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Abstract This report deals with the effect of kinetin on
the greening process, in relation to endogenous free poly-
amine levels and their metabolism in cucumber cotyledons.
The kinetin response on free polyamine levels was found to
be accompanied by an increase in free putrescine
throughout the greening process. There was no significant
difference in spermidine and spermine levels between
control (water-treated) and Kkinetin-treated cotyledons;
however, a slight increase in spermidine level, which was
higher in control was observed at 4 h. In order to examine
the action of kinetin on polyamine metabolism, particularly
spermidine synthesis, the effect of kinetin on the level of S-
adenosylmethionine decarboxylase mRNA and its enzyme
activity were studied. First, an increase in the S-adeno-
sylmethionine decarboxylase transcript level was observed
at 30 min of illumination in water and kinetin-treated
cotyledons, and next, the transcript decreased and was
restored again at 2 h in kinetin-treated cotyledons and at
4 h in the control. This is the first report that demonstrates
the light and kinetin regulation of S-adenosylmethionine
decarboxylase transcript level. The highest S-adenosylme-
thionine decarboxylase activity was observed at 2 h of
illumination, and it was higher in control when compared
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to kinetin-treated cotyledons. Spermidine and spermine
levels observed in kinetin-treated cotyledons at 4 h of
illumination may partly be a result of: lower S-adenosyl-
methionine decarboxylase activity inhibited by kinetin
and/or higher by about 35% on kinetin polyamine oxidase
activity. Experiments with methylglyoxal-bis (guan-
ylhydrazone) and dicyclohexylamine showed that both
spermidine synthesis inhibitors depressed chlorophyll
accumulation in the greening cucumber cotyledons.
Additionally, these results, indirectly confirm that poly-
amines may play some role in the greening process
stimulated by kinetin.
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Abbreviations

DAO Diamine oxidase

DCHA Dicyclohexylamine

MGBG  Methylglyoxal-bis (guanylhydrazone)
PA(s) Polyamine(s)

PAO Polyamine oxidase

Put Putrescine

SAMDC  S-adenosylmethionine decarboxylase
Spd Spermidine

Spm Spermine

Introduction

The main polyamines (PAs: Put, Spd, Spm) are ubiquitous
components in the animal and plant kingdom. The physi-
ological function of polyamines has been investigated in
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various organs and in different developmental stages using
a wide variety of plants. Accumulating evidence has shown
that these polycationic compounds are intimately involved
in cell proliferation and differentiation processes (Galston
and Kaur-Sawhney 1995; Walden et al. 1997). Studies on
transgenic plants with modified polyamine levels (Kumar
et al. 1997; Masgran et al. 1997; Walden et al. 1997
reviewed in Kakkar and Sawhney 2002; Franceschetti et al.
2004) and mutants defective in polyamine synthesis
(Kumar et al. 1996 reviewed in Kakkar and Sawhney 2002)
revealed that changes in polyamine levels can affect leaf
morphology, stem elongation, root growth, flower forma-
tion, etc.

To date, there is limited data on a putative correlation
between phytohormones and PAs. It is thought that several
of the developmental processes modulated by cytokinins
are also controlled by polyamines. A relationship between
the physiological effects of PAs and cytokinins has been
reported (Suresh et al. 1978; Cho 1983; Galston 1983;
Walker et al. 1988; Altman 1989; Sergiev et al. 1995;
Brault and Maldiney 1999) but little is known about direct
interactions between these plant regulators and hormones.

The pronounced effect of cytokinins on the increase of
Put and chlorophyll levels has been reported during light-
induced greening of the etiolated cucumber cotyledons
(Suresh et al. 1978; Walker et al. 1988). However, inhi-
bition of Put biosynthesis in the presence of p-arginine and
difluoromethyl-arginine did not affect chlorophyll produc-
tion. The authors suggested that the large increase in Put
content in cytokinin-treated cotyledons is not essential for
the cytokinin-induced greening response.

