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Abstract. The concentration of kinetin and kinetin riboside plays an essen
tial role in the induction of amaranth in accumulation in cotyledons of 
Amaranthus trieolor during germination. The dose/effect ratio shows that 
kinetin induced 3- to 3.5-fold more amaranthin than kinetinriboside at the 
same molecular concentration. Various concentrations of exogenous Ca2 + 

did not influence the effects of kinetin on the betacyanin synthesis. How
ever. when Ca2 + was applied together with kinetinriboside, the amaranthin 
production was stimulated. Time-course experiments show a lag phase of 
16 h starting from the incubation with kinetin and a distinct increase of 
amaranthin thereafter. If the seedlings were treated simultaneously with 
kinetin and Ca' +, the increase of amaranth in started after 12 h . At 16 h of 
incubation in kinctinlCa2 +, the amount of amaranlhin increased signifi
cantly compared to controls incubated with kinetin alone . If Ca2+ ions (16 
h kinetinlCa2+ incubation) were removed from the medium after 2 h, 4 h, 
and up to 14 h, the amaranthin content was enhanced compared to controls 
without Ca'+. The stimulating effect was highest in the presence of Ca" 
for 8 h. These data show that exogenous Ca" stimulated the amaranth in 
synthesis mainly during the first 12 h of incubation . The Ca" antagonists 
EGTA, chlorotetracycline , and CoC\, reduced the amaranth in content up 
to 80%. The calmodulin antagonists chloropromazine and trifluoperazine 
inhibited the betacyanin accumulation up to 97% when applied at the be
ginning of the incubation. Neither C02+ nor trifluoperazine after 12 h of 
preincubation in kinetin had inhibiting effects on the amaranthin produc
tion . Therefore, we presume that a specific period of competence is re
quired for calmodulin-mediated Ca' + effects on the accumulation of ama
ranthin induced by cytokinins in the seedlings of Amaranthus tric%r. 
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The accumulation of the betacyanin in cotyledons of Amaranthus seedlings is 
induced either by phytochrome (Bamberger and Mayer 1960, Piatelli et al. 
1969) or by cytokinins (Elliott et al. 1972, Elliot! and Murray 1975). The im
portance of Ca'+ ions in mediating many cellular and developmental processes 
in plants and in activating the CaH -binding protein calmodulin is well known 
(Dieter and Marme 1980, 1981, Hetherington and newavas 1984, Schiifer et a!. 
1985, Elliott and Skinner 1986). Elliott (1980, 1983) and Elliott et al. (1983) 
showed that the cytokinin-mediated amaranthin synthesis in Amaranlhus is 
dependent on changes in intracellular calcium level and on the activation of 
calmodulin. In the present investigation, the influence of exogenous Ca2 + on 
the cytokinin-induced betacyanin synthesis in seedlings of Amaranthus tri
calor was examined by varying the CaH concentrations and the time of incu
bation with kinetin and CaH . Calmodulin and Ca'+ antagonists were used to 
support the hypothesis of Elliott (1980) that endogenous CaH and calmodulin 
are involved in the amaranthin synthesis. Furthermore, this study should re
veal whether there is a specific period of competence for the CaH and calmod
ulin effects on the regulation of the amaranthin biosynthesis. A preliminary 
report of some of the results was published earlier (Vallon et a!. 1987). 

