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Abstract. The endogenous levels of gibberellins (GAs) determined by a
combined HPLC-bioassay procedure and the formation of ent-kaurene, an
immediate GA precursor, in cell-free extracts were studied in relation to
seed development in Pharbitis nil Choisy cv. Violet. Three biologically
active GA fractions were obtained, tentatively identified as GA;, GAs/
GAy, and a GA fraction, possibly GAs and/or GA, which all increased
in activity during early seed development and subsequently declined during
maturation of the seeds. The total endogenous GA level reached its max-
imum at 19 days after anthesis, just before the seeds had attained their
maximum fresh weight at about 23 days after anthesis. Similarly, the ent-
kaurene synthesizing capacity showed a rapid increase during the period
of rapid growth of the seeds, followed by a decline during maturation.

A direct relationship between the endogenous GA levels and the ent-
kaurene synthesizing capacity of a particular tissue was indicated.

Ent-kaurene is a key intermediate in the GA biosynthetic pathway, and its
formation can be studied in cell-free extracts from different organs of higher
plants. The biosynthesis of ent-kaurene from [*C]-mevalonate has been dem-
onstrated in cell-free extracts of endosperm of wild cucumber (Marah macro-
carpus) (Graebe et al. 1965, Upper and West 1967, Oster and West 1968);
Marah oreganus (Coolbaugh and Hamilton 1976); Cucurbita maxima (Graebe
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1969); immature fruits and seeds, shoot tips, and colyledons of peas (Pisum
sativum) (Anderson and Moore 1967, Graebe 1968, Coolbaugh and Moore
1971a, b, Coolbaugh et al. 1973, Ecklund and Moore 1974, Moore and Ecklund
1974); suspensor of Phaseolus coccineus (Ceccarelli et al. 1979); seedlings of
castor bean (Ricinus communis) (Robinson and West 1967) and sunflower (He-
lianthus annuus) (Shen-Miller and West 1982); seedling shoots of Robinia pseu-
doacacia (Nowak and Brown 1979); germinating seeds of tomato and cell sus-
pension cultures of tobacco (Yafin and Shechter 1975); germinating seeds of
Triticum aestivum and Secale cereale (Schilling et al. 1974); developing seeds,
shoot tips, and leaves of Japanese morning glory (Pharbitis nil) (Barendse and
Moore 1981); and coleoptiles of Zea mays (Hedden and Phinney 1979, Mellon
and West, 1979).

The available data in the literature indicate a correlation between the ca-
pacity for ent-kaurene formation in vitro and the reported GA levels in vivo in
developing seeds, e.g. Marah macrocarpus, Lupinus succulentus, Phaseolus
vulgaris (Corcoran and Phinney 1962), Pharbitis nil (Ogawa 1963), and peas
(Coolbaugh and Moore 1969). However, a direct comparison of in vitro ent-
kaurene biosynthesis and extracted endogenous GA has not yet been carried
out. Therefore, the aim of this study was to investigate the ent-kaurene syn-
thesizing capacity concurrent with the endogenous GA levels in developing
seeds of Japanese morning glory (Pharbitis nil cv. Violet).

Materials and Methods
Plant Material

In order to obtain developing seeds at several stages, the plants of Pharbitis
nil Choisy cv. Violet were grown in a growth chamber at 25°C under 8 h short
days to induce flowering.

Light was supplied with Sylvania VHO fluorescent tubes maintaining ap-
proximately 10,000 lux at plant level. The flower buds were tagged at anthesis
and the immature seeds harvested at 3 to 4 day intervals starting 9 days after
anthesis. The number of seeds per 5 g was determined. The seeds were frozen
at —20°C for future analysis.

