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ABSTRACI

The effects of a highly cytokinin-active urea derivative, N-phenyl-N'-
1,2,3-thiadiazol-5-ylurea (Thidiazuron), and zeatin on cytokinin-autono-
mous growth and the metabolism of N-(A2-isopentenyl18-14CIadenosine
('4Cqi'Ado) were examined in callus tissues of two Phasolus lunatus
genotypes, cv Jackson Wonder and P.I. 260415. Tissues of cv Jackson
Wonder maintained on any concentration of Thidiazuron became cytoki-
nin autonomous, whereas only tissues exposed to suboptimal concentra-
tions of zeatin displayed cytokinin-autonomous growth. lissues of P.I.
260415 remained cytokinin dependent under all these conditions. The
metabolism of ['4qiAdo was similar for the two genotypes, but differed
with the medium used. ['4qi'Ado was rapidly converted to N'-(A2-
isopentenyl)8-'4Cjadenosine 5'-P (1'4Ci'AMP) by tissues grown on zea-
tin-containing medium, whereas only traces of the nucleotide were formed
in tissues grown on medium with Thidiazuron. Incubation with 114q
i'AMP of tissues grown in the presence of Thidiazuron resulted in rapid
conversion to j'4qiiAdo, while I'4qiAMP persisted in tissues maintained
on zeatin. Thus, Thidiazuron appears to stimulate enzyme activity con-
verting the ribonucleotide to ribonucleoside. Although the cytokinin-
active phenylureas and adenine derivatives differ in their effects on
cytokinin autonomy as well as nucleotide formation, the two types of
effects do not seem to be related.

The ability of certain substituted urea compounds such as
DPU3 to replace cytokinin-active adenine derivatives has been
demonstrated in callus culture as well as other bioassays (3, 4, 6,
17, 21, 22). Although DPU is a rather weakly active cytokinin,
other phenylurea compounds such as the N-phenyl-N'-(4-pyri-
dyl)urea derivatives and Thidiazuron have been shown to possess
high cytokinin activity (6, 17, 22). Thus, cytokinin activity is a
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property of two distinct classes of compounds: N6-substituted
adenine derivatives and substituted phenylureas.
Our previous studies on the activity of DPU in Phaseolus

lunatus callus bioassays (1, 14) indicated pronounced genotypic
differences in the ability of tissues to grow on DPU-containing
medium. Furthermore, tissues of genotypes responsive to DPU
displayed the tendency to become cytokinin autonomous after
exposure to DPU, whereas comparable tissues grown on optimal
concentrations of kinetin remained cytokinin dependent. These
results seem to suggest a difference in the biological action of
cytokinin-active phenylurea compounds and adenine deriva-
tives. Our recent discovery that Thidiazuron exhibits extremely
high cytokinin activity in the P. lunatus callus system (17)
provides an opportunity to further compare the biological activ-
ities of the two types of cytokinin-active compounds in tissues
derived from different genotypes (i.e., responsive and unrespon-
sive to DPU). Moreover, the possibility that phenylurea deriva-
tives affect the biosynthesis or metabolism of adenine-type cy-
tokinins can now be tested. We report here the effects of Thidi-
azuron and zeatin on cytokinin-autonomous growth and the
metabolism of ['4C]i6Ado in callus tissues of two P. lunatus
genotypes, cv Jackson Wonder and P.I. 260415.

MATERIALS AND METHODS
Plant Materials. Seeds of Phaseolus lunatus L. cv Jackson

Wonder and P.I. 260415 were obtained from Asgrow Seed Co.
and the Regional Plant Introduction Station (Washington State
University, Pullman, WA), respectively.