Materials and Methods 

The Amaranthus bioassay according to Elliot (1979) was used. Seeds of Ama
ranthus trie%r (from the Botanical Garden of the University of Stuttgart) 
Were germinated in protoplast culture boxes at 25°C for 96 h in the dark on wet 
cellulose paper. After germination the cotyledons and the top 5 mm of the 
hypocotyls (half-seedlings) were transferred under green light conditions (El
liott and Murray 1975) to filter paper disks (7 mm) in protoplast culture boxes 
containing 10 ml of the incubation medium [10 mM Na,HPO,-KH,PO, (pH 6.8) 
containing 5 mM L-tyrosin (Serva Feinbiochemica, Heidelberg, FRG)]. The 
seed coats were removed from the cotyledons. Experiments were accom
plished in the presence of variable concentrations of either kinetin (Merck, 
Darmstadt, FRG) or kinetinriboside (Sigma). In some experiments the CaH 
antagonists EGTA (ethyleneglycol-bis-(I3-aminoethylether)N ,N' -tetraacetic 
acid) (Merck), chlorotetracyclinc (Merck), and CoCl, or the calmodulin antag
onists chloropromazine (Merck) and trifluoperazine (Sigma) were applied si
multaneously to the phytohormone. After 24 h of incubation (if not indicated 
otherwise), the half-seedlings were homogenized at 4°C. For extraction of 
amaranthin 3 ml of 3.33 mM acetic acid was added. The cell debris was re
moved by centrifugation at 12,000 rpm for 55 min (WKF centrifuge) . Ama
ranthin was determined by difference spectroscopy (A537nm-~20llm) using a 
Zeiss spectral photometer. The molecular extinction coefficient (E) of 5.66 x 
10' was used (Piatelli et al. \969). Each point of the curves was measured in 
nine separate assays. The values shown in the diagrams are means of these 
nine experiments ± standard deviation. 
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Fig. 1. Effects of kinetin (KIN, e) and kinetinriboside (KRIB, 0 ) on the amaranthin (Am) accu
mulation. Control: incubation without application of cytokinins (0). 

Results 

Application of Kinetin and Kinetinriboside 

The cytokinin concentrations were chosen according to Conrad (1971) and Pia
telli et al. (1971). Kinetin was applied to the seedlings at concentrations 
ranging from 0.1 to 100 ",M and kinetinriboside from 0.25 to 500 ",M. The 
dose-response curves of the two phytohormones (Fig. 1) show the course of 
optimum curves. When the concentration of the cytokinin exceeds its op~ 
timum, the synthesis of amaranthin is inhibited. With kinetin the amaranthin 
synthesis is 3- to 3.5-fold more intense than with kinetinriboside at the same 
molar concentration. Therefore. to obtain the same amount of the betacyanin. 
the concentration of kinetinriboside should be 5- 10 times higher than that of 
kinetin. The most effective concentration in enhancing amaranthin production 
was found to be 10 ",M kinetin. Amaranthin concentrations induced by 0.1 ",M 
kinetin are comparable to those found in control incubations in the absence of 
cytokinin. The optimal kinetinriboside concentration inducing the highest in
crease in the amount of amaranthin was found to be 100 ",M. On the other 
hand , 0.25 ",M kinetinriboside induced an amaranthin production similar to 
that of control incubations without any cytokinin. The amaranthin synthesis 
was inhibited by kinetinriboside concentrations higher than 100 ",M. In the 
following experiments , 0.5 ",M kinetin was used (resulting in a half-maximal 
accumulation of amaranthin), because a physiological concentration of the 
phytohormone should exist in order to avoid the inhibiting effects caused by 
nonphysiological cytokinin concentrations. Kinetinriboside was applied at the 
same molar concentration (0.5 ",M) as kinetin for purposes of comparison. 
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Fig. 2. Effects of Ca2 + , applied simultaneously with either kinetin (e) or kinetinriboside (0), on 
the amaranthin accumulation. 

Influence of Ca2 + Concentration of the Cytokinin-Induced 
Amaranlhin Synthesis 

At first , seedlings were treated with incubation medium containing variable 
concentrations of Ca2+ between 10-' M and 10- ' M without cytokinin applica
tion. Ca2 + stimulated the amaranthin production at concentrations of 10 - 4 M 
by 47%, 10- 3 M by 55%, and 10-' M by 34%, so these seedlings accumulated 
amounts of amaranthin in the range of kinetinriboside incubations (I fLM) and 
kinetin incubations (0.1-0.25 fLM). 

Seedlings were incubated in 0.5 fLM kinetin or 0.5 I'M kinetinriboside, and 
variable Ca'+ concentrations between 10 - 8 M and 10-' M. Figure 2 shows 
that no significant differences in the amount of amaranthin were found in 
Ca2 + Ikinetin incubations compared to seedlings incubated in kinetin only. Fur
thermore, Cau of 10-' M (a very high and nonphysiological concentration) 
induced the highest level of amaranthin production in all Cau Ikinetin incuba
tions, whereas Ca'+ of 10 - 7 M and 10- 6 M (physiological concentrations) 
caused the production of the same amount of amaranthin. similar to incuba
tions with 0.5 j.LM kinetin alone. 

