PUT, SPD and SPM, osslhe in the roots at higher
concentrations, with the highest amount of PUThm eaves and roots of plants treated with

0.3 or 0.5 mM SPM (Fig. 4A-B).

3.1.3. Salicylic acid content in PUT-, SPD- and SPM-treated plants



In order to reveal the relationship between PA 8Ad the effects of different PAs
(PUT, SPD and SPM) on the SA content in wheat araizenwas investigated at a
concentration of 0.5 mM. In wheat, SPD and SPMdased the free and bound SA content of
the leaves. Interestingly, the free SA content dexreased by PUT, and did not influenced
by SPD, while both forms were increased by SPMha toots (Table 1). Under these
conditions, only SPD and SPM influenced the endogsrSA content of maize plants. The
0.5 mM SPD and SPM treatment increased the amaidritee and bound SA in the leaves
and induced an extraordinary accumulation of frAerSthe roots of maize plants (Table 1).
Correlation analysis on plants treated with 0.5 i®MT, SPD or SPM revealed that the
endogenous PA contents showed a close, positiaiaeship with the amount of SA,
especially in maize. Close positive relationshigsendetected in most cases between the free
and conjugated fractions of the individual PAs, aheb in the different tissues (leaves or
roots) of wheat and maize plants (Suppl. Table)1Cdrrelation analysis does not reveal
cause and effect relationships and can only indidiaear correlations. It may, however,
provide useful information on the direction andselness of the correlations. In the present
work, the significant, positive correlations betweendogenous SA and PA contents

suggested that higher PA content is accompaniegifbgccumulation.

3.2. Putrescine pre-treatment and PEG-induced osmigtstress
In the first set of experiments the adverse effe¢ttSPD and SPM treatment were
demonstrated by the biomass parameters and lipioxio@tion measurements, and these
stress symptoms were accompanied by SA accumulatibich was in positive correlation
with the increase in PA content. PUT applicatiord e significant negative effect, but

induced a significant accumulation of PA in botlardl species. In order to obtain further
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information on changes in the PA pool and how thase related with SA under stress

conditions, pre-treatment with 0.5 mM PUT was agglifollowed by 15% PEG treatment.

3.21. Changes in biomass, chlorophyll-a fluorescence induction, gas exchange
parameters and proline content after PUT pre-treatment, PEG treatment or their
combination (PUT pretreated+ PEG)

The positive effect of 7 days of 0.5 mM PUT preatreent was observed when PUT
pre-treated wheat plants were returned to contrtiitron solution for 5-day recovery period.
This was manifested as increased shoot FW and D@irereased Pn compared to the same
day control (Table 2 and 3). Although PUT pre-tneait was unable to prevent the PEG-
induced decrease in root FW and DW in the combimedtment (PUT pre-treated+PEG)
(Table 2), the photosynthetic activity (Pn) waseréiveless higher than in plants treated with
PEGwithout PUT pre-treatment (Table 3).

In maize, however, not only did PUT pre-treatmeaise a decrease in root FW and
Pn, which remained even during the recovery pefid,no positive effect on the biomass
parameters was observed under osmotic stress (Zablde lowest shoot FW and DW were
observed in PUT pre-treated+PEG maize plants. Hewdhe AF/Fm’ and Pn parameters
demonstrated higher photosynthetic activity in twenbined treatment compared to PEG
treatment, without PUT pre-treatment (Table 3).

PUT pre-treatment resulted in slight stomatal opgnn wheat, while in maize the
slight decrease observed in Pn was due to storoltsdire (as a typical stress syndrome).
However, this slight difference in Pn was not mesiiéd inAF/Fm’, which is related to the
photochemical energy conversion in PS The higher value of stomatal conductance in PUT
pre-treated+PEG-treated plants also resulted inigaifisantly higher assimilation rate

compared to maize and wheat plants subjected totasisiress without PUT pre-treatment
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(Table 3). These results suggested that PUT pagrtent may alleviate the negative effect of
PEG on the photosynthetic process to a certaimexte

Similar changes were found in maize and wheat pléortthe proline content, which
did not change in the leaves after PUT pre-treatymart increased in PEG-treated or PUT
pre-treated+PEG plants. In the same way, the caatibm of PUT pre-treatment and PEG
induced proline accumulation in the roots of mapants, while in wheat roots PEG

treatment alone caused a significant increase €12l

3.2.2. Polyamine contents after PUT pre-treatment, PEG treatment or their combination

(PUT pretreated+ PEG)

When 0.5 mM PUT pre-treatment was followed by 5 sdaf recovery, the
exogenously applied PUT did not influence endogen®A contents of wheat plants
compared to the control. In the leaves PEG treatmlene increased the content of both free
and conjugated forms of PUT and decreased the SIACSRM contents in the free fraction
(Fig. 5A-B), while it reduced the free and conjweghfractions of SPD in the roots (Fig. 5C-
D). When osmotic stress was induced after PUT q@&hihent the increase in free PUT and
decrease in free SDP remained, but no decreaseanSIPM content was detected in wheat
leaves (Fig. 5A-B). In the roots decreases in ed, free SPD and conjugated SPM were
observed in the combined treatment (PUT pre-treatthiREG) (Fig. 5C-D). The quantity of
the bound forms of PAs was an order of magnitudesip and no significant changes were
induced (data not shown).

