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Summary

Treatments with gibberellin A, (GA;), GAs and GA,( promoted stem elongation in rosetted
seedlings of Eustoma grandiflorum in the following order: GA; = GA3> GAjyq, whereas ent-
kaurene (K), ent - kaurenoic acid (KA) and GA,g did not. GA;, GA3, GA g and GAy, treatments
promoted leaf elongation in the order of GA; = GAz= GAz¢> GAy, although K and KA did not.
Quantitative analysis of endogenous GAs suggested that GA - biosynthesis pathway prior to GAs3
might be blocked in the rosetted plants. Furthermore, the results of stem and leaf elongation by the
GA treatment indicate that there was a difference in 20- oxidase activity between stem and leaves
of rosetted plants. Quantitative analyses also provided evidence that there were tissue - specific 20
-oxidase activities not only in the rosetted plants but also in the non-rosetted plants of E.
grandiflorum. GA; -induced stem elongation, but not floral initiation in rosetted plants under
35°/30 °C. Uniconazole (UCZ) inhibited leaf expansion, stem elongation and flower bud
development of the non-rosetted plants, but did not inhibit flower bud initiation. These results
indicate that leaf expansion, stem elongation and flower bud development are apparently GA-

dependent but flower bud initiation is not.
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Introduction

Eustoma grandiflorum (Raf.) Shinn. is one of the
major cut flowers in Japan. Stems of most Eustoma
plants begin to elongate after the development of the
third pair of leaves. When seedlings were subjected to
high temperature, stems failed to elongate, and the
plants became rosetted (Ohkawa et al., 1991; Harbaugh
et al., 1992). Rosetting is a major problem in Eustoma
production. Seedlings growing under high temperature,
especially the first two weeks after sowing, is very
sensitive to temperatures. The sensitivity to high temper-
ature gradually decreases with developing leaves and is
not apparent after the second leaf - pair stage (Ohkawa et
al., 1991). Rosetted plants require 4 to 6 weeks exposure
to 10-15 °C to induce stem elongation and flowering
(Ohkawa et al., 1994). GA; treatment induces stems of
rosetted plants to elongate, but the effect disappears after
elongation of several internodes (Takeda, 1988).

We previously identified several endogenous GAs
including GA;, GA,gy, GA,,, GA,,, and GAg; in E.
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grandiflorum which indicate that the early - 13- hydrox-
ylation pathway predominates in the plants (Hisamatsu
et al., 1998b). Furthermore, we found that 1) endo-
genous GA,; was physiologically active and regulated
stem elongation and that 2) 3 B -hydroxylation step
from GA,, to GA, occurred in rosetted seedlings.

However, the relationship between endogenous GAs
and the rosetting of E. grandiflorum has not been fully
understood. Therefore, we investigated the effect of
several GAs and their precursors on stem and leaf
elongation of rosetted seedlings and analyzed endog-
enous GAs in rosetted and non-rosetted seedlings. We
also investigated the role of GA in the flowering
process.

Materials and Methods

Effect of exogenous GAs and their precursors on growth
of rosetted seedlings (Expt. 1)

Seeds of E. grandiflorum ‘ Asuka no Nami’ were sown
and grown in plug trays [2.0 cm (L) X 2.0 cm (W) X 4.0
cm (D)] containing Metro Mix 350 (Scotts, OH. USA)
in a growth chamber maintained at 30 °C under a 12-hr
photoperiod with metal halide lamps (100 zmol-m™ 2 -
s~!, D-400, Toshiba Co., Tokyo, Japan) until the two-
pair of leaf stage. Each seedling was transplanted to a 12
cm plastic pot, containing fertilized medium (Kureha
Engeibaido, Kureha Chemical Industry Co., Ltd., To-
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kyo, Japan ), then grown in a natural-light phytotron
maintained at 35°/30 °C (0600-1800 h / 1800-0600 h)
under 16- hr photoperiod (0600-2200 h / 2200- 0600 h)
supplemented with fluorescent lamps (30 zmol-m™ % -
s, FL40SW, Mitsubishi Co. Ltd., Tokyo, Japan).