Chemicals. Kinetin, trans-zeatin, trans-ribosylzeatin, Ado,
i6Ade, i6Ado, 3'-nucleotidase (ryegrass), 5'-nucleotidase (Cro-
talus adamanteus venom), and Sephadex LH-20 were purchased
from Sigma. i6AMP, i6ADP, and i6ATP were obtained from P-L
Biochemicals. Thidiazuron and ['4C]Thidiazuron were gifts from
Nor-Am Agricultural Chemicals and Schering AG. [8-'4C]Ado
and 6-Cl[8-'4C]purine (used, respectively, for the synthesis of
[14C]i6Ado and ['4C]zeatin) were obtained from Amersham Co.
Picloram was a gift from Dow Chemical. Ready-Solv MP is a
Beckman product.
Growth and Harvest of Phaseolus Callus Cultures. Callus

cultures were established from hypocotyls of 5-d-old seedlings as
previously described (15). Four replicate callus lines, each derived
from a different seedling, were established for each genotype in
each experiment. Callus tissues formed on the explants were
transferred once (first passage) to medium containing 5 ,AM
kinetin. Experiments were performed using second passage callus
tissues derived from 4-week-old first passage stock cultures. Three
pieces of callus (each weighing approximately 15 mg) were
planted per flask. Tissues were grown in the dark at 27°C, and
were harvested, weighed, and transferred to cytokinin-free me-
dium at appropriate time intervals (as specified in "Results").
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Each experiment consisted of four replicate flasks per treatment.
All tests were repeated at least once.

Tissue Culture Medium. The tissue culture medium consisted
of the mineral nutrients described by Murashige and Skoog (19)
with the following organic substances added: sucrose (30 g/l),
myo-inositol (100 mg/l), thiamine.-HCl (1 mg/l), nicotinic acid
(5 mg/l), pyridoxine-HCl (0.5 mg/l), and picloram (2.5 AM)
which satisfies the auxin requirement ofPhaseolus tissue cultures
(15). Kinetin (5 AM) was included in the medium used for callus
initiation (explant) and stock cultures. The pH of the medium
was adjusted to 5.7 and Difco Bacto-agar (10 g/l) was added.
The medium was dispensed into 125 ml Erlenmeyer flasks (50
ml/flask) and autoclaved at 120°C for 15 min. Cytokinin-active
compounds (zeatin and Thidiazuron) used for experiments in
the second passage were dissolved in dimethyl sulfoxide (20) and
added to the autoclaved flasks before the medium solidified.
Metabolism of I'4Cli'Ado and I'4CliAMP. The metabolism of

['4C]i6Ado was examined in second passage callus tissues of cv
Jackson Wonder and P.I. 260415 grown on medium containing
Thidiazuron (0.01 AM) or zeatin (0.1 and 0.3 Mm, respectively,
for the two genotypes). The synthesis of ['4C]i6Ado (25 mCi/
mmol) has been reported previously (18). Callus tissues were
selected for the labeling studies when the average fresh weight
per flask was 10 ± 1 g (21 d).['4C]i6Ado, 0.05 ACi (0.002 Amol)
in 1 ml distilled H20, was aseptically applied to the surface of the
callus pieces in each flask. Additional growth points (5 ± 0.5 g,
17 d and 20 ± 1 g, 27 d) of cv Jackson Wonder tissue were used
to determine the effects of tissue age on ['4C]i6Ado metabolism.
The same concentrations of ['4C]i6Ado were applied to these
tissues, i.e. 0.025 GCi (0.001 'Umol) ['4C]i6Ado in 0.5 ml distilled
H20 was applied to 5 g callus tissues, and 0.1 MCi (0.004 Amol)
in 2 ml distilled H20 to 20 g tissues. The ['4C]i6Ado metabolism
was also examined in cv Jackson Wonder tissues grown on media
containing both Thidiazuron (0.001 or 0.01 Mm) and zeatin (0.01
or 0.1 LM). The tissues were incubated at 27°C in the dark for
0.25, 0.5, 1, 2, and 4 h.
To extract metabolites, the tissues were homogenized in 2.5