As suggested by Legocka and Zarnowska (1999, 2000,
2002) polyamines might be involved in cytokinin-mediated
mechanisms of chloroplast differentiation in tissue culture
of carnation, expansion of cucumber cotyledons or game-
tophore bud formation of moss. It has been shown that in
green tissue culture of Dianthus caryophyllus L. (cv.
William Sim), which required N°-benzyladenine for
greening, a significant increase in the level of Put, Spd and
Spm bound to plastid membranes was observed in com-
parison to the control (chlorophyll-less callus) (Legocka
and Zarnowska 1999). Kotzabasis et al. (1993a, b) and Del
Duca et al. (1994) reported that the main polyamines: Put,
Spd, Spm are associated with the light-harvesting complex
(LHC) and the photosystem II (PSII) of spinach and He-
lianthus tuberosus.

Following these reports we decided to investigate the
metabolism of free polyamines during the early stage of
kinetin-stimulated greening of cucumber cotyledons. In
order to answer the question of whether free polyamines are
involved in kinetin action and whether kinetin does play a
role in expression of S-adenosylmethionine decarboxylase
(SAMDC), a key enzyme in polyamine biosynthesis.
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We have analysed the level of free PAs and diamine
oxidase (DAO) and polyamine oxidase (PAO) activity.
Based on the conclusion of Walker et al. (1988) that Put
content in cytokinin-treated cotyledons is not essential for
the cytokinin-induced greening response, it was decided to
analyse the expression of SAMDC and its enzyme activity.
Additionally, we used inhibitors of the enzymes of sper-
midine  synthesis—methylglyoxal-bis(guanylhydrazone)
(MGBG) and DCHA, which allowed us to examine the
involvement of Spd in chlorophyll accumulation, and
thereby the greening process.

Materials and methods
Plant materials

Cucumber seeds (Cucumis sativus L. cv. Racibdr) were
germinated on several layers of moistened tissue paper in
the dark at 25°C for 6 days. The etiolated cotyledons were
then excised under dim green light and next subjected to
pretreatment: placed onto Petri dishes on filter paper wetted
with water (control) or 100 uM aqueous kinetin solution at
25°C in the dark for 24 h. After pretreatment, the Petri
dishes with cotyledons were exposed to white light
(146 pmol m~2 s7") for 0.5, 1, 2, 4 or 6 h at 25°C and then
used for analysis.

For the experiment with Spd synthesis inhibitors, the
etiolated cotyledons were preincubated for 24 h in the dark
with treatment shown in Table 1 and exposed to light for 6 h.

Polyamine analysis

Polyamines were extracted from 1 g of cotyledons with 5%
cold perchloric acid (100 mg/1 ml of 5% PCA). Free PAs
were measured in supernatant by direct dansylation
according to Smith and Best (1977). The dansylated amines
were separated by silica gel thin layer chromatography
(TLC plates, Whatman silica gel 60A LK 6D) in cyclo-
hexane/ethyl acetate (3/2, v/v). Spots were visualised under
a UV lamp and identified by the RF values of PA standards.
Next, spots were scraped into test tubes, eluted in ethyl
acetate and quantified by spectrophotofluorometer (L.-2000
Hitachi) with excitation at 350 nm and emission at 495 nm.

DAO and PAO activity

Activity of DAO [EC 1.5.3.11] and PAO [1.4.3.3] was
estimated as described by Roy and Gosh (1996) using a
Clark electrode. Cucumber cotyledons were homogenised
in 0.1 M KH,PO, (2 cm?® g*1 of tissue) and centrifuged at
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Table 1 Influence of kinetin and two inhibitors of spermidine syn-
thesis (MGBG and DCHA) on the level of total chlorophyll (a + b) in
cucumber cotyledons

