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ABSTRACT

The uptake and metabolism of the cytokinin benzyl adenine
(BA) was compared in two lines of Petunia hybrida Vilm. differing
in their shoot organogenic response. Leaf transfer experiments
using shoot induction medium containing 4.4 micromolar BA
showed that leaf explants from petunia line St4O required a shoot
induction period of 6 to 10 days for commitment to shoot orga-
nogenesis; whereas leaf explants from petunia TLV1 required 12
to 28 days. The short induction period of petunia St4O and the
higher organogenic response was positively associated with a
threefold higher absorption of BA from the medium, an increased
BA ribotide metabolite pool, the presence of BA within the explant
during the shoot induction period, and the production of an
unidentified metabolite C. However, the study of petunia TLV1
leaf explants showed that neither BA nor metabolite C are re-
quired during the shoot induction period for eventual shoot de-
velopment. The longer shoot induction period of TLV1 was as-
sociated with low BA uptake during 24 days, a decreasing ribotide
metabolite pool, the absence of benzyl adenosine triphosphate
and metabolite C throughout the study, and the absence of BA
within the explant during the shoot induction period. Differences
in the shoot organogenic response of these related plant lines
have been shown to be associated with differences in exogenous
cytokinin uptake and the subsequent metabolism of that hormone.

Many tissue culture experiments have attempted to exam-

ine the relationship between exogenous plant hormones in
the medium and subsequent plant growth and development
(9, 20, 21). The developmental response of explants to exog-
enous hormones is the result of a variety of biochemical
processes including hormone uptake, transport, and metabo-
lism (10). Thus, although explant growth is typically described
in relation to the hormone concentration in the medium, it

is important to realize that the hormone concentration does
not necessarily reflect the level of active hormone within the
explant (3, 24). Unfortunately, these biochemical processes
are rarely investigated with respect to their role in controlling
plant development.
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For petunia leaf explants, the exogenous cytokinin BA2 can
control the commitment of leaf explants to produce shoots in
tissue culture. Understanding the action of cytokinin requires
that the actual concentration of active molecules within the
tissue be characterized throughout the developmental process
(9, 24). The major conjugates of BA and other cytokinins
have been characterized in a few plant tissues, and their
activities differ significantly (12-15). Whereas the BA gluco-
sides are generally considered to be inactive, the ribosides
(BAR), ribotides, and free base may be involved in the regu-
lation of cell division or other developmental processes (12,
13, 16). One approach to obtaining information about the
effects ofexogenous hormones on organogenesis is to compare
plants with altered organogenic responses in tissue culture.
Genetic mutants have already been used to elucidate hormone
biosynthetic pathways and to study other aspects of plant
hormone biochemistry (1 1). However, the literature contains
few studies of hormonal control of shoot organogenesis using
selected mutants or variant lines. Petunias provide a conven-
ient system for studying shoot organogenesis because they can
be rapidly and reliably induced to produce shoots with exog-
enous cytokinins, a genetic map with markers has been con-
structed, and the plant is amenable to molecular analysis
(19, 21).

In this study, we used two Petunia hybrida lines, St4O and
TLV 1, which differed in their shoot regeneration responses,
to evaluate BA uptake and metabolism in relation to shoot
organogenesis. The objectives were to: (a) determine the tim-
ing of shoot induction in each line, (b) compare the uptake
of [3H]BA during shoot induction and development, and (c)
identify and compare the BA metabolites throughout the
process of shoot organogenesis. The results showed that pe-
tunia lines St4O and TLV 1 had markedly different shoot
induction periods and that BA uptake differed appreciably
between the lines. Distinct differences in the presence of BA
and its metabolites during commitment to organogenesis were
also observed between the two lines. These results are dis-
cussed with respect to the active form of BA and the Chris-
tianson and Warnick model (8) of shoot organogenesis.