parts (v/w) of cold 95% ethanol. Cell debris was removed by
successive filtrations through Whatman paper (No. I filter) and
Millipore filters (0.45 ,um). The ethanol extract was taken to
dryness in vacuo at 35°C, redissolved in 4 ml of 33% (v/v)
ethanol, and centrifuged at 23,500g for 20 min. The supematant
was fractionated on a Sephadex LH-20 column (2 x 60 cm) in
33% (v/v) ethanol. Fractions of 9 ml (0.05 bed volume) were
collected. Aliquots (4 ml) were taken from each fraction, evap-
orated to dryness in scintillation vials, dissolved in Bray's scin-
tillation fluid (2), and counted with a Beckman LS 7000 scintil-
lation counter. Authentic cytokinin standards were chromato-
graphed on the same column immediately after the experimental
samples. Each treatment was repeated at least once. In the case
of 0.5-h time points, experiments were also repeated using a
second extraction procedure involving homogenization of tissues
in cold 1 N HC104 (1:1, w/v) and isolation of the cytokinin
metabolites as described by Laloue et al. (1 1).
The extraction procedure with 95% cold ethanol was used to

examine the metabolism of ['4C]i6AMP in callus tissues of cv
Jackson Wonder (10 g) grown on media containing 0.01 Mm
Thidiazuron or 0.1 Mm zeatin. (The labeled compound was
purified from ethanol extracts of tissues incubated with [14C]
i6Ado by chromatography on Sephadex LH-20 and repurified by
HPLC on reversed-phase C18 [see below].) The amount of [14C]
i6AMP applied to each tissue was 0.02 ,uCi (0.008 MAmol) in 1 ml
H20, and the incubation periods were 0.5, 1, and 2h. All incu-
bation experiments were repeated at least once.

Identification of Metabolites of [I4CliiAdo. Two of the three
major peaks of radioactivity eluting off Sephadex LH-20 corre-
spond with the elution position of Ado and i6Ado. The identity
of these two peaks of radioactivity was confirmed by HPLC on
reversed-phase C18 (see below). The peak of radioactivity eluting

off Sephadex LH-20 in fractions 16 and 17 was identified in
previous studies as a nucleotide of i6Ado ( 18). To further char-
acterize this compound, the dried fractions were redissolved in
0.05 M Tris-HCl buffer (pH 8.6) containing 5 mM MgCl2, and
aliquots of300 Ml were incubated with one unit of 3'-nucleotidase
or 5'-nucleotidase for 0.5 h at 37C. Ethanol (1.5 ml) was added
and the solution was centrifuged at 23,500g for 20 min. The
supernatant was taken to dryness in vacuo at room temperature.
The residue was dissolved in 100 Ml of 15% methanol and
fractionated by HPLC. A Beckman model 1 10 dual pump HPLC
system with a prepacked column of reversed-phase C18 (Ultra-
sphere ODS 5 Mum, 4.6 x 250 mm; Altex) was used. The aqueous
buffer consisted of 0.2 M acetic acid, adjusted to pH 3.5 with
TEA. Samples were eluted with a linear gradient of methanol
(15-70% over 55 min) in TEA buffer at a flow rate of 1 ml/min.
Fractions of 1 ml were collected and counted in Ready-Solv MP
scintillation fluid with a Beckman LS 7000 scintillation counter.
To determine whether the nucleotide was a mono-, di-, or

triphosphate, paired-ion reversed-phase HPLC was used (8). The
HPLC system was the same as described above. The buffer
consisted of 0.3% (w/v) tetrabutylammonium phosphate, 0.65%
(w/v) KH2PO4, and was adjusted to pH 5.8 with NH40H.
Acetonitrile was used as the organic phase. The sample was
applied in 100 Ml buffer with 20% acetonitrile and eluted with a
linear gradient of acetonitrile (20-60% over 20 min) in buffer at
a flow rate of 1.5 ml/min. Fractions of 1 ml were collected and
counted as described above.
Uptake of I'4ClThidiazuron and 1[4ClZeatin. Second passage