Enzyme Preparations

Five-g portions of plant material were homogenized in 0.1M phosphate buffer,
pH 7.1, containing dithiothreitol (2mM) and wet PVP (1 g per g material), in
a Sorvall omnimixer, usually 2 X 1 min at maximum speed. In general, 4 ml
of phosphate buffer was used per g seeds. The brei was filtered through four
layers of cheesecloth, the filtrate centrifuged at 12,000 g (10,000 rpm in
Sorvall SS-34) for 10 min, and the supernatant centrifuged at 100,000 g
(40,000 rpm in Beckman 50Ti) for 2 h. This supernatant was used as the enzyme
preparation.
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Enzyme Incubations

A typical enzyme incubation mixture consisted of 1 ml enzyme preparation,
200 pl ATP (2 pmole), 200 pl Mn*t */Mg** (8 wmole), 100 ul glycerol, and 25
pl DL-2-{**C]-mevalonic acid DBED salt (0.02 wmole:1 nCi). The incubations
were carried out in triplicate for 2 h at 30°C. (At this time the enzyme reaction
is still linear.) The reactions were stopped by adding 2 ml acetone and extracted
three times with 3 ml of benzene-acetone (2:1, v/v) mixture. The combined
extracts were evaporated to dryness under vacuum, subsequently dissolved in
100 .l acetone, applied on thin-layer Silica gel 60 (Merck), and developed in
n-hexane. Authentic ent-kaurene was used as reference, and the corresponding
radioactive spots were usually visualized by exposure in a radiochromatogram
camera (LKB 2105). The authenticity of the spots has been further charac-
terized by development of the thin layers in several solvent systems as de-
scribed previously (Coolbaugh and Moore 1971b) and by high performance
liquid chromatography using authentic as well as [!*C]-ent-kaurene, produced
with the Cucurbita endosperm system (Graebe 1969) as references.

The spots containing radioactive ent-kaurene were scraped into 6-ml
counting vials, to which 0.5 ml Lumasolve and 5 ml Lipoluma (Baker) was
added. The vials were counted in a Philips liquid-scintillation analyser (PW
4540).

Protein Determination

Protein determinations were made on portions of each enzyme preparation by
the Bio-Rad assay after Bradford, using bovine serum albumin as a standard.

Extraction and Purification of Endogenous GAs

The seeds, in 5-g portions, were homogenized in methanol in a Sorvall omni-
mixer. The residue after filtration was twice reextracted with methanol. The
combined methanol extract was evaporated to a small volume of approximately
15 ml under vacuum and subsequently forced through a Sep-pak C cartridge.
The filtrate was then evaporated to dryness and kept at —20°C until further
analysis by reversed-phase, high-performance liquid chromatography (HPL.C).

HPLC Analysis of GAs

The separation of GAs took place on a HPLC system from Water Associates
consisting of two pumps (model 600-A), a solvent programmer (model 660), a
universal injector (UK6), variable wavelength detector (model 450), radial com-
pression system (RCM-100) containing a Radial-pak A cartridge, guard column,
Omniscribe recorder (Houston Instruments), and a fraction collector (Phar-
macia, Frac 3000). The analysis was carried out essentially according to pre-
viously described procedures (Barendse et al. 1980).
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The extract residue was taken up with 30% methanol in 0.01 M H;PO, and
subsequently injected into the HPLC system. The GAs were eluted and sep-
arated by a gradient run in 20 min from 30% MeOH, 0.01 M H;PO,, pH 2.5,
to 35% MeOH, 0.01 M H3;PO,, pH 7.5. The flow was 2.5 ml/min and detection
of the references (GA; and GA,g) took place at 206 nm. One-min fractions were
collected, neutralized, evaporated to dryness, and stored at —20°C until the
bioassay.

Dwarf Rice Bioassay

Seeds of the dwarf rice cv. Tan-ginbozu were obtained from Prof. Y. Murakami,
Japan. The fractions were tested essentially according to the ‘‘microdrop’
method of Murakami (1968). The seeds were germinated in Petri dishes with
tap water (refreshed after 24 h) at 30°C under fluorescent illumination at
2,000 lux.