When seedlings were treated with kinetinriboside solutions (0.5 I'M) con
taining Ca2 + concentrations between 10- 8 and 10 - 2 M. more amaranthin 
(50-68%) was found than in controls. The maximum amount of amaranthin 
was induced by Ca2+ at 10 - ' M concentration together with 0.5 fLM kinetinri
boside. The amaranthin accumulation was lowest when seedlings were incu
bated in 10 - 6 M of Ca2+ or in 10-2 M of Ca'+ plus 0.5 I'M kinetin riboside. 

Nonphysiological Ca2 + concentrations (10 - ' M or higher) stimulated the be
tacyanin accumulation more than the physiological concentrations. By com
paring the two dose-response curves, one can see that the amount of ama
ranthin in Ca'+/kinetin and Ca2+/kinetinriboside incubations did not differ at 
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Fig. 3. Time course of the amaranthin 
accumulation. Seedlings were incubated 
either wilh kinetin plus 10 - 7 M Ca1+ 
(. ) or with kinetin alone (0 ) for 12. 16, 
20 or 24 h. Inset : Cah was removed 
from the medium containing kinetin 
after 2. 4. and up to 14 h. Seedlings 
were homogenized after a (o lal 
incubation lime of 16 h. 

Ca'+ concentrations from 10-5 M to 10- 3 M, Our data show that exogenous 
Ca2+ alone and applied together with kinetinriboside stimulated the 
betacyanin accumulation in seed lings depending on its concentration, 
whereas Ca2+ had no stimulating effect at all on kinetin incubated seedlings, 

Time Course Experiments 

Piatelli et a!. (1971) had found that the amaranth in accumulation shows a lag 
phase of about 10 h from the time of kinetin application , In experiments in 
which the dependence of amaranthin accumulation on the time course of cyto
kinin and Ca2+ application was tested, incubation periods of more than 10 h 
were used . Seedlings were incubated for 12, 16,20, and 24 h in 0.5 ."M kinetin . 
A parallel run was performed using seedlings incubated in 0.5 ."M kinetin plus 
Ca'+ (10- 7 M), At the end of the incubation periods (12, 16,20, and 24 h), the 
seedlings were homogenized, The Ca'+ concentration of 10- 7 M was chosen 
for the following experiment, since it certainly has no inhibiting effect on the 
amaranthin synthesis (see Fig. 2). Mter 12 h of incubation with 0.5 fJ.M kinetin 
or 0.5 fJ.M kinetin plus Ca'+ , the accumulated amount of amaranthin was found 
to be in the same range as that found in the controls without cytokinin (Fig. 3). 

Kinetin incubations showed a lag phase of 16 h in the amaranthin production 
from the time of cytokinin application. This led to an increase in the amount of 
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the betacyanin. Mter 20 h of incubation, more amaranth in (56%) was isolated 
than in the 16-h incubation . Furthermore, a 40% additional increase in ama
ranthin at 24 h of incubation was observed in seedlings incubated in 0.5 fLM 
kinetin compared to the 20-h incubation . 

Results of treated seedlings (0.5 fLM kinetin and 10-7 M Ca2+) indicate a 
distinct increase in amaranthin after 12 h of incubation. These seedlings show a 
lag phase of only 12 h after the combined application of kinetin and Ca2+. As 
shown in Fig. 3, the amount of amaranthin produced at 16 h of incubation is 
45% higher than at 12 h. Hence, these seedlings accumulated 50% more ama
ranthin than those incubated in kinetin alone. Seedlings incubated in Ca2+ and 
kinetin for 20 and 24 h were found to produce amounts of betacyanin in the 
same range as those found in seedling, incubated in kinetin alone. 