callus tissues of cv Jackson Wonder were grown on medium
containing 0.1 MM ['4C]zeatin (±0.01 uM Thidiazuron) or 0.01
MM ['4C]Thidiazuron (±0.1 Mm zeatin). The specific radioactivity
of ['4C]zeatin was 24 mCi/mmol. (The methodology used to
synthesize ['4C]zeatin from 6-C1[8-'4C]purine will be published
elsewhere.) The specific radioactivity of ['4C]Thidiazuron was 70
mCi/mmol. After 21 d of growth at 27C in the dark, tissues
were harvested and homogenized with 2.5 parts (v/w) of cold
95% (v/v) ethanol. The cell debris was removed by successive
filtrations through Whatman No. 1 filter paper and Millipore
filters. The media were heated for 5 min at 100C. The radioac-
tivity in tissue extracts and media was determined by counting
aliquots dissolved in Ready-Solv MP.

RESULTS

Effects of Thidiazuron and Zeatin on Callus Growth and
Cytokinin Autonomy. The effects of Thidiazuron and zeatin on
callus growth and cytokinin autonomy were tested in the second
passage using tissues of two genotypes, cv Jackson Wonder and
P.I. 260415. (The choice of these two genotypes was based on
their differential responses to DPU [1].) Thidiazuron was highly
active in stimulating callus growth of both genotypes (Figs. 1A
and 2A). Its activity was slightly higher than that of zeatin in
callus tissues of cv Jackson Wonder, and about 30 times higher
in tissues of P.I. 260415.
To determine whether Thidiazuron promotes cytokinin-au-

tonomous growth, similarly to DPU (14), the second passage
callus tissues were transferred to cytokinin-free medium (third
passage). Tissues of cv Jackson Wonder exposed to Thidiazuron
in the second passage continued to proliferate in the absence of
cytokinin (Fig. 1 B). The autonomous growth also persisted in
subsequent passages. In contrast, only tissues transferred from
suboptimal concentrations of zeatin were able to grow in the
absence of cytokinin in the third passage. Tissues transferred
from optimal or near-optimal levels of zeatin remained cytokinin
dependent. Tissues of P.I. 260415 did not become cytokinin
autonomous after transfer from either Thidiazuron- or zeatin-
containing medium (Fig. 2B). The growth of tissues transferred
from medium containing 1 or 3 Mm Thidiazuron was probably
due to residual effects, since growth ceased upon additional
transfer to medium without cytokinin (fourth passage).
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FIG. 1. Callus growth of cv Jackson Wonder in the second passage
on media containing Thidiazuron and zeatin (A), and in the third passage
on cytokinin-free medium (B). The growth periods were 28 and 35 d,
respectively, for the two passages. Vertical lines indicate standard errors.
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FIG. 2. Callus growth of P.I. 260415 in the second passage on media
containing Thidiazuron and zeatin (A), and in the third passage on
cytokinin-free medium (B). The growth periods were 28 and 35 d,
respectively, for the two passages. Vertical lines indicate standard errors.
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FIG. 3. Growth curves of cv Jackson Wonder callus tissues on media
containing 102 FuM Thidiazuron (0) and 10-' Mm zeatin (0).
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FIG. 4. Growth curves of P.I. 260415 callus tissues on media contain-
ing 10-2 MM Thidiazuron (0) and 3.10-' Mm zeatin (0).

Growth of Callus Tissues at Optimal Concentrations of Thi-
diazuron and Zeatin. Based on the results presented in Figures 1
and 2, 0.01 ,M Thidiazuron and 0.1 and 0.3 gM zeatin (for cv
Jackson Wonder and P.I. 260415, respectively) were chosen for
subsequent biological and biochemical studies. The fresh weights
of tissues determined at 3-d intervals are presented in Figures 3
and 4. Tissues of each genotype proliferated at about the same
rate on both types of compounds at the concentrations used.
Although the growth rate ofcv Jackson Wonder tissues was faster
than that of P.I. 260415, the exponential growth period was
similar for both genotypes.