The germinated seeds were selected for homogeneity, planted on 0.75% agar-
agar in boxes, and grown for another 48 h. The extract residues were taken
up in 1 ml ethanol/water (1:1, v/v) and 1 pl solution was applied to five plants
per treatment. After 5 days the length of the second leaf sheath was measured
and the GA activity related to standards of GA; and expressed as GA; equiv-
alents.

Results
Endogenous GA Determination

Immature seeds are known to contain high levels of endogenous GAs, and
immature seeds of Pharbitis nil have been shown to attain their maximum level
of extractable GAs just before reaching maximum fresh weight at about 20
days after anthesis (Murakami 1961). Therefore, immature seeds at this stage
were used for the initial experiments to analyze their endogenous GAs as well
as their enr-kaurene synthesizing capacity in order to optimize conditions.

Reversed-phase HPLC has proved to be very effective in separating GAs
in plant extracts without derivatization (Barendse et al. 1980, Jones et al.
1980, Lin and Heftmann 1981, Koshioka et al. 1983). HPLC alone is an
insufficiently rigorous detection method and, therefore, it has to be combined
with a definite qualitative assay such as a specific bioassay or specific physical
methods. We have preferred the use of the dwarf rice bioassay, which is spe-
cific as well as very sensitive to GAs.

Fig. 1 represents the results of such a combined HPLC-bioassay analysis of
seeds harvested 19 days after anthesis. Three biologically active regions, i.e.
I, II, and III, were obtained in the elution histogram of which I co-elutes with
GA; and II with GAs and GA,. The endogenous GAs of immature seeds of
Pharbitis nil have been reinvestigated by Jones et al. (1980), and they have
confirmed the presence of GAj;, GAs, GA;7, GAy, and GA,e by gas-liquid
chromatography-mass spectrometry. In addition, they identified two new GAs,
GA |y and GAy, in extracts of immature seeds. Using reversed-phase HPLC,
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they obtained two major and one minor biologically active fractions. One of
the major biologically active fractions was identified as GA;; the second con-
tained GAs and GA,j, while the minor fraction consisted of GAy and GA,q.
The sequence of elution that was obtained by reversed-phase HPLC for the
endogenous GAs of Pharbitis nil was, respectively, GAyy, GA;, GAs/GA,,
GA44/GA19, and GA”.

With our reversed-phase HPLC procedure (Barendse et al. 1980) the same
sequence of elution was obtained, e.g. GA,q, GA3, GA;s, and GA,. Authentic
samples of GA;, GAe, and GAy were not available. GA, has very little
biological activity in the dwarf rice bioassay (Reeve and Crozier 1975) and has
the closest retention to GA; in HPLC with regard to the known GAs in Phar-
bitis.

The biologically active fraction I was further analysed by HPLC under iso-
cratic solvent delivery, i.e. 30% methanol, 0.01 M H;PO,, pH 3.5, which
resolved the retention times of GA,9 and GA; even better. Under these con-
ditions, when only a few related GAs are eluted, definitely excluding the other
known GAs of Pharbitis, fraction 1 is clearly associated with GA; and/or GA;.
Since GA; has not been identified in Pharbitis, fraction I must be identical
to GA3

In a similar way, it was established that fraction II contained both GAs and
GAy, since under isocratic HPLC, i.e. 35% methanol 0.01 M H;PO,, pH5.5,
which resolved GA; and GA, completely, two peaks of biological activity were
also obtained, as is indicated in Fig. 1.

Fraction III elutes immediately after fraction II. Jones et al. (1980) showed
that GA4/GA eluted immediately after GA5/GAyy.

GA,y is biologically active in the dwarf rice bioassay; whether GA is active
in this assay is not known. GA7, the remaining endogenous GA of Pharbitis,
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Fig. 2. Changes in the activities of the three fractions I, II, and III (See Fig. 1) during seed
development of Pharbitis nil determined by the combined HPLC-bioassay procedure.

elutes after GA4/GA 9 and possesses little or no biological activity. Thus it is
highly likely that fraction I1I represents GA4, and/or GA .