Removal oJ Ca' + 

In the following experiments the seedlings were incubated in 0.5 fLM kinetin . 
Furthermore, Ca2+ of 10- 7 M was added but removed from the medium (by 
washing) after 2, 4, up to 14 h. Then, the seedlings were transferred into a 
kinetin-containing medium without Ca'+. Therefore, the exogenous Ca2+ is 
allowed to stimulate the amaranth in synthesis only for a limited time. The 
seedlings were homogenized after a total incubation period of 16 h. The results 
are charted in Fig. 3. The stimulation of amaranthin production occurred after 
2 h of Ca2+ activity. The amaranthin concentration measured was in the range 
of that found in Ca2+ Ikinetin incubations for 16 h and was 50% more than that 
found in kinetin incubations without Ca". The longer Ca2+ stayed in the me
dium, the more the amount of amaranthin increased. After 6 h of Ca" effect , 
the amount of synthesized amaranthin was 20% greater than that after 4 h. The 
maximum amaranthin concentration was induced when Ca2 + was present in 
the medium for 8 h. These seedlings produced about 55% more amaranthin 
than Ca'+/kinetin incubations after 16 h of incubation . 

The stimulating effect of Ca2+ diminished when Ca'+ was present for more 
than 8 h. After 14 h of Ca2+ effect , the degree of amaranth in accumulation was 
not significantly different from that observed in the Ca2+ Ikinetin incubations of 
16 h. These series of experiments indicate that exogenous Ca'+ stimulated the 
amaranthin synthesis during the first 8- 12 h of incubation. To show that Ca2+ 
is most stimulating during the first 8-12 h of incubation , removal experiments 
were carried out using the Ca2+ antagonist C02 +. 

Seedlings were incubated in 0.5 fLM kinetin and 10- 3 M Co2+. Co" was 
removed (by washing) after 2, 4, 6, up to 14 h, and the seedlings were homoge
nized after a total incubation period of 24 h. After 2 h, Co" caused a reduction 
in the amount of amaranth in (- 50%) as compared to controls. When Co'+ was 
present in the medium for 4 h, 25% less amaranthin was found. The longer 
Co2+ stayed in the medium, the more the amount of amaranthin diminished (6 
h, - 55%; 8 h, - 62%). The same amount of amaranthin as after incubation in 
kinetin and Co' + for 24 h was detected when Co' + was present in the medium 
for 10- 12 h. 
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Fig. 4. Effects of the Ca2+ antagonists 
EGTA, eTC. and Co2+ on the kinetin
stimulated amaranthin synthesis, 

Ca" Antagonists. The calcium antagonists chlorotetracycline (CTC), EGTA, 
and CoCl, were used. Seedlings were incubated in 0.5 ",M kinetin and 10- 4 M 
CTC for 24 h (Fig. 4). They accumulated 25% less amaranthin than control 
incubations with 0.5 ",M kinetin alone. When the concentration of CTC was 
increased to 10- 3 M, the amaranth in production was reduced by up to 60%. 
EGTA (2 x 10- 4 M) also inhibited the amaranthin synthesis by about 45%. 
When seedlings were incubated in 0.5 ",M kinetin and 10- 3 Co", the amount 
of amaranthin was reduced by up to 80% compared to that of controls. 

It was shown in the Ca2+ removal experiments that CaH has its greatest 
effects on the amaranthin accumulation during the first 8-12 h of incubation. 
For this reason, we varied the time of addition of the antagonist Co'+. The 
seedlings were first preincubated in 0.5 ",M kinetin for 12 h. Then 10- 3 Co2+ 
(according to Markmann-Mulisch and Bopp 1985) was added to the medium. 
These seedlings produced an amount of amaranthin in the range of that found 
in incubations with kinetin alone. Hence, C02+ has no effect on the amaranthin 
synthesis after 12 h of preincubation in kinetin. The same results were found 
when COH was added after 16 h. 
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Fig. S. Effects of C02 + and TFP on the 
amaranth in accumulation of seedlings 
preincubalcd in kinetin for 12 or 16 h. 
Seedlings were homogenized after 24 h. 

Calmodulin Antagonists. The calmodulin antagonists chloropromazine (ep) 
and trifluoperazine (TFP) were used at concentrations chosen according to 
Elliott (1980, 1983). A concentration of 10- 6 M ep in the incubation medium 
had no influence on the amaranthin accumulation, but 10- 5 M CP caused a 
reduction of the amaranthin synthesis by about 55%. The amaranthin produc
tion was totally inhibited (- 96%) when seedlings were incubated in 0.5 ~M 
kinetin and 10 - 4 M CP. Similarly, TFP of 10 - 6 M had no significant effect. 
Seedlings incubated in 10 - 5 M TFP plus kinetin exhibited a decrease in amar
anthin production by 56%. On the other hand, 10- 4 M TFP inhibited the amar
anthin synthesis by 97%. 