2 Abbreviations: BA, benzyl adenine; BAR, benzyl adenosine; BA-
7G, benzyl adenine-7-3-D-glucopyranoside; BA-9G, benzyl adenine-
9-f-D-glucopyranoside; BAMP, benzyl adenosine-5 '-monophos-
phate; BADP, benzyl adenosine-5'-diphosphate; BATP, benzyl aden-
osine-5 '-triphosphate.
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MATERIALS AND METHODS

Shoot Induction Experiments

Leaves ofPetunia hybrida Vilm. lines St4O and TLVl were
used in all experiments. These lines were obtained from a
collection located in Dijon, France, and were selected based
on the presence of complementary genetic markers on all
seven chromosomes and on differences in tissue culture re-
generation (H. Dulieu, personal communication). The plants
were grown in soilless medium under cool-white fluorescent
lights at 150 Asmol/m2. s-' with a 16 h light/8 h dark photo-
period. Leaf explants in tissue culture were grown under the
same light conditions. To obtain leaf explants, fully mature
leaves were surface sterilized with 0.53% NaOCl for 20 min
and then rinsed three times in sterile distilled water. Explants
(1 cm2) containing the midrib were cut from the leaves.
Preliminary experiments indicated that explants of this size
represented the minimum size capable ofshoot organogenesis.
Each explant was placed on 10 mL of medium in a 60 x 15
mm Petri dish. The basal culture medium consisted of Mu-
rashige-Skoog salts ( 17) supplemented with 1 mg/L nicotinic
acid, 1 mg/L pyridoxine, 10 mg/L thiamine, and 30 g/L
sucrose and solidified with 7.5 g/L Difco bacto-agar3 at pH
5.8 (2). All chemicals were purchased from Sigma unless
otherwise noted.
To determine the timing of shoot induction, leaf explants

from both lines were placed directly on basal medium without
hormones or transferred from the inductive medium contain-
ing 4.4 uM BA (1 mg/L) to the basal medium. Following
preliminary experiments to determine the induction periods
for both lines, leaf explants of St40 were transferred from
inductive to basal medium on days 4, 6, 8, 10, and 28; TLV1
leaf explants were transferred on days 8, 10, 12, 20, 24, and
28. In an additional experiment, TLV1 explants were exposed
to 44 ,M BA (10 mg/L) for 6, 10, 12, or 28 d. The number
of shoots and their spatial distribution were recorded after 28
d. Each experimental treatment consisted of 15 replicate Petri
dishes with one explant per dish.

BA Uptake and Metabolism Experiments

BA uptake and metabolism were determined by exposing
leaf explants of St40 and TLV1 to [3H]BA for 6, 10, 12, or
24 d. The [3H]BA (labeled on the benzyl ring, specific activity
740 MBq gmol-'; CEA, Gif-sur-Yvette, France) had a final
specific activity of 21.4 MBq ,umol-' and when combined
with cold BA provided a final concentration of 4.4 IM BA in
the medium. Each explant was placed on 10 mL medium in
a 60 x 15 mm Petri dish. Each treatment consisted of two
explants which were weighed after BA exposure. Measure-
ments ofBA uptake and explant fresh weight were performed
in three separate experiments.
BA uptake by the explants was measured during the initial

extraction procedure (see details below) by counting the ra-

3 Mention of a trademark, proprietary product, or vendor does not
constitute a guarantee or warranty of the product by the U.S. De-
partment of Agriculture and does not imply its approval to the
exclusion of other products or vendors that might be suitable.

dioactivity in small aliquots of the supernatant and the pellet,
solubilized in 5 mL Ready-Solv HP liquid scintillation fluid.
Observed differences in BA uptake led to an examination

of the abaxial leaf explant surface. Using a light microscope
attached to a camera viewer, we recorded the number of
glandular hairs/mm2 of leaf surface, the number of hairs/mm
of midrib length, and the length of 10 glandular hairs for 10
leaf explants from each line. Using free-hand cross-sections,
we recorded the thickness of leaf explants for 10 explants
from each line.

BA Metabolite Extraction and Analysis

Two leaf explants of St40 or TLV 1 were removed from the
medium containing [3H]BA after 6, 10, 12, or 24 d and rinsed
in 10 mL distilled water, blotted to remove surface water,
ground in liquid N2, and extracted overnight in 20% perchlo-
ric acid. The BA metabolites were separated using a Waters
HPLC system in conjunction with a Waters model 440 UV
absorbance detector (254 nm), Beckman 171 radioactivity
detector, Gilson model 201 fraction collector, and Beckman
Chromatographics software. The extract was first fractionated
on a 25-cm Partisil 10 SAX column (Whatman) to separate
ribotide metabolites, using a 38-min linear gradient of 20%
methanol to 0.55 M [K2HPO4 + KH2PO4] in 20% methanol
at pH 5.4 with a flow rate of 1.2 mL/min. Unretained
metabolites were injected onto a 15-cm LiChrospher 60 RP-
Select B column (E. Merck) to separate base, riboside, and
glucoside forms. A solvent gradient of 10 mm triethylamine
in 10% methanol at pH 5.4 to 100% methanol with a flow
rate of 0.8 mL/min during 27 min was used. Cold standards
of BA, BAR, BAMP, ADP, ATP, BA-7G, BA-9G, BA-3-,3-D-
glucopyranoside, and adenosine were used to establish reten-
tion times (BA-7G, BA-9G, and BA-3-f3-D-glucopyranoside
were purchased from Apex Organics, Leicester, UK). Metab-
olites were quantified by multiplying the percentage of counts
per metabolite peak by the total counts (dpm) in the extract
and then using the specific activity to convert from dpm to
picomoles. Radioactive metabolite fractions coeluting with
standards were collected for further analysis. The limit of
detection was approximately 0.7 pmol.
To provide additional evidence for the identity of the