Treatment Chlorophyll (a + b) [png/g fw] % Control
Control (H,0) 536 + 43 100
+0.1 mM MGBG 492 + 51 91
+1.0 mM MGBG 274 £ 22 51
+2.5 mM MGBG 205 + 23 38
+5.0 mM MGBG 183 = 19 34
+10.0 mM MGBG 103 = 20 19
Kinetin 987 + 100 100
+0.1 mM MGBG 780 + 76 80
+1.0 mM MGBG 468 + 40 47
+2.5 mM MGBG 386 + 32 39
+5.0 mM MGBG 208 + 20 21
+10.0 mM MGBG 97 = 15 9
Control (H,0) 594 + 38 100
+0.1 mM DCHA 511 + 44 86
+1.0 mM DCHA 504 12 84
+2.5 mM DCHA 503 + 23 84
+5.0 mM DCHA 384 + 30 64
+10.0 mM DCHA 330 + 26 55
Kinetin 1,010 = 102 100
+0.1 mM DCHA 968 + 36 95
+1.0 mM DCHA 987 + 40 97
+2.5 mM DCHA 836 + 27 82
+5.0 mM DCHA 759 £ 20 75
+10.0 mM DCHA 761 + 37 75

The 6-day-old, etiolated cotyledons were preincubated for 24 h in the
dark with the treatment shown in the table and then exposed to light
for 6 h. Data points represent means + SE of three replicates

20,000g for 30 min at 4°C. The assay mixture contained
0.1 M potassium phosphate buffer, pH 7.0, protein extract
(190 pg protein per 1.5 ml assay mixture) and 0.2 mM Put
or Spd as a substrate for DAO and PAO, respectively. The
samples were preincubated without substrates for 10 min at
37°C. The reaction was started by the addition of Put and
Spd at a concentration of 0.2 mM. The reaction was carried
out at 30°C under air gaseous phase.

SAMDC enzyme activity

S-adenosylmethionine decarboxylase [EC 4.1.1.50] activity
was determined by radiochemical method as described by
Suresh and Adiga (1977) and modified by Bagni et al.
(1983). Plant material was homogenised in five volumes of
100 mM Tris—HCI (pH 7.6), containing 25 uM pyridoxal
phosphate and 50 uM EDTA. Samples were centrifuged at
20,000g for 30 min at 4°C. The supernatant was used to
assay SAMDC activity by measuring count per minute

(CPM) of ["*CO,] evolution from 3.7 kBq [1-'*C]-S-
adenosylmethionine (2.04 GBq mmol~!, Amersham, UK)
per mg protein.

Protein determination

Protein content in the crude extract was quantified by the
Bradford method (1976) with bovine serum albumin as
standard.

RNA isolation and Northern-blot analysis

Total RNA was extracted, separated on a 1% (w/v) agarose-
formaldehyde gel and transferred on to a GeneScreen
hybridisation membrane (NEN, NEF 983) as described
earlier by Rorat et al. (1998). Equal loading of RNA in each
line was verified using ethidium bromide. The [**P]-dCTP
labelled 360 pz fragment of cucumber SAMDC cDNA was
used as a probe for Northern hybridisation. The SAMDC
fragment was isolated from total cellular cucumber RNA by
RT-PCR using primers designed from Solanum sogarand-
inum SAMDC cDNA, SAMDC (direct)—TTC AGA TCT
GCT GCA TAC TC—Tm 57°C and SAMDC (reverse)—
ACA CGA TGG TGC ACT CAG C—Tm 57.7°C.

Prehybridisation, hybridisation and washing were per-
formed as described by Rorat et al. (1998).

Chlorophyll analysis

The extraction of chlorophyll was carried out according to
Hiscox and Israelstam (1979) using dimethylosulfoxide
(DMSO). Fresh material (100 mg) was incubated with
5 ml of DMSO at 65°C for 3 h. The content of chlorophyll
was quantified by spectrophotometer (Shimadzu UVVis-
160) with emission at 645 and 663 nm.

Statistical analyses
Each data point is the mean of three replicates obtained
from three independent experiments. The statistical anal-

ysis was performed using Standard Method STATISTICA
Stat Soft Inc.