In the following experiments, seedlings were preincubated in 0.5 ~M kinetin 
for 12 h (the same as in the Ca2+ antagonist experiments). Afterward, TFP 
(10 - 4 M) was added to the medium (Fig. 5). This treatment allowed the seed
lings to accumulate 30% less amaranthin than in kinetin incubations. When 
TFP (10 - 4 M) was added to the medium after 16 h of preincubation in 0.5 ~M 
kinetin, the amaranth in synthesis in the seedlings was found to be in the same 
range as in the incubations with kinetin alone. This proves that TFP no longer 
had an inhibitory effect when added after 16 h preincubation in kinetin. From 
these experiments, we may conclude that Ca2 + and calmodulin stimulate the 
amaranthin synthesis in the first 8- 12 h of incubation. 

Discussion 

The concentration-dependent effects of the two cytokinins on amaranthin ac
cumulation show the COurse of optimum curves. Kinetin started to affect the 
amaranthin synthe sis at a concentration of 10- 7 M, as had been found by 
Munsche et al. (1968) and Conrad (1971). If the applied concentration exceeds 
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the optimal concentration of the hormone, the amaranthin synthesis is reduced 
by 30-60%. Such inhibitory effects concerning the amaranthin synthesis have 
also been described by the authors mentioned above. 

Inhibiting effects due to high cytokinin concentrations are perhaps mainly 
caused by an excessive stimulation of the metabolism (Simpkins and Street 
1970, Kull 1972, Moore and Miller 1973). Our findings reveal that kinetinribo
side started to stimulate the amaranthin synthesis at 10-6 M in Amaranthus 
tricolor and that at 10- 4 there was a decline. Other results were obtained by 
Conrad (1971). He reported the kinetinriboside started to affect the amaranthin 
synthesis at 10- 7 M. 

Data from our experiments show that kinetin stimulated the amaranth in syn
thesis 3- to 3.5-fold more than kinetinriboside at the same molar concentration. 
This is comparable to findings of Conrad (1971). It is not yet known if cytokin
inribosides are active hormones themselves or if their activity is caused by 
deribosylation to the free base or by phosphorylation (Moore 1981 , McGaw 
and Horgan 1985). The differences in activity between kinetin and kinetinribo
side may be due to structural differences or differences in uptake and trans
port. Chong-maw-Chen (1981) and Letham and Palni (1983) suggest that dif
ferent cytokinins could serve different functions: as active hormones , as trans
port forms , or/and as storage forms . 

Exogenous Ca2+ did not stimulate the amaranth in synthesis when applied 
simultaneously with kinetin. In Raphanus seedlings , the Ca2+ uptake was 
strongly reduced when incubated in kinetin and Ca2+ (Bittner and Buschmann 
1983). These authors concluded that kinetin itself is involved in regUlating the 
Ca2+ uptake. Perhaps the same is true for the Amaranthus seedlings. On the 
other hand, the amaranthin synthesis of seedlings incubated in kinetinriboside 
was stimulated by the exogenous Ca2+ . Kubowicz et al. (1982) showed that 
Ca2 + uptake into membrane vesicles was inhibited when incubated in Caz+ 

plus kinetin. This inhibition was reduced when zeatinriboside instead of ki
netin was applied. Ifkinetinriboside as well has a less inhibitory effect on CaH 

uptake than kinetin , then this would explain our results. 
According to Piatelli et al. (1971) , the amaranthin synthesis shows a lag 

phase of about 10 h starting from the time of kinetin application. We found that 
the lag phase lasted almost 16 h when seedlings were incubated in kinetin 
alone. Seedlings treated with kinetin and Ca2+ showed a lag phase of only 
about 12 h. We conclude that Ca2+ ions stimulate the amaranthin synthesis 
mainly during the first 12 h of incubation and have no influence after 16 h of 
incubation. If the seedlings were incubated in kinetin for 16 hand Ca2+ was 
removed from the medium in 2-h intervals, the amaranthin amount contin
uously increased and reached its maximum in the presence of Caz+ for 8 h. 
Thereafter, the amaranthin production declined. This is comparable to the 
findings of Carbonell and Jones (1984), who investigated gibberellic acid ef
fects. 