radioactive metabolite fractions, acid or enzymatic hydrolysis
treatments were applied. Acid hydrolysis was performed on
radioactive metabolite fractions which coeluted with cold
standards of BAR, BA-7G, and BA-9G. The unidentified
metabolite C also received acid hydrolysis treatment. Frac-
tions containing approximately 5000 dpm ofthese radioactive
metabolites were combined with 1 mL 1 N HCI. Hydrolysis
occurred for 3 h at 100°C. After hydrolysis, the samples were
evaporated in vacuo and resuspended in 1 mL H20. Evapo-
ration and resuspension were repeated until the pH was 5.5.
Samples were resuspended in 10% methanol, cold standards
of 1 gg BA, BAR, BA-7G, and BA-9G were added, and the
sample was analyzed by reverse phase HPLC as described
above.
An enzymatic alkaline phosphatase treatment was per-

formed on radioactive metabolite fractions coeluting with
cold standards of BAMP, ADP, and ATP. Metabolite frac-
tions containing about 5000 dpm were desalted by evapora-
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ting the sample, resuspending the sample in 1 mL 50%
ethanol, freezing the sample for 15 min, followed by centri-
fuging and collecting of the supernatant. Fractions were then
combined with 200 IuL 0.5 M Tris HCI + 5 mM MgCl2, 1800
,iL H20, and 2 units alkaline phosphatase. The samples were
held at 37°C for 3 h, after which 4 mL ethanol was added to
stop the reaction. Enzymes were precipitated by freezing the
samples for 30 min and then centrifuging. Supernatants were
evaporated in vacuo, resuspended in 10% methanol, and
injected onto a LiChrospher 60 RP-Select B HPLC column.
Radioactive and UV absorbance peaks were recorded as de-
scribed above. An enzymatic 5'-nucleotidase treatment was
performed on the radioactive metabolite fraction coeluting
with the standard BAMP. The procedure was the same as
described for the alkaline phosphatase treatment except that
2 units of 5 '-nucleotidase was used. The analysis of metabo-
lites was repeated in two separate experiments with virtually
identical results. Data presented in the figures represent an
average of the two experiments.

RESULTS

Shoot Induction and BA Uptake

Leafexplants from petunia St4O and TLV1 were transferred
from inductive medium containing 4.4 uM BA to basal me-
dium to define the critical period of shoot induction (Fig. 1).
St4W leaf explants exposed to basal medium for 28 d or
inductive medium with 4.4 Mm BA for 4 d did not produce
shoots; whereas, the exposure to inductive medium for 6, 8,
or 10 d increased the percentage of explants producing shoots
from 27 to 60 to 100%, respectively. In addition, increased
duration of exposure to BA produced an increased number
of shoots per explant from 0.67 shoots per explant for the 6-
d exposure to 18.7 shoots per explant for the 28-d exposure.
In contrast, leaf explants of TLV1 required a much longer
exposure of 12 d on BA for shoot induction (Fig. 1). Exposure
to basal medium only or inductive medium with 4.4 Mm BA
for 8 or 10 d produced no shoots. BA exposure for 12, 16, 20,
24, or 28 d increased the percentage of TLV1 explants pro-
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Table I. Percentage of Total BA Taken Up by Leaf Explants of
Petunia St4O and TLV1 during Shoot Organogenesis

Leaf explants were placed individually on 10 mL Murashige-Skoog
medium containing [H3]BA and cold BA for a final concentration of
4.4 zm BA. The explants were removed after 6, 10, 12, or 24 d
exposure, and the percentage of BA in the explant from the total BA
available in the medium was recorded. Values shown are the means
of three replicates ± SE.