In maize plants neither 0.5 mM PUT pre-treatment PREG-induced osmotic stress
induced changes alone, but when the applicatioexofjenous PUT was followed by PEG

treatment, it increased the endogenous PUT comdmith the free and conjugated forms in
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the leaves (Fig. 6A-B). In contrast, when appliéocha as a pre-treatment or followed by
osmotic stress PUT caused a significant increagbdrfree and conjugated PUT content in
the roots (Fig. 6C-D)The contents of the bound forms of PAs was an ooflenagnitude

lower, and showed a pattern similar to that desdriin the case of the free forms (data not

shown).

3.2.3. Polyamine catabolism after PUT pretreatment, PEG treatment or ther
combination (PUT pretreated+ PEG)

The main PA catabolic process is exerted througl®#ad PAO, the former showing
a strong preference for diamines (PUT and cadavesimd being mainly active in
dicotyledons, while the latter only oxidizes highis (SPD and SPM) and is dominant in
monocotyledons. Apoplastic PAOs, which are respmasior this terminal catabolism of
PAs, oxidize SPD and SPM to DAP.

Although PEG treatment alone or after PUT pre-ineait greatly increased the
amount of DAP in wheat roots, the PAO activity oslyowed a significant increase in the
roots of PEG-treated plants (Table 4). Parallehwvitis, the DAO activity in the leaves
decreased in plant pre-treated with PUT whether whas followed by PEG treatment or not,
while in the roots it only increased in the cas®Bf5-induced osmotic stress.

In maize neither of the treatments induced any gean the DAP content or in PAO
activity (Table 4). In contrast, combined PUT preatment+PEG induced a significant

increase in DAO activity in the leaves and rootsnafize plants (Table 4).

3.24. Salicylic acid content after PUT pretreatment, PEG treatment or ther

combination (PUT pretreated+ PEG)
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Changes in the contents of plant hormones in whpkaits differed from those in
maize. PEG treatment either alone or after PUTtrtreat increased the free SA content in
wheat leaves, while in the roots PUT slightly desexl the free SA, while PEG-induced
osmotic stress increased the amount of bound SBHI¢T).

PUT pre-treatment or PUT pre-treatment+PEG decdetts® amount of endogenous
free SA significantly, but not substantially form the leaves of maize plants. In contrast,
PUT pre-treatment increased the free SA in thesfomnd was able alleviate the negative
effect of subsequent PEG application (Table 5). Odwend SA content increased significantly
in the leaves of PUT pretreated+PEG-treated mdeaetq while changes in the roots were

similar to those described in the case of free Bable 5).

3.2.5. PAL activity

Although PUT treatment decreased the PAL activityhie leaves of wheat plants, the
other treatments caused no significant changeshdrnroots, PEG treatment alone or after
PUT treatment increased the PAL activity (TablelB)the leaves of maize plants the PAL
activity increased after PUT treatment, but wasrelsed by PEG treatment either alone or

after PUT treatment. In the roots only the combitredtment led to a decrease (Table 5).

4. Discussion
Several authors demonstrated the ameliorative 0bl®As against various stress
factors through the regulation of cation concemdmt antioxidants, citrate secretion,
phytohormones, etc. (Minocha et al., 2014; Li et2015a,b). However, this protective effect
may vary as a function of plant species, the typeomcentration of PAs. So can it be said
that the more PAs the better? Up to now only adawlies have dealt with the adverse effect

of PAs. In order to clarify this question, the meswork investigated the background of the
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potential effects of PA treatments in relation withanges in the PA pool by applying
exogenous PA to two different crop species. A gmeskelationship with SA was also studied.