Characterization of Major Metabolites of [14CjiAdo in Se-
lected Callus Tissues. Ethanol extracts ofcallus tissues incubated
with ['4C]i6Ado were chromatographed on Sephadex LH-20
columns. Representative elution profiles of tissues grown on
Thidiazuron and zeatin are shown in Figure 5. (The results
presented were obtained from 10 g tissues of cv Jackson Wonder
incubated with ['4C]i6Ado for 0.5 h.) A prominent peak at
fractions 16 and 17 was obtained from tissues grown on zeatin
(Fig. 5B), while only small amounts of this metabolite were
formed in tissues maintained on Thidiazuron (Fig. 5A). The
elution position of this metabolite was identical to that of a
nucleotide of i6Ado previously identified (18). To further char-
acterize the metabolite, aliquots of fractions 16 and 17 were
incubated with 5'-nucleotidase and fractionated by HPLC on a
reversed-phase C,8 column (Fig. 6). The untreated labeled com-
pound (Fig. 6B) coeluted with i6AMP, i6ADP, and i6ATP (Fig.
6, A and B). Incubation with 5'-nucleotidase resulted in a shift
ofthe radioactivity from the nucleotide position to that of i6Ado
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FIG. 5. Chromatographic separation on Sephadex LH-20 of radioac-
tive metabolites extracted from cv Jackson Wonder tissues incubated
with ['4C]i6Ado for 0.5 h. A, Tissues grown in the presence of 10-2 Mm

Thidiazuron; B, tissues grown in the presence of 10-' gM zeatin.

(Fig. 6C). Treatment with 3'-nucleotidase did not change the
elution position of the nucleotide. Thus, the metabolite appears
to be a 5'-nucleotide of i6Ado. The nucleotide was also rechro-
matographed using an HPLC system with a paired-ion reversed-
phase C,8 column. This chromatographic procedure allows clear
separation of mono-, di-, and trinucleotides. The radioactivity
coeluted with i6AMP (Fig. 7).
The peak of radioactivity coeluting with Ado (Fig. 5A, frac-

tions 23-27) from the Sephadex LH-20 columns was further
identified by HPLC on a reversed-phase C,8 column. This chro-
matographic system resolves Ado and ribosylzeatin which co-
chromatograph on Sephadex LH-20. The label coeluted with the
Ado standard from the C,8 column.
Although the data presented are for the tissues incubated with

['4C]i6Ado for 0.5 h, similar results were obtained with the
corresponding fractions recovered from other samples. In addi-
tion, essentially identical elution profiles were obtained with the
HC104 extraction procedure. There was no indication that any
significant amounts of di- and trinucleotides were formed.
Metabolism of '4CPi'Ado in Callus Tissues grown on Media

Containing Thidiazuron and Zeatin. The metabolism of [14C]
i6Ado was initially examined in callus tissues incubated at about
the midpoint of growth (10 g) with the labeled compound for
various time periods (0.25 to 4 h). The total radioactivity re-
covered and the distribution of label in the i6Ado, i6AMP, and
Ado peaks, calculated as percentages of the total radioactivity
recovered at time 0, are presented in Figures 8 and 9, respectively,
for tissues of cv Jackson Wonder and P.I. 260415. In tissues of
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FIG. 7. Analysis by HPLC on paired-ion reversed-phase C,8 of frac-
tions 16 and 17 (from Fig. SB).

both genotypes, ['4C]i6Ado was rapidly converted to ['4C]ji6AMP
when zeatin was present in the medium (although at a somewhat
faster rate in tissues ofcv Jackson Wonder), while very little [14C]
i6AMP was formed in the presence of Thidiazuron. Slightly
higher amounts of ['4C]Ado were recovered from tissues grown
on Thidiazuron. The total extractable radioactivity decreased
with incubation time.
The effects of callus age on the metabolism of ['4C]i6Ado were

determined using young (5 g) and older (20 g) callus tissues of
cv Jackson Wonder (Fig. 10). The metabolism of ['4C]i6Ado in
both the 5 g and 20 g tissues was very similar to that in the 10 g
tissues. However, relatively more ['4C]Ado was formed in the
older tissues grown in the presence of Thidiazuron. Also, the
total radioactivity recovered was higher for the older tissues
maintained on Thidiazuron. The higher levels of label recovered
may be due to either slower uptake of ['4C]i6Ado, slower conver-
sion to metabolites inextractable by ethanol, or both.