Petunia % Uptake after Exposure to BA
Line 6d lOd 12d 24d

St40 4.0 ± 1.6 11.7 ± 1.6 21.5 ± 1.0 53.5 ± 1.5
TLV1 2.6 ± 0.8 7.8 ± 0.7 7.7 ± 0.7 14.0 ± 1.0

ducing shoots from 7 to 27, 40, 73, and 75%, respectively.
The number of shoots per TLV 1 explant also increased from
0.07 shoots per explant to 18.5 shoots per explant as the
duration of exposure increased from 12 to 24 d. After 28 d
exposure, only 75% of the TLV1 explants produced shoots;
whereas 100% response was possible on St4O explants with
only 10 d exposure to BA.
To try to obtain a greater response from TLV1 explants,

TLV1 explants were exposed to 44 AM BA for 6, 10, 12, or
28 d. With this BA concentration, none of the explants
produced shoots.
To evaluate differences in BA absorption by the leaf ex-

plants during shoot induction, St4O and TLV1 leaf explants
were placed on medium containing [3H]BA, and the uptake
of BA was measured after 6, 10, 12, or 24 d (Table I). For
St4O, the percentage of available BA absorbed increased from
4 to 53.5% from days 6 to 24. For TLV1, the increase during
the same period was 2.6 to 14%. Because the cytokinin-free
base and riboside are thought to diffuse freely across cell
membranes (13, 14), the differences in diffusion rate could be
caused by increased diffusive distance, altered concentration
gradient, or altered surface properties. Physical characteristics
of the leaf explant surfaces were examined to determine
whether surface characteristics might explain the difference

Figure 1. Petunia leaf explants from lines St40
and TLV1 were transferred from inductive me-
dium containing 4.4 Mm BA to basal medium.
St40 leaf explants were transferred after 4, 6, 8,
or 10 d exposure; whereas TLV1 explants were
transferred after 8, 10, 12, 20, or 24 d exposure
to BA. Explants from both lines were also ex-
posed to inductive medium for 28 d without
transfer to basal medium. The number of shoots
per explant and the percentage of explants pro-
ducing shoots were recorded after 28 d.
Mean number of shoots per explant; ...,
percentage of explants producing shoots.
Points, Means of 15 replicates (bars, ± SE).

24 28
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Table II. Structural Differences in Leaf Explants from Petunia St4O
and TLV1

Structural aspects of leaf explants from petunia St4O and TLV1
were observed using a light microscope. Measurements were made
on 10 leaf explants from each line and the values represent the means
± SE. Letters represent significant differences at P = 1%.

Petunia Lines

St4O TLV1

Hair density (No./mm2) 14.4 ± 1 .3a 4.0 ± 0.3b
Midrib hairs (No./mm) 36.0 ± 2.4a 11.5 ± 0.7b
Hair length (,um) 297.4 ± 9.2a 304.4 ± 5.Oa
Leaf thickness (um) 323.8 ± 13.Oa 385.6 ± 14.6b

in BA uptake (Table II). The abaxial surface of St40 explants
had 14.4 hairs/mm2 of surface area, whereas TLV 1 had only
4.0 hairs/mm2. Likewise, St40 had more hairs per millimeter
of midrib length. Glandular hair length was not significantly
different in the two lines. The leaf explants of TLV1 were

slightly thicker than those ofSt40. Thus, the increased number
of hairs on the abaxial surface of St4O may provide an

increased surface area and thereby increase BA uptake.
The fresh weight of leaf explants showed no significant

differences between the two lines up to day 12 (Table III).
However, between days 12 and 24, St40 leaf explants showed
a much larger increase in fresh weight compared with TLV 1,
resulting in a final fresh weight of 0.6 g per explant in St40 as

opposed to 0.14 g per explant in TLV 1. This stage was

accompanied by greater uptake ofBA into St4O leaf explants
than TLV1 explants.