In the first experiment PUT, SPD and SPM were &gjiin concentrations (Suppl. Fig.
1A) previously reported to be effective againsesdtrfactors in various plants (Lakra et al.,
2006; Cuevas et al., 2008; Pandolfi et al., 2010pt& et al., 2012; Mandal et al., 2013;
Kotakis et al., 2014). While PUT induced no negatshanges in either wheat or maize
plants, the results also revealed that maize plaats more sensitive to higher PAs (SPD and
SPM). The concentration-dependent negative effectSPD, and especially of SPM, were
manifested as growth inhibition and oxidative stre&3PD treatment has been reported to lead
to root growth inhibition and changes in plant malogy in Arabidopsis (Tassoni et al.,
2000) and in maize, where it also induced progracho®dl death (PCD) (Tisi et al., 2011).
Indeed, cytotoxic products of the PA metabolismehaeen reported to be involved in the
PCD cascade (Moschou and Roubelakis-Angelakis,)26eever, it has also been reported
that transgenic wheat plants expressing an oatiaggdecarboxylase cDNA exhibited higher
PA level. The PUT content, especially PUT contenteased to approximately 300-400 nmol
g* FW, but the plants were phenotypically normal fertile (Bassie et al., 2008). These PA
contents and the rate of accumulation were sirtoléhose found in wheat and maize after PA
treatment in the present experiments.

In the present study PA treatment led to PA accatiorl in both wheat and maize
plants, but these species may use several diffenechanisms to control endogenous PA
levels, including translocation from the roots e tshoots, conjugation to small molecules,
further synthesis to higher PAs or the interconeeref higher PAs to PUT in the polyamine
cycle (Kubk et al., 2014; Pal et al., 2015). Although all B treatments caused pronounced
PUT accumulation in both wheat and maize plantpe@slly in the roots, indicating the

existence of interconversion, the application offRd SPD also induced the accumulation of

15



higher PAs (SPD or SPM), suggesting that PUT or 8pfake resulted in further synthesis to
SPD or SPM. However, some differences were fourtdiden the plant species. The PUT
taken up by wheat was translocated to the leavaédather metabolised, while in maize it

remained in the roots and only slight SPD accurnulatvas found. In the case of SPD
treatment, the endogenous SPD level increased enrdbts of wheat, resulting in its

translocation to the leaves, interconversion to PHlifther synthesis to SPM, and also -
although less intensively than in maize - oxidatiorDAP (Fig. 7). The SPD taken up by
maize was interconverted to PUT or formed SPM eatdow (0.1 mM) concentration in the

roots, but only PUT and DAP increased in the ledqt#&s. 7). The most interesting difference
between the two plant species was found after SeMrment. Wheat roots took up the SPM
and translocated it to the leaves, but this was atxompanied by a high accumulation of
PUT and SPD, mainly in the roots, presenting pafahterconversion, while SPM was also
oxidised, as a large quantity of DAP was deteciée SPM taken up by maize did not result
in a high endogenous SPM content, but inducedep sdecumulation of PUT in both leaves
and roots, which may be responsible for the greatgative effect compared to that found in
wheat (Fig. 7).

As the application of 0.5 mM PUT had no significarggative effect, but induced
significant PA accumulation in both plant speceestudy was made of how exogenous PUT
influences endogenous PA contents under stresstioms] and how this is related to the
effects observed. After testing the protective effid 0.5 mM PUT as pre-treatment, a second
experiment investigated how PUT-treated plantsaeded to under PEG-induced osmotic
stress (Suppl. Fig. 1B). In wheat, PEG treatmedtited stomatal closure and a decrease in
Pn, as also observed in maize, but without a dser@@AF/Fm’ or an increase in Ci,
suggesting that the effect of PEG treatment wasdesous in wheat than in maize. This was

supported by the growth parameters. Nonetheles$, pre-treatment provided protection to
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both plants under osmotic stress conditions, asodstrated by the significantly higher

effective quantum efficiency and G@ssimilation rate compared to those given no PL&F p

treatment. The highest proline accumulation inrib@s was also found after the PUT pre-
treated+PEG treatment in both species, indicatwag proline may also contribute to PUT-
induced osmotic tolerance.

The differences observed between wheat and maiee RUT pre-treatment in the
first set of experiment suggest that the PA metabbomay differ in these species. PUT pre-
treatment alone had no influence on the endogeRdukevels in either the leaves or roots of
wheat after a 5-day recovery period, indicatingt th@me other mechanism (translocation,
catabolism and/or further synthesis) effectivelgueed the PA content to the control level.
Although PEG treatment increased the level of PeF and decreased that of free SPD and
SPM in the leaves, neither the DAP level nor the@And PAO activities changed,
suggesting that higher PAs may be interconverteldUd. PEG treatment was also reported
to increase PUT and reduce SPD and SPM content heawleaves by other authors
(Marcinska et al., 2013; Kovacs et al., 2014). In thes@simotic stress decreased the level of
SPD in the free and conjugated fractions, acconaolhy increased PAO activity, resulting
in a substantial accumulation of DAP. Increased DAQivity in wheat roots may be
responsible for the unchanged PUT content. Theltsesdi the combined treatment were
similar in part to those obtained for PEG alonetha leaves free PUT increased, free SPD
decreased, but there was no decrease in SPM, whilee roots free PUT and SPD also
decreased. These results are in accordance wiltereéindings, where PUT to SPM
canalization was revealed in the desiccation-takenalant Craterostigma plantagineum
(Alcazar et al., 2011). In the present study, PAGviy did not change, but the level of DAP

increased in both leaves and roots. The less praomaoliincrease or even decrease in PUT
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content in PUT pre-treated wheat plants during d&ngiress may indicate that PUT was
used for synthesis of SPM in the leaves, whichettoee showed no decline.

