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Abstract

Polyamines are small nitrogen-containing organic molecules, which are widely distributed in
plants. They are involved in the regulation of normal plant growth and developmental processes.
In this study we examined the role of polyamines on the growth of Cucurbita pepo L. (zucchini) co-
tyledons incubated on solutions of different types of cytokinins (BA—N¢-benzylaminopurine or
4PU-30—N1-(2-chloro-4-pyridyl)-N2-phenylurea) and copper in excess. We found that endogenous
polyamines, and mainly the conjugated fraction, are involved in the cell division processes of iso-
lated zucchini cotyledons and their changes are related to the specific action of the used growth
regulating factors.
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1. Introduction

Polyamines (PAs) are nitrogen-containing organic molecules, widely distributed in both higher and lower plants,
and the PAs common to all plant species are putrescine (Put), spermidine (Spd) and spermine (Spm). They occur
as free molecules, but can also be conjugated with small molecules (phenolic acids) or bound to macromolecules
like nucleic acids and proteins [1]. Although the conjugation of polyamines is discussed as a regulatory me-
chanism of the free PAs pool, conjugated PAs are also implicated in a variety of stress-induced plant responses
and developmental processes [2]. PAs are involved in normal growth and development of plants and play sig-
nificant roles in a range of developmental and physiological processes such as regulation of gene expression,
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translation, cell proliferation and cell death (particularly apoptosis), somatic embryogenesis, differentiation and
morphogenesis, dormancy breaking of tubers and in seed germination, development and senescence of flowers,
leaves and fruits (reviewed by [3] [4]).

Cytokinins (CKs) are important phytohormones which play a key role in several aspects of plant growth, me-
tabolism and development at normal growth conditions. For example CKs are the main phytohormones respon-
sible for cotyledon growth and development [5]-[8]. A number of articles documented the alterations of PAs
quantity provoked by treatment of plants (or cotyledons) with exogenous CKs [9]-[18]. Generally the PAs are
accumulated after CK application and these changes depend on plant organs and species and CK concentrations
applied.

Copper (Cu) is a micronutrient which plays an important role in various physiological processes as photosyn-
thesis, respiration, chlorophyll synthesis, cell wall metabolism, antioxidant activity, etc. [19] [20]. However in
excess, it causes strong phytotoxic and oxidative damages [19] and inhibits cell division [21]. Several articles
documented the changes in PA plant metabolism due to Cu excess in nutrient solutions. Groppa et al. [22]-[24]
found that PA metabolism was differently affected in sunflower and wheat leaf discs treated with Cu. Put con-
tent increased significantly in both plants after Cu treatments, Spd was not modified by Cu, while Spm was in-
creased in sunflower, but it was reduced in wheat as compared to the respective controls [22] [23]. Additionally,
the authors suggested that PAs are key biological compounds, probably involved in signaling pathways which
are triggered under heavy metal stress conditions [24]. Szafranska et al. [25] examined the effect of Cu on the
regeneration of Daucus carota L. androgenic embryos of var. Feria and 1014 breeding line as well as on PAs
content and found that the variations in PA levels depend not only on the concentrations of heavy metal, but also
on plant species and cultivars.

Here we examine the possible role of polyamines in the growth of Cucurbita pepo cotyledons incubated on
cytokinins (4PU-30, BA) and Cu in a presence of light.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Seeds of Cucurbita pepo L., cv. Cocozelle var. Tripolis (zucchini) were stripped of their seed coats, and cotyle-
dons isolated from the embryonic axes of the seed were placed in covered Petri dishes on filter paper soaked
with distilled water (control) or with water supplemented with either CuSO, (500 uM), 10 uM BA (N°-benzy-
laminopurine), 10 uM 4PU-30; and combinations of them. We used this high concentration of Cu in order to
obtain evident inhibition of growth. The cotyledons were allowed to develop under continuous light (150
umol-m s at temperature 28°C. The analyses were performed on 6-day-old cotyledons when any cell divi-
sion processes were finished [26]. The following CKs were tested: purine type BA (N°-benzylaminopurine)
from Sigma-Aldrich, and phenylurea type 4PU-30 (N*-(2-chloro-4-pyridyl)-N-phenylurea) kindly provided by
Prof. Koichi Shudo (University of Tokyo, Japan).