Identification of BA Metabolites

St4O and TLV1 petunia leaf explants exposed to [H3]BA
produced the metabolites BA, BAR, BA-7G, BA-9G, BAMP,
BADP, and an unidentified metabolite D (1). A second uni-
dentified metabolite C and BATP accumulated in St4O but
were completely absent from TLV 1. Additional evidence for
the identification of these BA metabolites was obtained
through acid hydrolysis of radioactive HPLC fractions con-

taining BAR, BA-7G, BA-9G, and C and alkaline phosphatase
treatment of fractions containing BAMP, BADP, and BATP
that had coeluted with cold standards. In each of the treat-
ments described, the results were consistent with the initial

Table Ill. Fresh Weight of Leaf Explants of Petunia St4O and TLV1
during Shoot Organogenesis

Leaf explants were placed individually on 10 mL Murashige-Skoog
medium containing 4.4 gM BA. The explants were removed after 6,
10, 12, or 24 d exposure and fresh weight was recorded. Values
shown are the means of three replicates ± SE.

Petunia Fresh Wt after Exposure to BA
Line 6d lOd 12d 24d

9
St4O 0.07 ± 0.01 0.1 ± 0.01 0.13 ± 0.01 0.6 ± 0.01
TLV1 0.08 ± 0.02 0.12 ± 0.01 0.14 ± 0.01 0.14 ± 0.01
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Figure 2. Changes in BA metabolites in petunia St4O and TLV1 leaf
explants expressed as picomoles per explant. BA metabolites were
extracted after 6, 10, 12, or 24 d exposure to [3H]BA. A, BA
metabolites in petunia line St4O; B, BA metabolites in petunia line
TLV1. Abbreviations: MP, BAMP; DP, BADP; TP, BATP; 7G, BA-7G;
9G, BA-9G; C, unidentified BA conjugate; D, unidentified metabolite
containing tritiated BA side chain.

identification of the metabolite based on HPLC retention
times and coelution with standards.
The identity of metabolites C and D was investigated.

Compound D, which was detected in both lines and had a
retention time of 11.4 min on the LiChrospher reverse phase
column, was tentatively identified as a catabolic product
containing the [3H]benzyl group after side chain cleavage of
BA (M. Laloue, unpublished observation). Metabolite C was

identified in petunia line St4O only and had a retention time
of 18.9 min on the reverse phase column. A fraction contain-
ing C was subjected to acid hydrolysis and the resulting
product coeluted on reverse phase HPLC with BA standard,
thereby demonstrating that the metabolite was a conjugate
of BA.

BA Metabolism during Shoot Organogenesis

A comparative study ofBA metabolism in St4O and TLV1
was conducted during the respective shoot induction periods
(Fig. 2). BA increased in St4O from day 0 to day 12 but was
not detected on day 24. In contrast, BA was detected only on
day 6 in TLV 1. BAR was present in increasing concentrations
in St4O from day 0 to day 24. In TLV 1, the concentration
increased during the same time except for day 10 when no
BAR was detectable. The pool of ribotide metabolites showed
conspicuous differences in the two lines. BAMP, BADP, and

A

0-
x

-5
E
0.

B
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BATP increased in St4O from day 0 through day 12 and
decreased from day 12 to day 24. In contrast, the ribotide
pool was much reduced in TLV1, with BAMP and BADP
increasing until day 10, decreasing on day 12, and becoming
undetectable on day 24. In TLV1, no BATP was detectable
throughout the study. Another example of metabolic differ-
ences between the two lines was shown in the unidentified
metabolite C which accumulated significantly throughout the
experiment in St4O but was never detected in TLV1. The
glucoside forms, BA-7G and BA-9G, increased throughout
the experiment in both lines, with the concentration of BA-
9G greatly exceeding that ofBA-7G at each time point. These
results represent the average of two experiments with the
percentage of deviation from the mean value < 12%.
To make comparisons in BA metabolism without the effect

of uptake differences, it is necessary to compare metabolites
based on their percentage oftotal concentration ofmetabolites
(Fig. 3). In St4O, the percentage of BA increased until day 6,
decreased from day 6 to day 12, and was not detectable at
day 24; whereas BAR remained relatively constant. BA dis-
appeared from TLV1 explants after day 6, whereas BAR
remained at a relatively constant small percentage ofthe total
metabolites. The ribotide pool remained relatively constant
in St4O until day 12, making up about 18% ofthe metabolites.
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TLV1 was dissimilar with the ribotide pool decreasing from
approximately 8% on day 6 to 1.5% on day 12. In addition,
no BADP was detectable at day 12, and no BATP was evident
at any time. In TLV1, BA-9G is the predominant metabolite,
increasing from 59.3% at day 6 to 79.8% at day 24. In St4O,
BA-9G increased from 31.8 to 47.9%, and C made up 27.2
to 37.7% from days 6 to 24. It is possible that the metabolic
pathway that produces C competes with the pathway for BA-
9G in St4O. BA-7G was not detectable on day 6 in either line
but increased to 2.9% in St4O and 6% in TLV1 by day 24.