In maize leaves only the combined treatment (PUa-tpgated+PEG) increased the
PUT level, which was accompanied with higher DAQivaty. In contrast, in the roots PUT
pre-treatment, alone after a 2-day recovery peaodollowed by PEG treatment, induced
pronounced PUT accumulation parallel with an inseeen DAO activity. This suggests that,
as in the first experiment, root to shoot PA tranation in maize is not as pronounced as in
wheat, but PUT oxidation is higher. InterestingREG treatment induced PAO activity in
maize roots, but there was no change in the anafuhe degradation product, DAP. The fact
that the PUT content remained high during the recpyeriod may be responsible for the
lower level of stress tolerance.

The PA metabolism is linked with other hormonessmnalling molecules. SA, a
phenolic compound that regulates several physiokbgiprocesses, has also been
demonstrated to play role in acclimation mechanigingng abiotic stress (Pal et al., 2006;
Janda et al., 2014). Parallel changes in SA anaddients under biotic (Pal et al., 2013) or
abiotic stress conditions have only been describedfew studies (Kovacs et al., 2014), but
other results have suggested that SA treatmenieinfles PA synthesis and/or catabolism
(Németh et al., 2002; Szepesi et al., 2011; WangZrang, 2012; Hassannejad et al., 2012).
There appear to be few reposts on the effect of@exaus PA application on SA content
under optimum conditions. In one such paper 0.5 BIRD treatment increased leaf SA in
wheat, but at the same concentration PUT and SP&intents decreased root SA levels
(Rahdari and Hoseini, 2013), while SPD had no &rlte on endogenous SA contents in
cucumber (Radhakrishnan and Lee, 2013). The acatimilof SA may be harmful to plants.
A negative relationship was observed between SAganath in the cprl Arabidopsis mutant,

which has elevated levels of free and glucosyl 84 showed increased oxidative damage
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under chilling conditions (Scott et al., 2004). the present study 0.5 mM PUT did not
influence the endogenous SA content in either wheratmaize, while at the same
concentration SPD and SPM induced the accumulatidree and bound SA in the leaves of
wheat and maize and that of free SA in the roothaize, indicating an interaction between
PA and SA signalling pathways, and confirming timaize is more sensitive to higher PAs.
Differences have also been observed in the waystheontent in wheat and maize
plants changes in responses to osmotic stress. pte-freatment also induced different
changes in SA levels in wheat and maize plante pidsitive effect of UV-B radiation on SA
content during PEG-induced osmotic stress has tmrted in wheat (Kovacs et al., 2014).
An increase in the endogenous SA level promotesatta closure, probably due to the
generation of reactive oxygen species induced by(Ii8élotto et al., 2006). In the present
experiments PUT pre-treatment induced a slightedese in free SA in wheat, which reflected
changes in PAL activity, a crucial enzyme in thentbgsis of lignins, flavonoids,
anthocyanins and simple phenolic acids. It wasipusly reported that the SA content was
reduced by PUT, increased by SPD in wheat leavaagisalt stress, while in the roots was
decreased it by PUT and SPD (Rahdari and Hoselid3R2 Similarly, SPD treatment
decreased SA levels in cucumber under salt stsditions (Radhakrishnan and Lee, 2013).
In these cases the SA-decreasing effect of SPDbesficial. In the present experiment PEG
treatment caused a considerable accumulation efS/ in wheat leaves and an increase in
bound SA in the roots, possibly due to the incréassivity of PAL in the roots. However,
only free SA was found to accumulate in wheat lsameghe combined treatment, to a similar
extent to that recorded in plants exposed to PEtBowt PUT pre-treatment. In contrast,
although a slight decrease in free SA was obseirvélde leaves of maize plants pre-treated
with PUT, a high level of free SA accumulation vadoserved in the roots, accompanied by an

increase in bound SA content in both leaves antsrd?EG treatment alone decreased the
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free SA levels in maize leaves and roots, which a@®mpanied by decreased PAL activity
in the leaves, while the SA accumulation inducedhy prevented this decrease in the roots
in the combined treatment; furthermore the boundc8#tent in the leaves was the highest in
this treatment. Interestingly, SA accumulation veasompanied by higher PUT content in

maize and by a relatively higher PUT content coragdo SPD and SPM in wheat plants. On
the other hand, PUT accumulation itself also inducgidative stress in maize, as both the
catabolism and back-conversion of polyamines by D@ PAOSs result in the production of

H.O; in the apoplast and peroxisomes (Moschou et @D82Pal et al., 2015). The changes in
PA contents and their interrelationships may bepaesible for the effect of PUT pre-

treatment in maize under control conditions, whwas manifested in the gas exchange

parameters.