2.2. Polyamine Extraction and Determination

Cotyledons (approximately 200 mg) were ground in mortar with pestle in 2 ml of trichloroacetic acid (TCA).
After centrifugation (30 min, 15,000 xg) the supernatant and pellet were used for further analyses.

The direct dansylation method was used to determine the free Put, Spd and Spm levels [27]. Conjugated PAs
were measured in acid-hydrolyzed supernatants as TCA-soluble bound PAs, and bound PAs in acid-hydrolyzed
pellets as TCA-insoluble bound polyamines, according to [28]. The three fractions of PAs were separated using
TLC precoated plates of Silicagel G 60 (Merck) in a cyclohexane:ethylacetate (3:2, v/v) solvent system. Spots,
visualised under UV light, were scraped off and eluted in 2 ml anhydrous acetone. Fluorescence was measured
(excitation 360 nm, emission 505.5 nm) and the results were compared with dansylated PA standards loaded on
the same TLC plate and treated as extracted samples.

2.3. Statistical Procedures

All experiments were repeated three times with three to five replications. The results reported in the figures are
means of the values with standard error (SE). Data were statistically examined by Fisher’s least significance
difference (LSD). The different letters in figures indicate significant differences between treatments at o < 0.05.
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3. Results

Both CKs caused a significant increase of free Put (Figure 1(A)) which was more pronounced after 4PU-30 ap-
plication—more than 3 times in comparison with the control value. Copper did not change the Put content when
was applied alone, but it caused considerable reduction of free Put level when was added in combination with
BA and especially with 4PU-30. In relation to conjugated Put (Figure 1(B)) both CKs caused a noticeable de-
crease of its content. The application of Cu increased this fraction as compared to the relative levels of control
and CK-treated variants. Bound Put fraction (Figure 1(C)) was altered in the same manner as conjugated Put
with exception of the alone applied BA, which increased by 52% the insoluble conjugated Put.

There were no significant changes in free Spd content (Figure 2(A)) after treatment with Cu—alone or in
combination with CKs. Benzyl adenine decreased free Spd by 43%, and 4PU-30 augmented free Spd by 46%.
Conjugated Spd (Figure 2(B)) was increased almost twice after application of Cu alone or Cu + BA. The other
treatments did not affect this fraction of Spd. Bound Spd (Figure 2(C)) content was augmented by both CK
treatments. The presence of Cu in the medium increased Spd levels and the effect of Cu + BA combination was
most pronounced—up to 51% as compared to the alone BA application.

The free Spm level increased to 129% by 4PU-30 (Figure 3(A)), and there were no significant alterations af-
ter application of purine CK or heavy metal. However in combination with both types of CKs the Cu caused the
increase of this fraction by 60% as compared to Cu applied alone. Both CKs provoked considerable decrease in
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Figure 1. Content of putrescine free (A), conjugated (B) and bound (C)
in zucchini cotyledons incubated on solutions of cytokinins and copper
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Figure 2. Content of spermidine free (A), conjugated (B) and bound
(C) in zucchini cotyledons incubated on solutions of cytokinins and
copper (mean values + SE).

conjugated Spm (Figure 3(B))—up to 16% by BA treatment and more than 68% by 4PU-30. Application of Cu
alone or in combination with BA decreased this Spm fraction by 22% and 30% respectively. Only traces of
conjugated Spm were detected after the treatment with combination of phenylurea CK and heavy metal. Bound
Spm (Figure 3(C)) also was decreased by the application of CKs—by 24% (BA) and 51% (4PU-30) respec-
tively. There were no significant alterations in this fraction neither by the single heavy metal nor by the combi-
nation with CKs.