Results

Changes in the level of free PAs during the greening
process

Changes in the level of free PAs were analysed during
cytokinin-stimulated differentiation of chloroplasts of
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cucumber cotyledons. Cucumber cotyledons contained Put,
Spd, Spm. The analysis revealed that Put was the most
abundant free form of PAs in the cucumber cotyledons

120

PUTRESCINE

Polyamines [L.g/g fresh weight]

0 0,5 1 2 4 6
Light-exposure time [h]

Fig. 1 Kinetic analysis of free polyamine levels: putrescine, spermi-
dine and spermine in cucumber cotyledons during the greening
process. The 6-day-old, etiolated cucumber cotyledons were prein-
cubated for 24 h in the dark either with water, designed as control
(0 h), or kinetin (0 h) and then exposed to the light for 0.5, 1, 2, 4 or
6 h, respectively. Data points represent means + SE of three
replicates
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(Fig. 1). As shown in Fig. 1 the level of Put was about 4- to
8-fold higher than the level of Spd and about 40- to 60-fold
higher than the level of Spm. The level of free Put
increased slightly during greening in cotyledons incubated
with water. The amount of Put in the cotyledons treated
with kinetin increased during greening and was higher by
about 59% at 6 h of light exposure in comparison to the
control (Fig. 1). The level of free Spd in control cotyledons
increased till 4 h of light exposure by about 50% in com-
parison to O time and then decreased at 6 h. In kinetin-
treated cotyledons the level of Spd fluctuated without any
spectacular changes but was insignificantly lower than in
the control. The Spm level was changing slightly during
greening and was similar in cotyledons incubated with
water and kinetin (Fig. 1).

DAO and PAO activity

During the early stage of greening the activity of DAO
increased in the first 2 h of light exposure and then grad-
ually decreased, at 6 h returning to its initial level (Fig. 2).
The activity of DAO in the kinetin-treated cotyledons was
lower than that determined in the control at 2 and 4 h of
illumination (Fig. 2). Conversely, the activity of PAO in
the control cotyledons insignificantly decreased during the
first hours of the greening, whereas in the kinetin-treated
cotyledons it increased by about 25% at 4 h of light
exposure compared to the enzyme activity level in the
control (0 h) and then decreased (Fig. 2).

SAMDC transcript level and the activity

As shown in Fig. 3 the SAMDC transcript was already
observed at 0 and 5 min. At 30 min of illumination its
significant increase was noticed in both control and cyto-
kinin-treated cotyledons. The transcript level decreased (at
1 h) and was restored again at 2 and 4 h in the kinetin and
water incubated cotyledons, respectively (Fig. 3) The
SAMDC transcript abundance was insignificantly higher in
cotyledons incubated with kinetin than in those incubated
with water.

SAMDC activity was analysed in protein extracts from
both water- and kinetin-treated cotyledons. A large
increase, seven times higher than at 0 h, was observed in
SAMDOC activity during greening with a maximum at 2 h
of light exposure in the control cotyledons (Fig. 4). At the
same time, in kinetin-treated cotyledons SAMDC activity
was lower by 48% as compared to the control. Thereafter,
at 4 and 6 h of light exposure in both water and kinetin-
treated cotyledons the activity level significantly decreased
(Fig. 4).
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Fig. 2 Kinetic analysis of the activity of DAO and PAO in crude
protein extract from cucumber cotyledons. The 6-day-old, etiolated
cotyledons were preincubated for 24 h in the dark either with water,
designed as control (0 h), or kinetin (0 h) and then exposed to the
light for 2, 4 or 6 h, respectively. Data points represent means + SE
of three replicates