5. Conclusions

Although PAs are usually considered as a familgiofilar molecules, different PAs
may have different or even opposite effects. Thecéle functions intensively in both the
leaves and roots in both wheat and maize plants i However, differences may exist in
the intensity of the individual steps in the cydlethe roots of wheat the dominant direction
is from SPM or SPD to PUT and DAP, while there Isoapronounced level of SPD
accumulation in the leaves, which may be due to I#ss significant catabolism and
interconversion. In contrast, in maize roots inb@rersion is dominant, resulting in high PUT
accumulation, while the product of terminal oxidati DAP, is dominant in the leaves. Plants
try to maintain an optimum PA ratio, especiallyeatpting to decrease the excessive amounts
of SPM; however, the resulting high PUT level m#goahave negative effects, as shown by
the decrease in biomass parameters. The fine lmlanthe PA pool via the PA cycle may

serve as a shuttle between the beneficial andalelas effects of PAs, which may increase
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or decrease the fitness of the plant, and may ggorsible for the differences induced in
different plant species. The positive relationsertssd here between PAs and SA may also

lead to a deeper understanding of the roles anthamésams of PAs during stress.
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Table 1. Effects of 7 days of 0.5 mM putrescine (PUT), spdine (SPD) or spermine (SPM)
treatment on the free and bound salicylic acid (8&)tent in 14-day-old wheat and maize
plants. Data represent mean values £SD, n=5. Biftdetters indicate significant differences

between the treatments at P< 0.05.

Free SA ng g FW Bound SA ng g' FW

Treatment Leaf Root Leaf Root
Control 58.5£1.78a 45.09+10.7® 126.3654.7& 31.1148.2&
Wheat PUT-treated 66.21+7.8% 19.07+8.3 183.39+54.92 41.24+11.8%
SPD-treated 109.42+16.4% 36.28+1.16 225.92+46.66 31.22+16.4%4
SPM-treated 100.64+21.& 92.61£9.63 280.37455.06 62.85+7.7%
Control 106.05+32.7& 79+14.14a 54.16+12.8& 22.1946.3%
Maize PUT-treated 120.54+23. 2 111+46a 59.1+7.26 a 34.59+11.G8b
SPD-treated 224.87+43.D 384.88+51.D 118.22+18.84b 31.97+0.6&
SPM-treated 267.41+12.2% 1987+258.4£ 169.97+£31.58 31.55+2.1%b
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Table 2. Effects of 15% PEG with or without 7 days of 0.Mrputrescine pre-treatment on
the shoot and root fresh weight or dry weight ineathand maize plants after 5 and 2 days,
respectively. Data represent mean values +SD, nBifferent letters indicate significant

differences between the treatments at P< 0.05.

Fresh weight (g plant™) Dry weight (g plant ™)

Treatment Shoot Root Shoot Root
Control 0.89+0.06a 0.81+0.0%h 0.1049+0.00%2  0.0503+0.00%
Wheat PUT pretreated 1.12+0.070 0.89+0.0% 0.124+0.00b  0.0589+0.00b
PEG 0.85+0.11a 0.63+0.07a 0.1167+0.00b  0.0377+0.00&
PUT pretreated+ PEG 0.93+0.08a 0.61+0.07a 0.114+0.0046  0.0484+0.00%b
Control 2.61+0.36a 1.61+0.25 0.45+0.06b 0.12+0.02a
Maize PUT pretreated 2.1+0.27a 1.05+£0.16a 0.31+0.04a 0.09+0.01a
PEG 2.04+0.38a 0.98+0.2a 0.35+0.06ab 0.11+0.02a
PUT pretreated+ PEG 1.89+0.4a 0.95+0.22a 0.29+0.06a 0.1+0.02a
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Table 3. Effects of 15% PEG with or without 7 days of 0.Mmutrescine pre-treatment on gas exchange parasn@e: CQ assimilation rate;

Ci: intracellular CQ concentration; gs: stomatal conductance and BEspigation), the quantum efficiency of PSAR/Fm’) and proline content

were determined at the steady-state level of plgathssis after 5 days in wheat plants and 2 daysadize. Data represent mean values £SD,

n=10. Different letters indicate significant difégrces between the treatments at P< 0.05.