DISCUSSION

Shoot Induction and BA Uptake

Explant transfer experiments are often used to determine
the critical time in which exogenous hormones mediate the
commitment of explants to produce organs (7, 22, 24). The
model of Christianson and Warnick (6, 8) defined the induc-
tion phase as the time during which the hormone concentra-
tion in the medium controls the developmental commitment
to organ initiation. Our leaf explant transfer experiments
demonstrated a marked difference between St4O and TLV1
in the induction period or duration of BA exposure required
for commitment to shoot organogenesis (Fig. 1). St4O became

Figure 3. Changes in BA metabolites in petunia
St40 and TLV1 leaf explants expressed as a
percentage of the total metabolites extracted.
BA metabolites were extracted after 6, 10, 12,
or 24 d exposure to [3H]BA. A, Petunia line St40;
B, petunia line TLV1. For abbreviations, see
Figure 2.

BA BAR MP DP TP 7G 9G C D
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committed to shoot development between 6 and 10 d of
exposure to 4.4 Mm BA with 100% of the explants responding
after 10 d exposure. TLV1 explants showed a low level of
shoot induction after 12 d exposure (7%), and even 28 d
exposure induced commitment to produce shoots in only
75% of the explants.
The study of BA absorption from the medium revealed

very significant differences between the two lines (Table I). In
St4O, BA taken up by the explant increased from 4% of the
total BA in the medium to 53.3% between days 6 and 24.
This was in obvious contrast to TLV1 in which the BA taken
up increased from 2.6 to 14% during the same period. The
increase in fresh weight in the two lines was comparable until
day 12 when St4O explants began a rapid increase in weight
until day 24; TLV1 explants did not increase in fresh weight
from days 12 to 24 (Table III). Skvirsky et al. (21) also reported
equal weight increases until day 13 with petunia explants
differing in organogenic response.

It was initially expected that uptake of BA due to diffusion
would be the same in both lines; therefore, the differences
were surprising. BA and BAR have been shown to easily
diffuse through tobacco suspension culture cells, whereas
metabolites such as ribotides and glucosides do not move out
of the cells (13). In theory, passive diffusion could be affected
by differences in BA metabolism or structural features of the
abaxial leaf surface. For instance, it follows from Fick's first
law ofdiffusion that high internal concentrations ofBA would
slow net uptake of exogenous BA into leaf explants by reduc-
ing the gradient from the medium to the explant. However,
because the concentration of internal BA is greater in St4O
than in TLV1 at days 6, 10, and 12, the greater uptake rate
in St4O cannot be attributed to an enhanced rate ofconversion
to nondiffusible metabolites.

Physical characteristics of the leaf explant surfaces were
examined to determine structural differences that might affect
uptake. St40 leaf explants had approximately three times
more abaxial surface and midrib glandular hairs than TLV1
(Table II). Increased hair density in St4O is equivalent to
increased surface area, and it is possible that this allows
increased diffusion ofBA into the explants.

Despite the obvious differences in uptake between the two
lines, it is important to note that the delayed induction of
TLV1 cannot be attributed to its slow rate of BA uptake per
se. For example, St4O explants had accumulated only 4% of
the available BA in the medium by day 6 at the start of its
induction period, whereas TLV1 had accumulated 7.7% of
the available BA on day 12 at the start of its inductive period
(Table I). Although these experiments do not provide insight
into the reason for the delayed induction period of TLVI,
they do highlight the possibility that differences in organogen-
esis in related plants may be affected by differences in cyto-
kinin uptake and that total cytokinin absorption from the
medium does not necessarily correlate with the commitment
to produce shoots as defined by leaf transfer experiments. It
is also possible that differences in endogenous cytokinins
contribute to the observed patterns of shoot organogenesis.

Inherent limitations are associated with the use of a leaf
explant system in the study of shoot organogenesis. For ex-
ample, although the shoot organogenic response requires that
the petunia leaf explant be of a certain critical minimum size

so that one must examine the whole explant to fully under-
stand the organogenic process, not all of the leaf tissue ulti-
mately expresses its organogenic potential (1). Second, it is
not possible to predict which cells within the explant will
eventually produce shoots. Nevertheless, our results show that
characteristics of the entire explant such as glandular hair
density and metabolic activity may play roles in the organo-
genic response. Despite these limitations, leafexplants provide
a reliable and easily manipulated model system for studying
shoot organogenesis.