As will be shown, fractions I and II represent the major biologically active
fractions during seed development, while the activity of fraction III is com-
paratively much lower. This also concurs completely with the results of Jones
et al. (1980).

In the above-described manner, developing seeds were analysed at different
time intervals after anthesis for the respective biological activities of I, 11, and
II1. The results in Fig. 2 represent the average of two independent experiments.
It shows that all three fractions consecutively increase during seed growth,
reach a maximum, and decrease during the development of the seeds. How-
ever, the GA; fraction I peaks at 15 days, the GA;/GA,, fraction II peaks at
23 days, and III somewhere between 19 and 23 days after anthesis.

In Fig. 3 the total GA-like activity has been calculated from the results in
Fig. 2 and compared with the increase in fresh weight during seed develop-
ment.

A comparison of the total GA; equivalents, expressed in ng/seed, with the
fresh weight shows that the total level of endogenous GA; increases during the
period of increase in fresh weight and reaches its maximum before the max-
imum in fresh weight at 23 days after anthesis, followed by a subsequent
decrease during seed maturation. The total of GA; equivalents, expressed as
pg/g seed, demonstrates that the concentration of GA; in the seed tissue is
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Fig. 3. The total endogenous GA content of Pharbitis nil seeds, either expressed as pg/g seed or
as ng/seed, in comparison with the increase in fresh weight of seeds during their development.

high during early seed development and decreases in the later stages of seed
development.

Ent-Kaurene Synthesis in Cell-Free Extracts

Enzymes were prepared from developing seeds at different time intervals after
anthesis. Each enzyme extraction was made as equal as possible by homoge-
nizing 5 g of material in 20 ml 0.1 M phosphate buffer, pH 7.1, containing
dithiothreitol and PVP, except for mature seeds, which needed somewhat more
buffer for extraction. Fig. 4 shows the change in the ent-kaurene synthesizing
capacity during seed development. The capacity to synthesize ent-kaurene
increases slowly during early seed development between 9 and 17 days after
anthesis and is followed by a rapid increase concurrent with the rapid increase
in fresh weight of the seeds between 17 and 23 days after anthesis. During
maturation of the seeds, when there is no further increase in fresh weight, i.e.
between 23 and 30 days after anthesis, the ent-kaurene synthesizing capacity
gradually drops concurrent with the decrease in gibberellin activity shown in
Fig. 3. In another experiment, the ent-kaurene synthesizing capacity of de-
veloping seeds at different stages was compared with that of shoot tips and
young and mature leaves. The results shown in Table I confirm the very high
ent-kaurene synthesizing capacity of immature seeds at 20 days after anthesis,
particularly when expressed as dpm/g fresh weight.
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Fig. 4. The ent-kaurene synthesizing capacity in cell-free extracts from seeds of Pharbitis nil
during their development.

Shoot tips also possess a relative high capacity for ent-kaurene synthesis.
The capacity of young leaves is comparable to that of very young seeds.

On a fresh weight basis, mature leaves have a low enz-kaurene synthesizing
capacity due to their lower protein content.

Discussion

Coolbaugh and Moore (1969) reported apparent changes in rate of enr-kaurene
synthesis in cell-free extracts from pea seeds during seed development and
that those changes could also be related to previously reported endogenous
GAs. Similarly, Moore and Ecklund (1974) showed that the ontogenetic
changes in growth rate of pea seedlings could be related to the enr-kaurene
synthesizing capacity of cell-free extracts from those seedlings.

The results described in this paper on the endogenous GAs and the ent-
kaurene synthesizing capacity in developing seeds of Pharbitis nil elaborate
the above-mentioned reports on peas. These results provide clear evidence
that both the ent-kaurene biosynthetic capacity in cell-free extracts and the
endogenous GAs in vivo are related to seed development, i.e. they increase
rapidly during the stage of rapid increase in fresh weight and decrease during
maturation in Pharbitis nil. The endogenous GA levels described in this paper
concern the determination of the so-called free GAs. It is known, however,
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Table 1. Formation of ent-kaurene from ['“C}-mevalonic acid in cell-free enzyme preparations
from different organs of Pharbitis nil Choisy cv. Violet.