Pn Ci gs E Proline pg g* FW
Treatment (umol CO, m?sh (umol mol?) (mmol H,O0 m?2sY)  (mmol H,O m?s?%) AF/Fm Leaf Root
Contral 9.38+0.28c 255.17+£12.56 164.83+21.53 2.27+0.3b 0.414+0.022 7.87+0.65a 6.38+0.18a
Wheat PUT pretreated 10.3+0.1d 273.33%7.4D 188.78+17.%¢ 2.59+0.12 0.397£0.015 a 8.62+0.32 7.45+2.23ab
PEG 5.23+0.31a 180.44+46.4 49.88+3.52a 0.81+0.1% 0.369+0.052 26.06+2.21b 12.62+1.9%c
PUT pretreated+ PEG 6.69+0.23b 196.44+8.4 66.67+4.53 0.96+0.25a 0.449+0.02% 43.3+3.97c 15.89+0.31c
Contral 12.07+0.3d 226.17+6.03% 308+14.94d 2.32+0.2% 0.326+0.03D 11.41+2.37a 9.83+2.8a
Maize PUT pretreated 10.88+0.56c 241.33£10.1& 249.83+4.0& 1.88+0.16b 0.37+0.028 11.75+0.6a 9.92+1.8a
PEG 4.55+0.66a 324.58+£13.932 122.92+4.32A 1.38+0.11a 0.17+0.06a 23.28+3.% 12.26+1.87a
PUT pretreated+ PEG 7.4+0.71b 296.67+4.65 140.1+7.61b 1.63+0.0% 0.329+0.0% 21.7+4.7b 22.5+1.8
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Table 4. Effects of 15% PEG with or without 7 days of 0.5Mnputrescine pre-treatment on the 1,3-diaminoprepdAP) content and the
diamino oxidase (DAO) and polyamine oxidase (PA@)yene activities after 5 days in wheat plants amthys in maize. Data represent mean
values £SD, n=5. Different letters indicate sigrafnt differences between the treatments at P< 0.05.

PAO (A'-pyrroline min* g* FW)

DAP nmol g* FW DAO (A'-pyrroline min* g* FW)

Treatment Leaf Root Leaf Root Leaf Root
Control 22.56+12.72ab 41.18+34.9: 7.42+0.33% 3.6+1.48a 11.32+2.8F 11.5+1.2&
Wheat PUT pretreated 21.88+7.96ab 85.2+15.84a 5.1+0.69a 3.63+0.7& 11+2.94a 9.68+ 1.2%
PEG 17.07+2.66a 181.62+41.% 8.42+0.64b 9.28+1.83% 12.01+1.17a 16.06+1.17
PUT pretreated+ PEG 32.39+3.22b 182.31+40.8d 5.52+0.2% 3.07+0.58a 7.04+2.66a 11.3+3a
Control 18.18+3.37a 10.88+3.57a 42.32+6.0% 40+1.77a 76.12+15.1% 25.67+2.5%
Maize PUT pretreated 22.7+2.74a 11.26%1,26a 33.5+11.74 46.69+2.26 66.36+ 13.7% 21+6.11a
PEG 11.76%9.2a 9.2+1.32a 37.82+10.4% 44.31+10.4@&bc 77.4815.71a 36.3315.%
PUT pretreated+ PEG 14.434+2.98 11.044+3.78& 78.93+10.1b 56.67+7.5¢ 77.96+ 4.9 24.22+8.64ab
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Table 5. Effects of 15% PEG with or without 7 days of 0.Bnputrescine pre-treatment on salicylic acid (SAY ghenylalanine ammonia

lyase (PAL) activity after 5 days in wheat plantsl2 days in maize. Data represent mean values &Sk ,Different letters indicate significant

differences between the treatments at P< 0.05.

Free SA (ng g FW) Bound SA (ng g' FW) PAL (UgFw)
Treatment Leaf Root Leaf Root Leaf Root
Control 72+28.28a 20.7+0.7b 384+90.92a 97.5+18.54 36.6+8.78 69.87+8.6a
PUT pretreated 57.3£19.2& 14.05+£0.4% 273.5£115.82a 8316.79% 19.8+5.6%a 65.75£16.75a
Wheat PEG 189.89+44.53 20.85+0.7& 373.4+87.6&a  138.63%11.7Dd 28.36+15.%b 125.76+1.6%
PUT pretreated+ PEG ~ 179.4+37.3D 20.65+7ab 373.3£16.54 87.53£10.54 38,06+8.2& 132.1616.2%
Control 85.13+16.3%  39.44+5.6h  311.11#46.4%  30.71#123%  748+16.37b 157 4+14b
. PUT pretreated 51.11#6.68a  201.74+25.64  392.44+22. b  201.52+13.%  10525+12.6%  140.8+10.46
Maize PEG 57.2+14.1ab 16.12+5.2a 376.48+51.4b 25.0619.% 40.37+9.3a 114.43+10.0%
PUT pretreated+ PEG ~ 44.88+12.2%  71.19+13.4k  515.08t+81.66  76.29+6.21b 3513+1555  105.3+11.0&
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Legends:

Figure 1. Effects of 7-day 0.1, 0.3 and 0.5 mM putrecine TPUspermidine (SPD) or
spermine (SPM) treatments on biomass parameteo®t(s$bngth, root length, shoot fresh
weight and root fresh weight) of wheat (A) and rnegitants (B) expressed as a percentage of
the control values (100 % values are 28.57, 2048 and 0.38, respectively, for wheat and
32.4, 38.5, 1.78 and 0.88 for maize).