The effect of inhibitors of Spd synthesis on chlorophyll
accumulation

Increasing concentration of spermidine synthesis inhibi-
tors MGBG and DCHA in the medium significantly
reduced the level of chlorophyll in both water and kine-
tin-treated cotyledons (Table 1). In the cotyledons
preincubated in the dark with 1 mM MGBG and then
exposed to the light for 6 h the accumulation (synthesis)
of chlorophyll was inhibited by about 49% in comparison
with the control (Table 1). The kinetin-stimulated chlo-
rophyll accumulation was inhibited by about 53% in the
presence of | mM MGBG. MGBG concentrations higher

mMRNA SAMDC
Control

- . . v

Kinetin

e & & <
()6\ (0((\ "30@ N "};(\ > ‘0\0
Fig. 3 Northern blot analysis of SAMDC mRNA level. Total RNA
was isolated from the 6-day-old, etiolated cucumber cotyledons which
were preincubated in the dark either with water, designed as control
(0 h), or kinetin (0 h) and then exposed to the light for 5 min, 0.5, 1,
2, 4 or 6 h, respectively
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Fig. 4 Kinetic analysis of the SAMDC activity in crude protein
extract from cucumber cotyledons. The 6-day-old, etiolated cotyle-
dons were preincubated for 24 h in the dark either with water,
designed as control (0 h), or kinetin (0 h) and then exposed to the
light for 0.5, 1, 2, 4 or 6 h, respectively. Data points represent
means = SE of three replicates

than 1.0 mM were shown to be toxic and resulted in
strong inhibition of the greening process. 10 mM DCHA
inhibited the chlorophyll accumulation in the control and
kinetin-treated cotyledons by about 45 and 25%, respec-
tively (Table 1).

Discussion
This report deals with the effect of cytokinin on the
greening process, in relation to endogenous free PA levels

and their metabolism in cucumber cotyledons. Studying
PAs metabolism in greening may help in evaluating the
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possible application of these natural polycations to control
kinetin-stimulated processes.

The cytokinin response was found to be accompanied by
an increase in free Put content during the greening process
(Fig. 1), which confirms the results of Suresh et al. (1978)
and Walker et al. (1988). Similar results were also obtained
by Legocka and Zarnowska (2000) who studied the effect
of cytokinin on cucumber cotyledon enlargement. It is
suggested that an increase in Put level occurs as a cellular
response to acidification of the cytoplasm due to cation/
anion imbalance and serves as a regulator of cellular pH
during cytokinin-induced expansion of cotyledons (Altman
and Levin 1993). The addition of KCI and CaCl, to the
kinetin solution strongly depressed the accumulation of Put
(Legocka and Zarnowska 2000). This implies a role for Put
in cell homeostasis, by virtue of their polycationic nature.

The level of Spd, which increased at the beginning of
the greening, was found to decrease at 6 h to its initial level
(Fig. 1). The decrease of Spd content at 6 h in both control
and cytokinin-treated cotyledons, in comparison with its
level at 4 h, may be a result of its degradation or its binding
to cellular structures. PAO activity increased at 4 h of light
exposure (Fig. 2), in both control and kinetin-treated
cotyledons, which may result in polyamine degradation.
The second possibility also can take place, as it was shown
in the earlier work, where higher levels of spermine bound
to chromatin and a large increase in spermidine content
bound to ribosomes were observed in etiolated cucumber
cotyledons, after 24-h-incubation in the dark with the
hormone (kinetin) in comparison to the water-control
(Legocka and Zarnowska 2000).

The drop in Spd and Spm content might also be a result
of their transport from the cytoplasm to cellular organelles,
mainly chloroplasts. The data presently available allows us
to suggest that polyamines may play a role in chloroplast
development and function (Del Duca et al. 1994; Kotzab-
asis 1995; Del Duca et al. 2000; Dondini et al. 2003).
Unfortunately, no information is available about the
translocation of free polyamines; moreover, it has been
demonstrated that oxidases take part in the transport of
polyamines at the subcellular level (Martin-Tanguy 2001).

As it has been shown that inhibition of Put synthesis did
not affect cytokinin promoted greening and enlargement of
cucumber cotyledons (Walker et al. 1988; Legocka and
Zarnowska 2000) the involvement of light and kinetin on
Spd synthesis, mainly on one of the key enzymes which
takes part in Spd and Spm synthesis—SAMDC, was
studied.