Ten plof 1 xg- 117! (10 ug) GA,, GA,, GA, g and
GA,, in 50 % (v/v) aqueous acetone containing 0.05 %
Tween 20 and 10 g1 of 0.1, 1.0, or 10 pg- #17! of ent-
kaurene (K) and ent-kaurenoic acid (KA) in 75 %
aqueous acetone were administered to plants at the fifth
leaf - pair stage. Fifty % aqueous acetone was applied to
shoot tips of control plants. Each treatment consisted of
5 seedlings, and grown for 8 weeks after treatments.

Quantitative analysis of endogenous gibberellins (Expt.
2)

Seeds of ‘Asuka no Nami’ were sown and grown as in
Expt. 1 until the second leaf-pair stage. Half of the
plants (non-cold treatment) were transplanted to 9 cm
plastic pots (one plant per pot), containing fertilized
medium (Kureha Engeibaido), and grown in a natural-
light phytotron described in Expt. 1. When the plants
grew to the seventh leaf-pair stage, they were har-
vested. The other half of the plants were exposed to 5 °C
(cold treatment), 8- hr photoperiod, and kept under with
fluorescent lamps (30 umol-m %-s7!) for 9 weeks.
They were grown then under the same condition as the
non-cold treated plants. When the plants grew to the
seventh leaf - pair stage, they were harvested and divided
into leaves (upper third pair of leaves) and stems,
including the apical meristems.

The samples which ranged from 46.9 - 75.0 gFW
were homogenized and extracted three times with 80%
aqueous methanol (MeOH), then 100 ng of [17,17-
®H,]GA,, [17,17-*H,]GA,, [17,17-2H, ]GA,, [17,
17-*H,]GA, 4, and [17,17-2H, ]GA;; were added to
the combined 80 % aqueous MeOH extract as internal
standards. Endogenous GAs were extracted and purified
through several chromatographic steps according to
Hisamatsu et al. (1998a). The purified GA fraction were
bioassayed by a dwarf rice cv. Tan-ginbozu microdrop
procedure (Nishijima and Katsura, 1989). The GA active
fraction which were eluted from Develosil ODS column
were: GA,, fractions 4-7; GA,,, fractions 12-15;
GA,g, and GA,,, fractions 17-19; GA;3, fractions 23-
25. These fractions were separately passed though
Nucleosil N (CHj),, a column as described previously
(Hisamatsu et. al., 1998a) and bioassayed. An aliquot of
each GA fraction dissolved in 100 11 of MeOH and
methylated with ethreal diazomethane (20 x1) at room
temperature; the methylated GAs were further purified
using aminopropyl SPE columns (Varian Associates,
USA). The eluates were then dried and trimethyl-
silylated with N-Methyl- N-TMS- trifluoroacetamide
(10 11, MSTFA, Pierse, USA) in glass tubes at 75 °C .
The silylateded samples were analyzed by GC-MS
using a gas chromatograph (model 5890, Hewlett- Pack-

ard, USA) coupled to a mass selective detector (model
5989B, Hewlett-Packard, USA). A 1- yl subsample
was injected into a fused silica chemically bonded
capillary column (0.25 mm i.d. x 30 m, 0.25 gm film
thickness, DB-1, J &W, CA, USA ). The oven temper-
ature was initially set at 60 °C . The temperature was
increased at 30°C min~! to 210°C 2 min after the
program started and then, increased at 2 °C min~! to 280
°C . The electron energy was 70 eV and the source
temperature was 250°C . Samples were analyzed by
selected ion monitoring (SIM). Ions monitored were as
follows: for GA, /[17, 17- #H, ]GA, , m/z 506, 508, 491,
493, 448 and 450; for GA,4/[17, 17-2H,]GA,4, m/z
434, 436, 402, 404, 374 and 376; for GA,,/[17, 17~
2H,]GA,,, m/z 418, 420, 403, 405, 375 and377; for
GA44/[17,17-2H, 1GA,,, m/z 432, 434, 373, 375, 238
and 240; for GAg4/[17,17-2H, |GAg3, m/z 448, 450,
416, 418, 389 and 391. The levels of endogenous GA,,
GA,g, GAyy, GA,4 and GAj3 in the plant materials
were calculated from the ratios of peak area at m/z
506/508, 434/436, 418/420, 432/434 and 448/450, re-
spectively. The other ions were monitored to confirm the
identity of the compounds analyzed.