Figure 2. Effects of 7-day 0.1, 0.3 and 0.5 mM putrecine TPUspermidine (SPD) or
spermine (SPM) treatments on the lipid peroxidatiothe leaves and roots of wheat (A) and
maize plants (B). Data represent mean values £Sb, ™ ** and ***: significant differences
between the control and PA-treated plants of eadyamine at the P<0.05, 0.01 and 0.001
level, respectively.

Figure 3. Effects of 7-day 0.1, 0.3 and 0.5 mM putrecine TPUspermidine (SPD) or
spermine (SPM) treatments on the free polyamindéecds in the leaves (A) and roots (B) of
wheat plants. Grey and black gridded bars: 1,3-oiapropane (DAP); white bars: putrescine
(PUT); grey bars: spermidine (SPD); black barsrejpee (SPM). Data represent mean values
+SD, n=5. *, ** and ***: significant differences lb@een the control and PA-treated plants of
each polyamine at the P<0.05, 0.01 and 0.001 lexsbectively.

Figure 4. Effects of 7-day 0.1, 0.3 and 0.5 mM putrecine TPUspermidine (SPD) or
spermine (SPM) treatments on the free polyamingets in the leaves (A) and (B) of maize
plants. Grey and black gridded bars: 1,3-diaminpane (DAP); white bars: putrescine
(PUT); grey bars: spermidine (SPD); black bars:repee (SPM). Data represent mean
values £SD, n=5. * ** and ***: significant differeces between the control and PA-treated
plants of each polyamine at the P<0.05, 0.01 add10evel, respectively.

Figure 5. Effects of 15% PEG treatment after 5 days withwethout 7-day 0.5 mM

putrescine pre-treatment, on the free (A, C) angugated (B, D) polyamine contents in the
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leaves (A, B) and roots (C, D) of wheat plants. Whbars: putrescine (PUT); grey bars:
spermidine (SPD); black bars: spermine (SPM). Depaesent mean values £SD, n=5. ** and
***. significant differences between the same potyaes at the P<0.01 and 0.001 level,
respectively.

Figure 6. Effects of 15% PEG treatment after 2 days, withwethout 7-day 0.5 mM
putrescine pre-treatment, on the free (A, C) angugated (B, D) polyamine contents in the
leaves (A, B) and roots (C, D) of maize plants. Wtbars: putrescine (PUT); grey bars:
spermidine (SPD); black bars: spermine (SPM). Depaesent mean values +SD, n=5. *, **
and ***: significant differences between the sanodypmines at the P<0.05, 0.01 and 0.001
level, respectively.

Figure 7. Proposed mechanism for the polyamine metabolism in the leaves and roots of
polyamine-treated wheat and maize plants. Polyamine treatment led to the accumulation of
the applied polyamine in the roots of both maizd ameat plants. The interconversion of
higher polyamines to putrescine or spermidine engblyamine cycle may occur in both plant
species. Accordingly all the polyamine treatmerdased marked putrescine accumulation,
especially in the roots. Besides translocation frarats to shoots, the given increase in
endogenous polyamine levels may induce furtherh®gis to higher polyamines, or terminal
catabolism may occur. The thickness of the arrowlgcates differences in the intensity of the

individual step in the PA cycle in wheat and mdeaeves or roots (for details see text).

Supplementary Figure 1. Experimental design for plant growth conditions. A First
experiment, investigation on the effect of 7-dag,®.3 and 0.5 mM putrescine (PUT),
spermidine (SPD) and spermine (SPM) treatments heatvand maize plants grown in a

hydroponic systemB: Second experiment, investigation on the effect7afay 0.5 mM
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putrescine (PUT) pre-treatment followed by polyé&he glycol (PEG)-induced osmotic

stress for 5 days in wheat or 2 days in maize plana hydroponic system.
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1. Spermidine and spermine, but not putrescine had negative effects at the same concentration
2. Effect of higher polyamines was paralleled with salicylic acid accumulation

3. Putrescine had protective effect in both wheat and maize under osmotic stress conditions

4. Greater beneficia effect of putrescine in wheat may be related to the polyamine cycle

5. Putrescine pre-treatment differentially affected the SA-contents in wheat and maize



ATable 1. Correlation analysis of the polyamine and salicylic acid contents in the leaves and roots of 0.5 mM PUT, SPD or SPM-treated wheat

plants. Parameters were related to each other. Significant correlations at 0.05 and 0.01 levels were marked with * and **.

respectively.

