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Summary. Treatment of excised marrow cotyledons (Cucurbita pepo L.
(zucchini) growing under photoperiod with methyl ester of jasmonic acid
(MeJA) resulted in a decrease of their fresh weight. This effect did not depend
on the exogenously applied MeJA concentrations. Furthermore, in vivo label-
ling experiments showed an inhibition of the total protein synthesis. On the
other hand, specific quantitative changes were observed in the spectrum of
soluble proteins resulting in the formation of abundant jasmonate-induced
proteins (JIPs). Benzyladenine (BA) applied together with MeJA neutralized
the jasmonate action on the growth of the excised cotyledons, as well as on
the in vivo protein synthesis. Similar antagonistic interaction between BA
and MeJA was observed on the formation of JIPs both when the substances
were applied together and in the case of subsequent treatment of cotyledons.
The antagonism observed between the two plant growth regulators during
the growth and development of excised greening cotyledons can be consider-
ed as one possible mechanism in the maintenance of plant cell homeostasis
under stress conditions in the earlier stages of germination.
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Introduction

Jasmonates – jasmonic acid (JA), its methyl ester (MeJA) and related compounds
represent a novel class of plant growth regulators involved in different physiological
processes connected with plant growth and development (Koda, 1992; Sembdner and
Parthier, 1993; Creelman and Mullet, 1997). The role of jasmonates in promotion of
leaf senescence has been well documented in literature (Ueda and Kato, 1980; Weid-
hase et al., 1987a; Porat et al., 1993; Ratajczak et al., 1998). On the other hand, it is
well known that cytokinins are the major phytohormones with antisenescence activity
(Parthier, 1979, 1989). The data on the interaction between jasmonates and cytokinins
available in literature are still limited. It has been shown that during the induced
senescence of barley leaf segments in the light BA can eliminate to a certain extent
the inhibitory effect of MeJA on chlorophyll content and Rubisco activity (Weidhase
et al., 1987a), however, the cytokinin cannot prevent the formation of specific poly-
peptides induced upon MeJA-treatment, so called jasmonate-induced proteins (JIPs)
(Weidhase et al., 1987b). Besides, the counteraction of cytokinins to the jasmonate
inhibitory effect on the growth of different plants has also been reported (Ueda et
al., 1981; Ueda and Kato, 1982).

It is well known that the transition of epigeal cotyledons from reserve organs into
photosynthesising cotyledonary leaves is under the positive hormonal control of cyto-
kinins (Kulaeva, 1982). That is why excised cotyledons represent an useful model
system for studying the interaction between cytokinins and jasmonates. Our recent
results have shown that BA can counteract the MeJA action on protein, RNA synthesis
and the activity of nuclear RNA polymerases (Ananieva and Ananiev, 1999) as well
as on JIPs accumulation (Ananieva and Ananiev, 1998) in excised marrow cotyledons
grown in darkness. On the other hand, we have recently shown that the exposure of
etiolated cotyledons excised from dark-grown 4-day-old marrow seedlings under con-
trolled light conditions resulted in a strong increase of chlorophyll content and the
net photosynthetic rate up to the 48th of incubation in water, thus suggesting that this
biological system is not senescing although being detached from the intact seedling
(Ananiev and Ananieva, 2000). The aim of this work was to further analyse the inter-
action between exogenously applied MeJA and BA in the regulation of protein metab-
olism in greening excised marrow cotyledons.

Materials and Methods

Plant material and cotyledon treatment

Seeds of Cucurbita pepo L. (zucchini) cv. Cocozelle were soaked for 4 h in tap water
and germinated on a moistened filter paper for 96 h in darkness at 28°C. After excision
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of the embryonic axes, cotyledons were transferred to Petri dishes with distilled water
and were kept in darkness for further 24 h in order to decrease endogenous cytokinin
content. Then the cotyledons were incubated on distilled water, or aqueous solutions
of MeJA (1, 10, 45 or 100 µM), BA (45 µM) or their mixture (45 µM MeJA + 45 µM
BA) in the light (photon flux density 120 µmol.m–2.s–1, 25°C, humidity 70%, photo-
period 12/12 h) for 1–4 days.

Protein extraction and SDS-PAGE

Frozen cotyledons were ground with mortar and pestle in extraction buffer containing
50 mM HEPES-NaOH, pH 8.0, 330 mM sorbitol, 2 mM KNO3, 2 mM EDTA, 1mM
MnCl2, 0.5 mM K2HPO4, 20 mM NaCl, 2 mM phenylmethylsulphonylfluoride
(PMSF). The homogenate was then centrifuged at 10000×g for 30 min. Aliquots of
the supernatant were precipitated with ice-cold acetone and SDS-PAGE was perfor-
med according to Laemmli (1970). Polypeptides were stained with Coomassie Bril-
liant Blue R250. 40 µg proteins were charged per slot. Protein content was determined
according to Lowry et al. (1951).