Incubation of cv Jackson Wonder Tissues with I'4CIi'AMP.
Tissues of cv Jackson Wonder grown on Thidiazuron- and
zeatin-containing medium were incubated with ['4C]i6AMP (re-
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FIG. 8. Distribution of radioactive metabolites extracted from cv
Jackson Wonder tissues incubated with ['4C]i'Ado for various time
periods. A, Tissues grown in the presence of 10-2 Igm Thidiazuron; B,
tissues grown in the presence of I10-' gm zeatin. The radioactivity in each
fraction is expressed as percentage of the total radioactivity recovered
from the control (O h).

covered from tissues grown on zeatin and purified by HPLC on
reversed-phase C18 columns) for 0.5, 1, and 2 h (Fig. I11). In the
presence of Thidiazuron, ['4C]i'AMP was rapidly converted to
i'Ado, while large amounts ofthe nucleotide remained in zeatin-
grown tissues. In addition, the total radioactivity recovered de-
creased much more rapidly in the former tissues. Since plant
cells do not readily take up cytokinin nucleotides (IO), it is likely
that the nucleotide was first converted to i'Ado outside the cells
and that subsequently the i'Ado was taken up and metabolized
as in the previous tests.

Effects of Simultaneous Presence of Thidiazuron and Zeatin
on the I"qilAdo Metabolism and Cytokinin Autonomy. The
effects of the simultaneous presence of Thidiazuron and zeatin
on the metabolism of ['4C]i'Ado were examined using callus
tissues of cv Jackson Wonder at the midpoint of growth ( 10 g).
When Thidiazuron was supplied at suboptimal (0.001I m) con-
centration and zeatin at either suboptimal (0.01I m) or optimal
(O.1I m) concentrations, the pattems of ["C]i'Ado metabolism
resembled that of tissues grown on zeatin as the only cytokinin
(Fig. 12, A and B). However, the presence of Thidiazuron at
optimal concentration (0.01 gm) suppressed nucleotide forma-
tion regardless of the concentration of zeatin supplied (Fig. 12,
C and D). Thus, in the presence of zeatin, a threshold concentra-
tion of Thidiazuron needs to be exceeded before the effects of
this compound on the [14C]i'Ado metabolism become apparent.
Comparable tissues grown in the presence ofboth Thidiazuron

and zeatin were transferred to cytokinin-free medium after 21 d.
The fresh weights after a growth period of 35 d are presented in
Table I. Cytokinin-autonomous growth was expressed in three
of the four types of tissues; only tissues previously maintained
on medium containing optimal zeatin plus suboptimal Thidiazu-
ron concentrations remained cytokinin dependent.
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FIG. 9. Distribution of radioactive metabolites extracted from P.I.
260415 tissues incubated with ['4C]i6Ado for various time periods. A,
Tissues grown in the presence of 10-1 gm Thidiazuron; B, tissues grown
in the presence of 3.10' gm zeatin. The radioactivity in each fraction is
expressed as percentage of the total radioactivity recovered from the
control (O h).

Uptake of [4CrThidiazuron and [14CZeatin. The effects of the
combined presence of Thidiazuron and zeatin described above
could, at least in part, be the result of competitive uptake of
these two compounds. To test this possibility, callus tissues of cv
Jackson Wonder were grown on media containing ['4C]Thidi-
azuron (with or without unlabeled zeatin) or [14C]zeatin (with or
without unlabeled Thidiazuron). The levels of radioactivity in
tissues and medium were examined after a 21-d growth period
(Table II). A much larger proportion of ['4C]zeatin than ['4C]
Thidiazuron was taken up by the tissues, even through the
concentration of ['14C]zeatin in the medium (0.1I m) was IO
times higher than that of Thidiazuron (0.0 I Zm). In addition, the
same amounts of ['4C]Thidiazuron remained in the medium
with or without zeatin added. Also, ['4C]zeatin uptake was not
affected by the presence of Thidiazuron. Therefore, the uptake
of the two compounds by the tissues is independent of each
other, at least when supplied at optimal concentrations for
growth.