Abbreviations: b: bound fraction, c: conjugated fraction, f: free fraction, PUT: putrescine, SA:salicylic acid, SPD: spermidine, SPM: spermine.

fSA leaf fSA root bSA leaf bSAroot  fPUTleaf <cPUTleaf fPUTroot cPUTroot fSPDleaf <cSPDleaf fSPDroot cSPDroot fSPMleaf cSPM leaf fSPM root cSPM root
fSA leaf 1
fSA root -0.040 1
bSA leaf 0.706* 0.024 1
bSAroot  0.086 0.378 0.450 1
fPUT leaf 0.689* 0.478 0.523 0.046 1
cPUT leaf 0.539 0.620* 0.506 0.167 0.961** 1
fPUT root -0.219 -0.025 0.049 -0.104 0.215 0.263 1
cPUT root -0.378 0.004 -0.064 -0.169 0.128 0.185 0.982%* 1
fSPD leaf  0.544 0.266 0.307 -0.369 0.885** 0.776** 0.227 0.190 1
cSPD leaf 0.146 0.111 0.066 -0.243 0.560 0.499 0.614* 0.615* 0.620* 1
fSPD root  0.355 0.606* 0.550 0.693* 0.549 0.623* -0.120 -0.177 0.247 -0.022 1
cSPD root  0.439 0.375 0.599* 0.618* 0.513 0.535 -0.137 -0.203 0.264 0.007 0.957** 1
fSPM leaf 0.563 0.473 0.666* 0.648* 0.707* 0.738** 0.107 0.007 0.392 0.215 0.932** 0.920** 1
c¢SPM leaf 0.459 0.546 0.634* 0.687* 0.668* 0.729** 0.109 0.024 0.345 0.188 0.956** 0.923** 0.992** 1
fSPM root  0.622** -0.007 0.569 0.386 0.387 0.312 -0.435 -0.520 0.236 -0.139 0.717** 0.859** 0.695** 0.654** 1
c¢SPM root 0.328 0.765** 0.453 0.362 0.781** 0.857** -0.017 -0.042 0.590* 0.233 0.863** 0.770** 0.808** 0.839** 0.5 1




ATable 2. Correlation analysis of the polyamine and salicylic acid contents in the leaves and roots of 0.5 mM PUT, SPD or SPM-treated maize

plants. Parameters were related to each other. Significant correlations at 0.05 and 0.01 levels were marked with * and **.

respectively.

Abbreviations: b: bound fraction, c: conjugated fraction, f: free fraction, PUT: putrescine, SA:salicylic acid, SPD: spermidine, SPM: spermine.

fSA leaf fSA root bSA leaf bSAroot  fPUTleaf cPUTleaf fPUTroot cPUTroot fSPDleaf <cSPDleaf fSPDroot cSPDroot fSPMleaf cSPM leaf fSPM root cSPM root
fSA leaf 1
fSA root 0.885** 1
bSA leaf 0.861** 0.875**
bSA root 0.335 0.152 0.262
fPUT leaf 0.922** 0.823* 0.934** 0.594
cPUT leaf 0.941%* 0.857** 0.937** 0.247 0.993**
fPUT root 0.365 0.253 0.322 0.790** 0.754* 0.296
cPUT root 0.699* 0.806** 0.761** 0.559 0.747* 0.743** 0.963**
fSPD leaf 0.437 0.466 0.498 0.388 0.589 0.489 0.652* 0.807**
cSPD leaf -0.291 -0.298 -0.412 -0.261 -0.438 -0.338 -0.132 -0.086 0.271
fSPD root 0.632* 0.725* 0.693* 0.596 0.828** 0.654* 0.785** 0.929** 0.710** -0.1 1
¢SPD root 0.449 0.674* 0.537 0.502 0.622 0.437 0.701* 0.841%* 0.632* 0.097 0.929** 1
fSPM leaf 0.043 0.137 0.047 0.579 0.232 -0.017 0.817** 0.720* 0.591* 0.231 0.665* 0.731**
cSPM leaf -0.206 -0.177 -0.237 0.188 -0.129 -0.188 0.337 0.037 0.058 0.31 0.309 0.397 0.658*
fSPM root 0.672* 0.272 0.603* 0.436 0.853** 0.714** 0.406 0.504 0.353 -0.497 0.357 0.039 -0.06 -0.25 1
c¢SPM root 0.706* 0.328 0.609* 0.445 0.891** 0.711%* 0.39 0.515 0.414 -0.438 0.32 0.02 -0.07 -0.372 0.974** 1
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