In vivo labelling of proteins

The incorporation of [14C]-aminoacid mixture (AAM) (Amersham Int. Buckingham-
shire, England) in newly synthesized proteins was determined using the filter disc
method according to Mans and Novelli (1961) with modifications. Cotyledons from
different variants with equal fresh weight were incubated with 185 kBq.cm–3 [14C]-
AAM for 4 h at the end of the respective period of incubation. Cotyledons were homo-
genized in the extraction buffer and the homogenate was centrifuged for 30 min at
10000×g. Aliquots of the supernatants (100 µl) were pipetted onto Whatman No1
filter paper discs and precipitated with 10 and 5% TCA. Hydrolysis of aminoacyl-
tRNAs was performed in 5% TCA for 20 min at 90°C and the discs were subsequently
washed with cold ethanol, ethanol:ether (3:1) and ether. Radioactivity was counted
in a liquid scintillation counter Beckman (USA). For determination of the total uptake
of [14C]-AAM by the cotyledons 100 µl-aliquots of the supernatants were transferred
onto filter discs and the radioactivity was directly counted.

Results and Discussion

Effects of MeJA, BA and their mixture on the growth of the excised cotyledons

Treatment of excised marrow cotyledons with MeJA in the light inhibited their growth
by 15–22% in the course of the experiment (Fig. 1). Similar data have been reported
in literature demonstrating the inhibitory effect of JA and MeJA on the growth of rice
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seedlings (Yamane et al., 1980), wheat seedlings (Dathe et al., 1981), isolated radish
cotyledons (Ueda and Kato, 1982). Our result, however, differed from previously ob-
tained data showing that MeJA had no effect on the growth of excised marrow cotyl-
edons in darkness (Ananieva and Ananiev, 1999). Therefore, the growth regulating
activity of MeJA in this biological system can be observed only in light conditions.
This result suggests different mechanisms of the MeJA action on growth in the pres-
ence or absence of light. It should also be pointed out that the MeJA effect on the
growth of cotyledons did not depend on the exogenously applied concentrations (1,
10 and 100 µM), (Fig. 1). So, the “dose-effect” response characteristic for the phyto-
hormonal action was not observed. By contrast, the application of BA stimulated
strongly the growth of cotyledons. This result confirmed the well-known effect of
exogenous cytokinins to increase the fresh weight and the size of isolated cotyledons
of different species (Klyachko et al., 1979; Longo et al., 1979; Letham and Palni,
1983). Treatment of cotyledons with the equimolar mixture of MeJA + BA (1:1, x
45 µM) neutralized the individual effects of both substances – the results obtained
were close to the control values (Fig. 1).

Fig. 1. Effects of different concentrations of MeJA (1, 10 and 100 µM),
BA (45 µM) and their mixture (45 µM+45 µM) on the growth of excis-
ed marrow cotyledons grown in the light. Growth is expressed as the
accumulation of fresh weight per cotyledon for different periods of time,
referred to the initial value at time “zero” (prior to treatment). Bars
indicate SE of the means, obtained from four different experiments.
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In vivo protein synthesis

Treatment of cotyledons with MeJA for 24 h inhibited de novo protein synthesis by
30% (Fig.2). On the other hand, as compared to the initial rate of incorporation meas-
ured at time “zero” (cotyledons prior to treatment) no change was observed after 12 h
incubation with MeJA unlike the gradual decrease (28%) observed previously in dark-
ness (Ananieva and Ananiev, 1999). This effect was obviously due to the presence
of light. Therefore, during the first 12 h of treatment light can eliminate the jasmonate
inhibitory effect on protein synthesis. By contrast, incubation of cotyledons with BA
stimulated strongly the rate of incorporation of [14C]-AAM with a maximum measured
at the 12th h (66% compared to the control). The combination of MeJA and BA dec-
reased the cytokinin stimulatory effect to the control values. On the other hand, almost
no differences were observed between MeJA, BA and their mixture in comparison
with the control when the rates of incorporation were expressed as percentage of total
uptake (Tabl. 1). These results indicated that the rates of incorporation changed pro-
portionally to the uptake of the labelled aminoacids by the cotyledon, as shown in
Table 1. That is why the changes registered in protein synthesis in the presence of

Fig. 2. Effects of MeJA (45 µM), BA (45 µM) and their mixture
(45 µM + 45 µM) on incorporation of [14C]-labelled amino acids in
total soluble proteins. Bars indicate SE of the means, obtained from
three different experiments.
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the tested substances could be considered as a consequence of both changed rates of
incorporation and of the uptake capacity for labelled aminoacids.