The COH removal experiments support the findings of the Ca2+ removal 
experiments and confirm the hypothesis that CaH has its period of compe
tence during the first 8-12 h of the incubation. Plant tissues contain different 
pools for Ca2+ , which are variously affected by the diverse Ca2+ antagonists. 
Chlorotetracycline for the first part chelates membrane-bound Ca2 + (Caswell 
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and Hutchinson 1971). The inhibition of the amaranthin synthesis by chlorotet
racycline indicates that membrane-bound Ca'+ possibly has a function in the 
signal chain between the plant hormone and the betacyanin. The signal for the 
release of Ca'+ is probably connected to a breakdown of phosphatidylinositol 
and phosphatidylinositol-4,5-phosphate. The hydrolysis of these lipids results 
in a release of inositol-1 .4,5-trisphosphate and diacylglycerol (Hesketh 1983). 
ElIiott (1986) found that exogenous diacylglycerol stimulated the amaranthin 
synthesis in Amaranthus tricolor. This result indicates that inositol-I,4,5-tris
phosphate, and probably diacylglycerol as well, plays an important role in the 
signal chain between the hormone and the betacyanin by acting as a stimulus 
for releasing membrane-bound Ca2+. 

EGTA predominantly chelates extracellular free Ca2+ . Many authors (Heth· 
erington and Trewavas 1984, Mitsui et al. 1984, Sane et al. 1984, Kohle et al. 
1985, Veluthambi and Poovaiah 1986) showed that different Ca'+ -dependent 
enzymes and processes in plants are inhibited by EGTA. Since the accumula
tion of amaranthin was reduced by EGTA in a distinct way, it may be depen
dent on extracellular Ca2+ as well. 

Co'+ ions are bound to Ca'+ channels in animal cells (Lee and Tsien 1983, 
Reuter 1983). Our results reveal that Co2+ reduced the amaranthin accumula
tion drastically, which suggests that calcium carrier systems transporting ex
tracellular Ca2+ into the cells also may exist in plant cells. This accentuates the 
presumption that physiological effects mediated through cytokinins may be de
pendent also on extracellular Ca'+. The cytokinin-induced bud formation in 
the mosses Funaria (Saunders and Hepler 1982, Markmann-Mulisch and Bopp 
1985, Saunders 1986) and Pylaisiella selwynii (Spiess et al. 1985) was found to 
be inhibited by the CaH antagonists LaH and COH (without EGTA treatment) 
and the CaH channel blocker verapamil. These results support the hypothesis 
that changes in intracellular CaH mediate cytokinin induced processes. These 
changes seem to be a result of cytokinin activation of ion carrier systems 
(Saunders 1986). 

The loss of the inhibitory effect of Co2+ on the amaranthin synthesis upon 
its addition after 12 or 16 h of preincubation supports the suggestion that Ca2+ 
stimulates the amaranthin synthesis only in the first 8-12 h of incubation. 
Therefore, this time interval is regarded as a period of competence for the 
Ca2+ effect. 

Elliott (1979, 1980, 1983), using benzyladenine instead of kinetin, showed 
that the amaranthin synthesis is dependent on activated (Ca-binding) calmod
ulin when the calmodulin antagonists CP and TFP (5 x 10- ] M to 5 x 10- ' M) 
are used. Our results confirm and broaden their data . When TFP was added to 
the medium after 12 h of preincubation in kinetin, only a small effect could be 
seen. Mter 16 h, no effect was exhibited at all. Therefore, we conclude that 
since the amaranthin synthesis could be inhibited totally by the simultaneous 
incubation with TFP and kinetin, the calmodulin activation must be occurring 
during the first 10 h of incubation. It is possible that TFP still occupies calmod
ulin molecules after 12 h of preincubation in kinetin. This would explain why 
the amaranthin synthesis continued to be reduced by about 30%. From these 
results we presume that a specific period of competence plays an essential role 
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in calmodulin-mediated effects on the accumulation of amaranthin induced by 
cytokinins in the seedlings of AmaranthllS trie%r. 
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