The data presented in Fig. 3 is the first report that
demonstrates the light and kinetin regulation of SAMDC
gene expression. Both light and cytokinin significantly
increased the level of SAMDC transcript at 30 min.
Kotzabasis et al. (1999) suggested that intracellural level of

@ Springer

polyamines is photoregulated. It was proposed two photo-
receptor  systems: a  protochlorophyllide/blue-light
photoreceptor regulating the polyamine decrease during
chloroplast photodevelopment and red-light (PSII—reac-
tion centre)/blue light photoreceptor for the control of the
PA increase in green cell.

The data from Fig. 3 shows positive correlation between
the SAMDC transcript level (30 min), the enzymatic
activity (2 h) and spermidine biosynthesis (4 h) in the
control, whereas in kinetin-treated cotyledons higher levels
of SAMDC mRNA showed no correlation to enzymatic
activity which was lower (2 h). Lack of correlation
between high messenger RNA level and low enzyme
activity appears difficult to explain other than through
some form of post-transcriptional and/or translational reg-
ulation (Malberg and Cellins 1994; Xiong et al. 1997,
Franceschetti et al.2001; Zosi et al. 2003). The same phe-
nomenon was observed under dehydration and high salinity
stress. The increase in the expression of the main genes
involved in polyamine biosynthesis during stress treat-
ments did not correlate with accumulation of all
polyamines (Alcazar et al. 2006). The abundance of tran-
script even when enzyme activities are relatively low
suggests that mRNAs may be stored (Sari-Gorla 1992).

Light quality has also previously been shown to influ-
ence the activity of polyamine biosynthetic enzymes, with
red light promoting the activity of arginine decarboxylase
(ADC) in pea buds (Dai and Galston 1981), and SAMDC
in Pharbitis nil seedlings (Hirasawa and Shimada 1994). In
both instances, the increase in enzyme activity was
reversed with the application of far-red light, implicating
phytochrome in the regulation of PA biosynthetic enzymes
(Dai and Galston 1981; Yoshida et al.2002). Additionally,
blue light also promoted SAMDC activity in Pharbitis nil,
although this was not reversible with the application of far-
red light, indicating the involvement of a separate blue-
light receptor (Yoshida et al. 2002).

It should be pointed out that expression of SAMDC may
also be affected by internal circadian rhythm. In detailed
experiments, Dresselhaus et al. (1996) observed that the
transcript level of barley SAMDC gene changed with cir-
cadian rhythm.

Inhibitors of Spd biosynthesis, MGBG and DCHA have
been used to investigate the physiological functions of PAs
by altering their endogenous content. The antileukaemic
agent MGBG is a competitive inhibitor of SAMDC (Slo-
cum and Flores 1991). Cyclohexylamine (CHA) is a
competitive and reversible inhibitor of Spd/Spm synthase
(Batchelor et al. 1986). Experiments with MGBG and
DCHA showed that both inhibitors depressed the chloro-
phyll accumulation in the greening cucumber cotyledons. It
is necessary to underline that the effect of depression of
chlorophyll accumulation in the presence of inhibitors of
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Spd biosynthesis is a result of general reduction of the level
of Spd that is involved in cell organization (membranes,
DNA, RNA, ribosomes, proteins) (Slocum and Flores
1991). These results additionally, but indirectly, confirm
that PAs are important factors in greening and can play
some role in kinetin action.

Our results indicate that changes in the level of free PAs
and their metabolism during cytokinin-stimulated greening
are not essential for plant hormone action. It leads to the
conclusion, also suggested by Bouchereau et al. (1999) and
Martin-Tanguy (2001), that bound forms, of PAs, appear
important for plant developmental processes. A possible
role of bound polyamines during the greening is discussed,
and it needs further biochemical studies, which are in
progress, to solve the overall function of these forms of
PAs in chloroplasts throughout the process of cytokinin-
stimulated greening.
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