Effects of MeJA, BA and their mixture on the polypeptide profile of soluble
proteins

The lowered synthesising capacity for total protein triggered by MeJA in the excised
greening marrow cotyledons was accompanied by the accumulation of three abundant
polypeptides with relative molecular masses of 97.4, 60 and 43 kDa (Fig. 3, lanes 2
and 6) as already shown by our previous investigations (Ananieva and Ananiev, 1997).
Besides, the polypeptide bands with Mr 60 and 43 kDa were proved to be MeJA-in-
ducible whereas the accumulation of 97.4 kDa polypeptide was only strongly stimul-
ated in the presence of MeJA (Ananieva and Ananiev, 1998). On the other hand, the
application of BA caused a gradual decrease of total soluble protein content and es-
pecially, of a group of polypeptide bands in the region of 20–25 kDa as well as the
polypeptides with high molecular masses (Fig. 3, lanes 3 and 7). In addition, BA stim-
ulated the accumulation of two polypeptides – 17 and 18 kDa. Incubation of cotyle-
dons with the mixture of MeJA and BA inhibited strongly the accumulation of both MeJA-
inducible polypeptides (60 and 43 kDa), as well as of the high-molecular polypeptide
band with Mr 97.4 kDa (Fig. 3, lanes 4 and 8). The resulting polypeptide profile was
very similar to the spectrum of soluble proteins obtained after treatment with BA alone
(Fig. 3, lanes 3 and 4; lanes 7 and 8). In order to further analyse the cytokinin counter-
action on the MeJA-induced changes in the polypeptide profile, cotyledons were sub-
sequently treated with the two plant growth regulators. If cotyledons were incubated
with MeJA for 24 h and then transferred to a solution of BA for another 24 h, the ap-

Table 1. Effect of  MeJA (45 µM), BA (45 µM) and MeJA+ BA (1:1) on the uptake and
the incorporation rate of [14C]-labelled amino acids into total protein of excised mar-
row cotyledons.

Cotyledon Time of treatment [14C]-AAM
[14C]-AAM

incorporation
treatment (h) uptake (%)

(% of uptake)

Water 12 100 88
24 100 71

MeJA
12 68 85
24 89 72

BA 12 163 82
24 220 70

BA + MeJA 12 110 83
24 100 78
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pearance of the MeJA-induced polypeptides was prevented (Fig. 3, lane 9). Besides,
in this case the specific for BA two low molecular polypeptide bands were not ob-
served. On the other hand, the incubation with BA for 24 h followed by MeJA for
another 24 h resulted in a profile similar to that of the cytokinin variant (Fig. 3, lane
10). Therefore, regardless of the sequence of treatment, BA was able to counteract
the MeJA-induced changes in the profile of soluble proteins, including the forma-
tion of JIPs. The data on the interaction between jasmonates and cytokinins concerning
the polypeptide formation available in literature are quite insufficient. Weidhase et al.
(1987b) showed by non-denaturing gel electrophoresis that BA could not prevent or
restore the formation of JIPs independent of the sequence of substance application
in senescing barley leaf segments treated at continuous light. Only one of the MeJA-
induced polypeptide bands was suppressed by BA. By contrast, the result obtained
in the present study demonstrated that the cytokinin could counteract the JIP forma-

Fig. 3. Polypeptide profiles of total soluble proteins extracted from detached mar-
row cotyledons floated on water, MeJA (45 µM), BA (45 µM) and their mixture
(45 µM + 45 µM) in the light. Polypeptides were separated by 12% SDS-PAGE.
Key to lane numbers: 24 h incubation on: water (1), MeJA (2), BA (3), BA+MeJA
(4); 48 h incubation on: water (5), MeJA (6), BA (7), BA+ MeJA (8); treatment
with MeJA for 24 h followed by BA for 24 h (9), treatment with BA for 24 h fol-
lowed by MeJA for 24 h (10). Solid arrowheads indicate the positions of MeJA-
affected polypeptides with Mw 97.4, 60 and 43 kDa, respectively. Open arrow-
heads indicate BA-affected polypeptides. M – molecular weight markers.
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tion in excised greening, not senescing cotyledons. This may be due to the specificity
of the model system used in this study. This result was in accordance with our previ-
ous data showing that BA was able to neutralize almost completely the MeJA effect
on the formation of JIPs in excised marrow cotyledons growing in darkness (Ananieva
and Ananiev, 1999).

It is well documented that MeJA-treatment leads to the induction of the synthesis
of specific abundant polypeptides – JIPs in different plant tissues (Weidhase et al.,
1987b; Herrmann et al., 1989; Reinbothe et al., 1992). This is an expression of its
signalling role during the activation of the signal transduction pathways in response
to different kinds of abiotic and biotic stresses (Sembdner and Parthier, 1993; Waster-
nack and Parthier, 1997). Furthermore, a lot of data have proved that JIPs are not
directly involved in the process of natural senescence, but they are rather related to
plant defence response under stress conditions (Roloff et al., 1994; Harms et al., 1995;
Creelman and Mullet, 1997; Metodiev, 1998). The result showing that BA applied
either before or after jasmonate treatment can neutralize the JIP formation points to
the possibility of cytokinins both to prevent and eliminate the specific stress mediator
effect of jasmonates. Consequently, it could be suggested that the counteraction of
BA to the formation of JIPs in the excised greening cotyledons may be one of the
possible mechanisms in the maintenance of plant cell tolerance to stress factors.

In conclusion, the results obtained in the present study indicate that MeJA and
BA cause specific individual qualitative and quantitative changes in protein metab-
olism in the model system of excised greening marrow cotyledons. Besides, BA when
applied together with MeJA can counteract the jasmonate effects both on physiol-
ogical and molecular events thus suggesting that cytokinins can play a role of anta-
gonists to jasmonates in the regulation of cotyledon development during the earlier
stages of germination.
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