DISCUSSION

Thidiazuron is extremely active in stimulating callus growth
of P. lunatus. Its activity is greater than that of zeatin, which is
the most active NI-substituted adenine derivative tested to date
in'the P. lunatus system. The results ofthe experiment measuring
uptake of ['4C]Thidiazuron and ['4C]zeatin from the medium
indicate that comparatively little ['4C]Thidiazuron is taken up.
Thus, Thidiazuron is probably even more active in the tissues
than the dose-response curves indicate.
The high biological activity of Thidiazuron has permitted a
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FIG. 11. Distribution of radioactive metabolites extracted from cv
Jackson Wonder tissues incubated with ['4C]i6AMP for various time
periods. A, Tissues grown in the presence of 10-2 uM Thidiazuron; B,
tissues grown in the presence of 10-' Mm zeatin. The radioactivity in each
fraction is expressed as percentage of the total radioactivity recovered
from the control (O h).

more detailed examination of the influence of cytokinin-active
phenylurea derivatives on the development of cytokinin auton-
omy in P. lunatus callus tissues than was possible in our earlier
work (14) with DPU. Callus tissues of cv Jackson Wonder
displayed cytokinin-autonomous growth after exposure to either
Thidiazuron or to suboptimal concentrations of zeatin. Callus
tissues of P.I. 260415 remained cytokinin dependent under all
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FIG. 12. The effects of simultaneous presence of Thidiazuron and
zeatin on the metabolism of ['4C]i6Ado in cv Jackson Wonder tissues.
A, Suboptimal concentrations of Thidiazuron (10-3 Mm) and zeatin (10-2
Mm); B, suboptimal concentration of Thidiazuron (10-3 gM) and optimal
concentration of zeatin (10-' Mm); C, optimal concentration of Thidiazu-
ron (10-2 uM) and suboptimal concentration of zeatin (10-2 gM); D,
optimal concentrations of Thidiazuron (10-2 Mm) and zeatin (10-' gM).
The radioactivity in each fraction is expressed as percentage of the total
radioactivity recovered from the control (O h).

Table I. Callus Growth ofcv Jackson Wonder on Medium Containing
Both Thidiazuron and Zeatin (Second Passage) and Medium without

Cytokinin (Third Passage)
The growth periods were 21 and 28 d, respectively, for the second and

third passages.

Concentrations in Second Fresh Weight
Passage

Third passage
Thidiazuron + zeatin Second passage (cytokinin-free

medium)
,uM g/flask ± SE

10-3 10-2 8.6 ± 0.9 5.6 ± 1.6
10-3 10-' 13.6 ± 1.2 0.9 ± 0.6
10-2 10-2 13.4± 0.7 5.7± 1.6
10-2 10-' 14.1 ± 1.1 4.8 ± 1.7

conditions tested. Therefore, it appears that the ability of P.
lunatus callus tissues to become cytokinin autonomous is deter-
mined by the genotype as previously observed in P. vulgaris (16).
Results very similar to those described here for Thidiazuron and
zeatin were obtained with N-phenyl-N'-pyridylurea and kinetin,
respectively (unpublished). Thus, the ability to enhance cytokinin
autonomy in callus tissues of certain P. lunatus genotypes seems
to be a distinctive feature of the phenylurea derivatives.
By examining the metabolism of ['4C]i6Ado in callus tissues

of P. lunatus, we were able to demonstrate that pronounced
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Table II. Uptake of['4C]Thidiazuron and ['4C]Zeatin by Tissues ofcv
Jackson Wonder after a Growth Period of21 Days