Difference in response to GA | between leaves and stems
of rosetted seedling (Expt. 3)

Seeds of ‘Asuka no Nami’ were sown and grown
under the same condition as in Expt. 1 until the end of
the experiment.

Uniconazole- P [UCZ, ( £ )-(E)-1-(4-chlophenyl)-
4, 4-dimethyl-2-(1, 2, 4-triazol-1-yl)-1-penten-3
-ol, Sumitomo Chemical Co., Japan] was diluted with
water to a concentration of 50 mg- liter™!. The soil in
each pot was drenched with 20 ml of UCZ three days
after transplanting. When plants grew to the third leaf-
pair stage, shoot tips of plants were administered 10 ¢1
of 0.1, 0.01, 0.001 and 0.0001 ug- ul™! GA, dissolved
in 10 % aqueous acetone. Control plants were treated
with 10 ¢l of 10% aqueous acetone. Each treatment
consisted of 12 plants, which were cultivated for 4
weeks after GA, treatment.

Effect of GA 5 on flowering of rosetted seedling (Expt. 4)

Seeds of ‘Asuka no Nami’ were sown and grown
under the same condition described in Expt. 1 until the
second leaf- pair stage. After transplanting to 12cm
plastic pots containing fertilized medium (Kureha En-
geibaido), seedlings were grown as in Expt. 1, except
that the phytotron was maintained at 30°/25°C (0600-
1800 h/1800- 0600 h) under a natural photoperiod of 12
- 14h during experiment. When plants grew to the third
leaf - pair stage, one half of the plants were transferred to
20°/15°C and grown until flowering under natural photo-
period; the rest was grown at 30°/25°C. Each treatment
consisted of 15 seedlings, which were cultivated for 20
weeks after treatment started.

GA; was dissolved in 10 % (v/v) aqueous acetone
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(containing 0.05 % Tween 20) at concentrations of 0.1,
0.2 and 1.0 zg- 17!, When plants were transferred to
20°/15°C, GA4 treatment started. Ten #l of each solu-
tion was treated to the shoot tips weekly interval for 10
weeks so that all shoot tips received 10 y g of GAz. For
examples, shoot tips were treated once with 1.0 ug-
ulb! (10 ng x 1 time), 5 times with 0.2 z g+ wl! Cug
X 5 time), and 10 times with 0.1 zg- u1"' (1 zg x 10
time) solution.

Effect of GA 5 and UCZ on flowering of non-rosetted
seedling (Expt.5)

Seeds of ‘Asuka no Nami’ were sown and grown in as
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in Expt. 1 except the chamber was maintained at 20 °C .
After transplanting to 12 cm plastic pots, seedlings were
grown at 25°/20°C under a natural photoperiod of 12-
14h during experiment. Each treatment consisted of 15
seedlings. Ten u1 of GAg (0.1 ug- 117") were applied
weekly for 10 weeks to shoot tips. Simultaneously, the
soil was drenched with 20 ml of UCZ (50 mg- liter ')
three days after transplanting.

Results

Responses to exogenous GAs and their precursors on
rosetted plants (Expt.1)

Stems of control plants remained rosetted for 8 weeks
after the experiment was started (Fig. 1); whereas, those
of rosetted seedlings treated with GA,, GA; and GA;
elongated immediately; stems of plants treated with K,
KA, and GA, failed to elongate. Stems of GA| -, GA3
-, and GA, - treated plants followed a sigmoidal curve
and reached a plateau 5 weeks after treatment started
(data not shown). However, these plants re-formed
rosettes at higher nodal positions and failed to flower.
The order of activity for induction of stem elongation
was GAl = GA3 > GAZO .