In general, all treatments increased the total polyamine content (Table 1) with exception of BA, which de-
creased the total amount of Spd and Spm, while 4PU-30 increased all polyamines. The heavy metal also en-
hanced the polyamine titers but in a lesser degree than the phenylurea cytokinin.

4. Discussion

Polyamines are involved in a variety of major developmental processes. In our research we focused on the role
of PAs at the end of cell proliferation of zucchini cotyledons. On day 6 all cell division processes are finished
and further growth of cotyledons incubated on water is mainly due to cell enlargement [26]. At this stage coty-
ledons grown on CKs finished their cell division 2 - 3 days earlier and these grown on Cu still attempted to di-
vide. The role of cytokinins in plant cell proliferation is well known [29]. On the other hand Cu induces inhibi-
tory effects on zucchini cell proliferation [30]. We found that conjugated PAs decreased (or little altered in case
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Table 1. Total polyamine content (nmol/g FW) in zucchini cotyledons incubated on solutions of cytokinins and
copper. Values are calculated on the basis of the data presented in Figures 1-3.

Control BA 4PU-30 Cu Cu+BA Cu + 4PU-30
Total Put 910.3 1076.0 17824 1003.8 1139.2 1158.6
Total Spd 759.8 587.8 10715 904.4 1059.9 885.8
Total Spm 623.0 544.2 899.6 613.8 828.4 668.6
Put + Spd + Spm 2293.1 2218.0 37535 2522.0 3027.5 2713.0

of Spd) in cotyledons incubated on CK solutions, probably because the zucchini cells do not need to maintain
high levels of this PA fraction since on day 6 the division processes are finished. Furthermore, the free PAs pool
raise could be a result of the conversion of conjugated PAs into free forms. However, significantly increased
free PAs in cotyledons treated with 4PU-30 (more than it could be expected if they were converted from the re-
levant conjugated forms) suggested that de novo synthesis of PAs is involved. These results are relevant to pre-
vious findings which showed that 4PU-30 provoked a strong accumulation of PAs [11] [15]-[18]. Conjugated
polyamine levels are found to be high in proliferating tissues of tobacco and tomato ovaries, and tobacco and citrus
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flowers as well dividing protoplasts of Vigna aconitifolia as reviewed by Egea-Cortines and Mizrahi [31]. We
found that conjugated Put and Spd are also accumulated in cotyledons incubated on Cu probably to compensate
the cell proliferation inhibited by heavy metal. On the other hand in combination with BA the heavy metal pro-
voked a higher amount of PAs in comparison with the other combination. Probably an abundance of PAs was
necessary to maintain the normal cell proliferation in this variant. Moreover, Stoynova-Bakalova and Petrov [30]
showed that BA was less effective in cell division than 4PU-30 when combined with Cu. The authors evidenced
that BA did not succeed to restore Cu-suppressed cotyledon cell division and even enhanced the inhibitory effect
of the heavy metal. In this case the accumulation of PAs was necessary to “strengthen” the CK action in view of
the fact that according to Galston [32] PAs are described as “second messengers” of CK action. On the other
hand 4PU-30 definitely counteracted the Cu-caused inhibition of cell proliferation [30]. So the lesser accumula-
tion of PAs in the cotyledons simultaneously treated with 4PU-30 and Cu as well as the “disappearance” of the
conjugated Spm fraction are supplementary evidence that 4PU-30 overcame the inhibitory effect of Cu.

5. Conclusion

Our data concerning the alterations of plant PA titers after treatment with exogenous cytokinins—alone or in
combination with heavy metal complemented the existing knowledge of PAs interactions with other plant
growth regulation substances. This investigation presents new information regarding the role of PAs in cell pro-
liferation of zucchini cotyledons incubated on solution of cytokinins and Cu. The results prove that endogenous
PAs (and mainly the conjugated fraction) are involved in the cell division processes and their alterations are di-
rectly related to specific action of the tested growth regulating factors.
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