Radioactivity

Cytokinin-active Compounds in Medium Recovered
Medium Tissues

% cpm added
to the medium

10-2 gM ['4C]Thidiazuron 62 16
10-2 MM ['4C]Thidiazuron + 10-l Mm zeatin 60 16
10-1 AM ['4C]zeatin 21 13
10-1 AM ['4C]zeatin + 10-2 uM Thidiazuron 19 1 1

metabolic differences occur in the tissues depending on the type
of cytokinin-active compound present. The small amounts of
['4CJi6AMP formed in tissues grown on Thidiazuron imply either
slow conversion of i6Ado to i6AMP or high conversion rates of
i6AMP to i6Ado. The experiments using ['4C]i6AMP indicate
that the latter is the case. Preliminary experiments using [14C]
zeatin (which has recently been synthesized) indicate that little
zeatin ribonucleotide is formed in tissues grown on Thidiazuron
as compared to those maintained on zeatin- or kinetin-contain-
ing medium. Thus, Thidiazuron may in general promote the
conversion of cytokinin ribonucleotides to ribonucleosides.
The different patterns of ['4C]i6Ado metabolism by tissues

grown on Thidiazuron and zeatin could not be the result of the
presence of higher levels of adenine-type cytokinins in the tissues
grown on zeatin. When both Thidiazuron and zeatin were pres-

ent at optimal concentrations in the medium, ['4CJi6AMP for-
mation was suppressed; moreover, it was shown that zeatin was

taken up to the same extent by these tissues as by those grown
on zeatin alone. Therefore, Thidiazuron must exert a direct effect
on the i6Ado metabolism, independent of the level of N6-substi-
tuted adenine derivatives present in the tissues.

It is not clear, at present, if the modification of the ["4C]i6Ado
metabolism by Thidiazuron has a direct bearing on its biological
activity. Based on the biological activities observed in tobacco
cell cultures under certain conditions, Laloue and Pethe (10)
formed the hypothesis that the free base represents the active
form of cytokinins. If this hypothesis is correct, the biological
activity of Thidiazuron could, at least in part, be due to an

increase of ribonucleoside levels and, therefore, possibly a higher
level of free bases. However, several other explanations for the
cytokinin activity of phenylurea derivatives have been put for-
ward. Miller (13) speculated that substituted phenylureas may

serve as precursors for the N6-side chain of adenine derivatives.
In support of this hypothesis, certain synthetic ureidopurines are
known to possess cytokinin activity (12). However, adenine
derivatives with cytokinin activity comparable to the extremely
active phenylureas have not been found. Moreover, the only
DPU metabolite identified from plant tissues is a simple glucosyl
derivative (5). Alternatively, phenylurea compounds may have
direct growth promoting activity. Based on results obtained in
experiments using cytokinin antagonists, Kefford et al. (9) and
Isogai (6) concluded that the two types of cytokinin-active com-
pounds must have a common site of action. Iwamura et al. (7),
using physicochemical substituent parameters, have argued that
cytokinin-active adenine derivatives and phenylureas have some
features in common. The exact relationship between the two
types of compounds may not be elucidated until more is known
about the site(s) of action of cytokinins.
The change in the metabolism of ["4C]i6Ado induced by Thi-

diazuron did not necessarily signal a change in the cytokinin
requirements of the tissues (i.e. transformation from cytokinin
dependence to autonomy). Tissues of cv Jackson Wonder and
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P.I. 260415 exhibited similar patterns of ['4C]i6Ado metabolism
while only tissues of cv Jackson Wonder, displayed cytokinin
autonomy. Conversely, transformation to cytokinin autonomy
was not always accompanied by inhibition of nucleotide forma-
tion. Suboptimal concentrations of zeatin plus Thidiazuron, or
zeatin alone, promoted cytokinin autonomy in cv Jackson Won-
der, and as much nucleotide was formed in these tissues as those
grown on medium with optimal zeatin concentration. (The
metabolism data at suboptimal zeatin concentrations are not
presented, but are similar to those obtained with tissues grown
at optimal zeatin concentrations.) Therefore, the cytokinin-active
phenylureas and adenine derivatives seem to differ in their effects
on cytokinin autonomy as well as cytokinin nucleotide forma-
tion, but the two types of effects may not be related.
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