20

— p—
(=} W
1 |

Length of stem (cm)

wn
|

GA1 GA20GA19 GA3 1 10 100 1 10 100 Cont.
KA (ug) K (ug)

Fig. 1. Effect of GAs and their precursors on stem elongation
in the rosetted plants of E. grandiflorum 8 weeks after
treatment. Values are Mean & SE (n=5).

100 Cont.

GA1 GA20 GA19 GA3 1 10 1
KA (ug) K(ug)

Fig. 2. Effect of GAs and their precursors on length and width
of leaves in the rosetted plants of E. grandiflorum. Data
were obtained from the 6th and the 7th node leaves.
Values are Mean * SE (n=20).

Leaves of the rosetted seedlings treated with GA,,
GAj, GA,4 and GA,, elongated (Fig. 2); The order of
the activity was GA; =GA3=GA,,>GAg. Contrarily,
leaves of K- and KA -treated plants failed to elongate.

Endogenous GAs levels (Expt.2)

Stems of the untreated control plants remained
rosetted and compressed (< 0.5 cm) until harvest, but
their leaves expanded to the same size as those of cold-
treated ones. Stems of the cold-treated plants elongated
(5-7 cm) but did not initiate any flower buds.

Endogenous levels of GA|, GAy, GA,g, GA,4 and
GA;3 in the stems of the non- rosetted plants were 14.3,
20.0, 13.8, 16.1 and 6.7 times higher than those of the
rosetted plants, respectively (Table 1). The ratios of
[GAs3]:[GA44], [GA44I[GA9], [GAg[GAzo] and
[GA2 :[GA, ] were 1.37, 1.17, 13.52 and 0.95 in the
non-rosetted plants, and 3.26, 1.00, 19.63 and 0.66 in
the rosetted plants, respectively.

Endogenous levels of GA,, GA,,, GA,g, GA,, and
GAs; in the leaves of the non-rosetted plants were 4.2,
11.6, 11.6, 3.6 and 17.1 times higher than those of the
rosetted plants, respectively (Table 1). The ratios of
[GAs3:[GA44], [GA44:[GAg], [GA19]:[GAz0] and

Table. 1. GA levels (ng g~ fresh weight) of the non - rosetted
and the rosetted plants of E. grandiflorum.

non - rosetted rosetted
stems leaves stems leaves
GAs3 11.66 2.73 1.73 0.16
GA44 8.51 2.19 0.53 0.61
GAg 7.30 4.05 0.53 0.35
GAyg 0.54 2.20 0.03 0.19
GA, 0.57 0.54 0.04 0.13
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Fig. 3. Interaction between UCZ and GA, on leaf and stem
elongation in rosetted plants of E. grandiflorum 4 weeks
after GA, treatment. Data were obtained from the 4th node
leaves.Values are Mean * SE (leaves: n=24, stem: n=12).

[GA;( ]:[GA, ] were 1.25, 0.54, 1.84 and 4.07 in the non
-rosetted plants, and 0.26, 1.74, 1.84 and 1.46 in the
rosetted plants, respectively.

Difference in response to GA | between leaves and stem
of rosetted seedling (Expt. 3)

Elongation of leaves and stems of UCZ treated plants
was markedly inhibited, compared to those of control
plants (Fig. 3). The inhibition of leaf elongation by UCZ
was not reversed by 0.001 zg GA, but it was partially
reversed at higher dosages of GA,. UCZ inhibition of
stem elongation was reversed only by the highest dose
of 1.0 £ g GA, ; lower dosages of GA, had no reversible
effect.

Effect of GA 5 on flowering of rosetted seedling (Expt. 4)

At 30°/25 °C , stems of the control plants remained
rosetted until the end of the experiment (Fig.4A),

Fig.5. Flowering of the non- rosetted plant of E. grandiflorum
treated with UCZ.

whereas, GA3 treatment induced stem elongation. Stem
elongation of the plants treated with 10 xg x 1 time, 2
rgx Stimes and 1 g X 10 times of GAz continued for
4, 8, and 12 weeks after treatment started, respectively.
However, those plants reformed rosettes at the higher
nodal positions and failed to flower. Stems of control
plants kept at 20°/15 °C (Fig. 4B) began to elongate 14
weeks after the experiment started. Stems of plants
treated with 10 g X 1time,2 £g x Stimes and 1 g X
10 times of GA; elongated rapidly for 6, 10, and 14
weeks, respectively, and then re-formed rosettes. But
these plants grew out of the rosettes on the 14th week as
did those of the control. All plants kept at 20°/15 °C
formed flower buds by the end of the experiment.