Ent-kaurene

} Number of
Plant organ organs/10g dpm/mg protein dpm/g fresh weight

Immature seeds at:

10 days after anthesis 360 532 2999

20 days after anthesis 175 4866 19464

30 days after anthesis 97 4790 6706
Mature seeds 200 223 4683
Shoot tips 150 1508 6936
Young leaves 85 551 2755
Mature leaves 8 600 450

that in immature seeds of Pharbitis nil a part of the GAs occurs as conjugates
(Yokota et al. 1969a, 1969b, 1970). Barendse (1971) has shown that at the early
stages of seed development (15 and 18 days after anthesis) the conjugated GA
content is low, and much lower than the free GA content; at 25 days after
anthesis, both the conjugated and free GA content were found to be high and
the conjugated GA content nearly as high as the free GA content, whereas in
mature seeds the conjugated GA content, though lower than in immature seeds
at 25 days after anthesis, has surpassed the level of free GAs. These results
indicated a progressive conjugation of the synthesized free GAs during seed
development. Among the conjugated GAs present in immature Pharbitis seeds,
e.g. GAs-, GAg-, GAy-, GAyr-, and GAsg-glucopyranoside (see Bearder 1980),
GA;-glucopyranoside is the only conjugate yielding a biologically active GA
upon hydrolysis. Thus the major part of the high GA conjugate content at 25
days after anthesis determined previously has to be attributed to GA;-gluco-
pyranoside.

Taking this fact into account, the maximum at 15 days after anthesis of the
GA; fraction I does not reflect the actual maximum in GAj biosynthesis. The
latter concurs more likely with the maximum content of GA conjugates at 25
days after anthesis. This would also shift the maximum of total endogenous
GA toward about 25 days after anthesis and not 19 days as shown in Fig. 3,
which represents only the free GAs. This is more in accordance with the
maximum of the ent-kaurene synthesizing capacity at 23 days after anthesis,
which one would expect to peak before the endogenous GA level.

Furthermore, the described total endogenous GA is composed of three GA
activities that do not peak at the same stage during seed development, i.e. GA;
activity, which peaks at 15 days after anthesis; GAs/GA,y activity, which peaks
at 23 days after anthesis; as well as the GA activity peaking between 19 and
23 days after anthesis. Thus the rate at which different GAs are being synthe-
sized varies consecutively during seed development. This seems to be a
common phenomenon in developing seeds as it has also been shown for de-
veloping pea seeds (Frydman et al. 1974, Sponsel 1980) in which the biosyn-
thesis of GAg reached its maximum level just before that of GA;; and GAy;
they, in turn, reach their maximum before that of GA,y. In addition to syn-
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thesis, metabolism of the GAs may occur, e.g. GA,y may be metabolized in
plants to GA;¢ (Frydman and MacMillan 1975).

In our study, neither GAyy nor GA,; was detected, since they have very
little activity in the dwarf rice bioassay.

Shoot tips are also known as active sites of GA synthesis; their relatively
high ent-kaurene synthesizing capacity confirms this fact.

When expressed on a protein basis, the ent-kaurene synthesizing capacity
of young and mature leaves do not differ significantly; however, on the basis
of fresh weight the young leaves are more active, since they contain more
protein/g fresh weight. Similarly, the apparent low ent-kaurene synthesizing
capacity on a protein basis of very young immature seeds or that of mature
seeds nevertheless appears to represent a considerable GA-synthesizing ca-
pacity on a fresh weight basis. This is also confirmed by the relatively high
level of endogenous GAs expressed on a fresh weight (g/g) basis during early
seed development (Fig. 3). This is, therefore, a clear illustration of the fact
that the level of endogenous GAs in a particular plant organ is determined not
only by the relative capacity to synthesize ent-kaurene per unit of protein, but
also by the protein content per unit of fresh weight.
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