BA Metabolism

The P. hybrida lines St4O and TLV1 showed marked dif-
ferences in the duration and timing of shoot induction and
organogenic response. Therefore, these lines presented a use-
ful system for investigating the importance of BA and its
metabolites in the commitment to shoot development. Free
BA was detectable in St40 leaf explants during the time of
shoot induction (days 6-10) and could be the active cytokinin.
However, the metabolites BAR and the ribotides were also
present and cannot be eliminated as active cytokinins.
TLV1 presented an interesting contrast because BA was

not detectable within the explant during the shoot induction
period (days 12-24). The metabolites present at days 12 and
24 included BAR, BA-7G, and BA-9G. BAMP and BADP
were detectable at day 12 but not day 24. Based on previous
research, it is unlikely that the glucoside forms are active
cytokinins in most systems (12-15, 23). Therefore, BAR or
the ribotides are more likely candidates to be active cytokinins
in shoot organogenesis ofTLV1 and St4O. Alternatively, these
compounds may provide a pool from which BA can be
derived in very low amounts through interconversion (4, 5,
14, 16). Certainly, determining the active form ofBA contin-
ues to be one of the most significant unsolved problems in
cytokinin metabolism (15).
The accumulation pattern of glucosylated BA metabolites

in St40 and TLV1 differed from that observed in previous
work with petunia (1). In the petunia line MD1, large concen-
trations of BA-7G accumulated between days 1 and 10 (1).
In contrast, BA-7G was detected in small concentrations on
days 10 to 24 in St4O and days 12 to 24 in TLV1, with the
concentration of BA-9G greatly exceeding that of BA-7G. It
would appear that the accumulation of glucosylated BA me-
tabolites differs in the petunia lines studied.

Interestingly, compound C has not been previously de-
scribed as a major metabolite in other plant tissues. Although
this compound was detected in previous shoot organogenesis
studies with PetuniaMD1, it cannot be considered as required
for organogenesis because TLV1 is capable of shoot develop-
ment without production of this metabolite (1). However, it
is associated with a shorter time period for shoot induction
and a higher percentage of explant response in two petunia
lines studied.

Shoot Organogenesis Models

Even though the competence and induction model as de-
scribed by Christianson and Warnick (7, 8) is a useful working
hypothesis for describing the timing of hormone activity in
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organogenesis, the model itself has not been subjected to
rigorous testing. Determination of key developmental periods
is dependent upon the correlation of an exogenous hormone
concentration to the active hormone concentration within the
explant. The results of this research into the process of BA
uptake and metabolism during shoot organogenesis present
information that is difficult to interpret within the framework
of the Christianson and Warnick model. First, the model
assumes that the explants absorb the exogenous hormone in
a well-defined manner. Our results clearly showed that petu-
nia lines can differ significantly in total absorption of BA by
leaf explants. Second, the model correlates the active cytoki-
nin in the medium to the level of active hormone present in
the explant during the induction period. However, this does
not take into account the rapid and dramatic metabolic
conversion of cytokinins into forms with different activity
levels. For example, the petunia line TLV1 had no detectable
free BA within the explant during induction, although large
concentrations existed in the medium. Third, the model does
not account for the delayed activity of cytokinins that have
accumulated within the explant. For example, cytokinin ef-
fects can be observed in tobacco pith cell division when
exposure has occurred for 1 d followed by transfer to medium
with auxin alone for 20 d (18). The results of our experiments
using petunia leaf explants suggest that the Christianson and
Warnick model is distinctly limited in its ability to describe
exogenous hormone control over shoot organogenesis because
it is clear that cytokinin uptake and metabolism can be
significantly different even between related plant lines.

In conclusion, the short induction period of petunia St40
and high organogenic response is positively associated with
higher levels of BA uptake, an increased ribotide pool, the
presence of BA during induction, and the production of
metabolite C. However, the study of TLV1 showed that
neither BA nor metabolite Care required during the induction
phase for eventual shoot development. The relatively long
induction period of TLV1 is associated with low BA uptake
during 24 d, a decreasing ribotide pool, the absence of BATP
and metabolite C, and the absence of BA during induction.
Therefore, differences in the organogenic response of these
plants have been shown to be associated with differences in
exogenous cytokinin uptake and the subsequent metabolism
of that hormone.
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