Effect of GA 3 and UCZ on flowering of non- rosetted
seedling (Expt.5)

UCZ completely inhibited stem elongation (Table 2),
whereas GA; tended to overcome this inhibition. Con-
trol plants initiated flower buds after forming 16.4 pair-
leaves under our experimental conditions; flower bud
initiation was delayed by GA; treatment until 18.6 pair-
leaves were formed, whereas it was accelerated by UCZ

80 80
A)30°/25°C B) 20°7/15°C —- Cont

70+ 70 —— 10ugx1
60- 60- —— 2ugx5
504 50 —& lpugx10
40 40+

30- 30-

20- 20-

104 10

0 0

0 2 4 6 8 10 12 14 16 18 20

0 2 4 6 8 10 12 14 16 18 20
Weeks after treatment started

Fig. 4. Cumulative growth curves of stems of rosetted E. grandiflorum plants after a weekly administration of GA; for
1,5, and 10 weeks and grown under 30° /25°C (A) and 20° /15 °C (B). Values are Mean + SE (n=15).
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Table 2. Effect of GAg and UCZ on stem length and flowering in the non - rosetted plants of E. grandiflorum.

Treatment Control GA; ucz UCZ + GA4
Stem length (cm) 60.6 = 2.18" 94.7 = 2.66 1.9+ 032 843+t 1.85
Number of flowering node 16.4 = 0.36 18.6 = 0.41 14.7 £ 042 16.6 = 0.50

* mean = SE (n=15)

treatment and occurred after 14.7 pair-leaves devel-
oped. UCZ inhibited leaf expansion, stem elongation
and flower bud development (Fig. 5).

Discussion

In a previous paper (Hisamatsu et al., 1998b), we
proposed that one major GA biosynthesis pathway, the
early 13-hydroxylation pathway (— GAz3—GAy4 —
GA,9 —GA;; > GA| —GAy), functioned in shoots
with flower buds of E. grandiflorum, and that endog-
enous GA, could regulate elongation of stems and
leaves. Differences in the levels of endogenous GAs
between non-rosetted plants and the rosetted plants
indicate that the GA- biosynthesis step prior to GAg3 is
blocked in the rosetted plants (Table 1). Because K and
KA had no effect on stem elongation (Fig. 1) and leaf
elongation (Fig. 2), it can be construed that activities of
ent-kaurenoic acid 7 a -hydroxylase and/or ent-kau-
rene oxidase may be low in the rosetted plants. Their
activities were observed to be increased by cold treat-
ment in Thraspi arvense (Hazebroek and Metzger, 1990,
Hazebroek et al., 1993). K and KA are highly hydro-
phobic compounds, so that further investigation on their
absorption and metabolism in the plant is required to
explain these results.

Complementary DNAs of 20-oxidases have been
cloned from some plant species, and the products of
heterologous expression in E. coli that 20-oxidases
catalyze the multiple steps (GAs3 —GA,4 —GA g —
GA,;) in the early 13-hydroxylation pathway was
demonstrated (Hedden and Kamiya, 1997). In Arabi-
dopsis, genes of 20-oxidase were found to be tissue-
specific with transcripts detected (Phillips et al., 1995).
The number of isoenzymes may vary between species so
that GAg4 - oxidase and GA, ¢ - oxidase may differ from
GA,, -oxidase in spinach (Gilmour et al. 1986). That
stems of rosetted plants failed to respond to GAjg,
whereas leaves did, indicating that the conversion of
GA, g to GA,, through 20-oxidation may not be active
in the stem of rosetted plants. Leaf elongation respond-
ing to GA,q in the rosetted plants indicates that the
conversion activity may be higher in leaves than in
stems (Figs. 1 and 2). Furthermore, the ratio of [GA,g]
:[GA, ] in the stems was greater than that in the leaves
in rosetted as well as non-rosetted plants (Table 1).
Such a difference between stems and leaves also oc-
curred in Lathyrus odoratus (Ross et al., 1993). In
Pisum sativum, applied [3H,]GA,, was more rapidly
converted to [2H,]GA,, in leaflets than in stems

(Smith, 1991). Thus, differences in the ratio of [GA,g]
:[GA, ] between stems and leaves suggest that there are
tissue - specific activities of 20~ oxidases in plants.

Responses of stem and leaf elongation to GA; and
GA,, in the rosetted plants were the same as previously
reported (Hisamatsu et al., 1998b) which reconfirms that
the metabolic pathway from GA,, to GA, through 3 5 -
hydroxylation is functioning in rosetted stems and
leaves.

Hydroxylation at position 2 8 of gibbane skelton is a
deactivation step of biologically active GAs (Graebe,
1987). GA; has a double bond between carbon positions
1 and 2 in ring A of gibbane skelton, which diminishes 2
-hydroxylation. That the response of stem and leaf
elongation to GA, in the rosetted plants is the same as
that to GA3 (Fig. 1) indicates that 2 S -hydroxylation
activity of the metabolic pathway from GA; to GAg
may not be active in the rosetted plants. If the rosetted
plants have a high 2 B -hydroxylation activity, GAg
should be more biologically active than GA,, as ob-
served in Matthiola incana (Hisamatsu et al., 1997).

Blockage of GA-biosynthesis is not restored by
exogenous GAs in the rosetted plants since plants
treated with GA|, GA; and GA,, re-formed rosetted
growth at higher nodal positions after transitional inter-
node elongation under high temperature conditions (in
Expt. 1 and 4).

Stems did not elongate but leaves expanded in the
rosetted plants of E. grandiflorum as well as in other
plants species. Although we suggested that the endog-
enous GA, level in the rosetted plants was sufficient for
leaf expansion (Hisamatsu et al., 1998b), it has not been
proven whether the difference in growth between stems
and leaves in the rosetted plants was caused by a tissue-
specific GA biosynthesis or by differences in respon-
siveness to GA; among the different tissues. Leaves of
the rosetted plants expanded as well as the non-rosetted
plants, although the level of endogenous GA,; in the
former was about a quarter of the latter (Table 1).
Although inhibition of leaf and stem elongation by UCZ
treatment was partially reversed by GA|, the minimum
level of GA, required for elongation between the stems
and the leaves, was different and this suggests that of
leaves requires lower level of GA; than that for stems
(Fig. 3). Thus, the rosetting in E. grandiflorum may be
caused by a complex interaction that involves GA-
biosynthesis inhibition prior to GA;;, different 20-
oxidases activities between stems and leaves, and differ-
ent requirement of GA; amount for development be-
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tween stems and leaves.

Day/night fluctuation between 20°/15°C induced,
stems of control plants and those treated with GA4 to
elongate 14 weeks after treatment. All had flower buds
at the end of experiment, although GA treated plants
passed through a transitional internode elongation (Fig.
4). Ohkawa et al. (1994) reported that temperatures
between 5 and 20 °C were effective for induction of stem
elongation and flowering of rosetted plants of E. grandi-
florum. Therefore, stem elongation and flowering of the
rosetted plants in this study were probably induced by
20°/15 °C treatment. However, flowering of the rosetted
plants was not recovered by GA4 treatment at 30°/25 °C ,
although the stems elongated (Fig.4). Reduction of
endogenous GA levels by UCZ treatment did not inhibit
but accelerated flower bud initiation of the non-rosetted
plants (Table 2), which we also found under greenhouse
conditions (data not shown). Although UCZ treatment
inhibited flower bud development, stem elongation and
leaf expansion (Fig. 5), we observed that these inhibition
by UCZ was overcome by a combined treatment with
GA;. Thus, our results indicate that the stem and leaf
elongation and the flower bud development of E. gran-
diflorum are apparently GA-dependent but flower bud
initiation is not.
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