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Abstract. CCC, uniconazol, ancymidol, prohexadione- flowering and promote tillering in 58M because biosyn-
calcium (BX-112), and CGA 16335, which represent  thetic intermediates between Gfand GA,, accumulate
three groups of gibberellin (GA) biosynthesis inhibitors, and/or because 58M is altered in GA metabolism in this
were applied as a soil drench 8rghum bicolorculti- same region of the biosynthetic pathway is discussed.
vars 58M phyB-1,phytochrome B-deficient mutant) and
90M (phyB-2, equivalent phenotypically to wild type,
PHYB, except for small differences in flowering dates).
The inhibitors that block steps before GACCC, uni-
conazol, and ancymidol) lowered the concentrations of
all endogenous early-Ci3hydroxylation pathway GAs
found in sorghum: GA,, GAss GA,. GAg GA,
GA,, and GAg. In contrast, the inhibitors that block the  GA biosynthesis in the short day (SBprghum bicolor
conversion of GA, -~ GA,, (CGA 163935 and BX-  appears to follow the early-C&3hydroxylation pathway
112) drastically reduced GAand GA; levels, but they  that occurs irzea maygFujioka et al. 1988, Kobayashi
either did not change or caused accumulation of inter- et al. 1996). GA is synthesized through the sequence
mediates from GA, to GA,,. Combinations of pre-GA GA;, » GAsz — GA4 — GAjg —» GA,, — GA, in
inhibitors and GA plus GA, strongly reduced GAs other  maize (Ingram et al. 1986, Kamiya et al. 1992, Phinney
than GA and GAs. Each of these compounds inhibited 1984), and these GAs occur in sorghum (Beall et al.
shoot growth in both cultivars and delayed floral initia- 1991, Rood et al. 1986). GA occasionally found in
tion in 90M. Floral initiation of 58M was also delayed by  small amounts in sorghum (Beall et al. 1991, Foster and
CCC, uniconazol, and ancymidol but not by CGA Morgan unpublished data), is synthesized in maize from
163935 and BX-112. This separation of shoot elonga- GA,,via GA; (Fujioka et al. 1990, Spray et al. 1996). In
tion from floral initiation in sorghum is novel. Both in-  sorghum, the relatively photoperiod-insensitive cultivars
hibition of shoot growth and delayed floral initiation  containing the allelena,” flower very early, and seed-
were almost completely relieved by a mixture of SA  jings grow taller, contain less chlorophyll and anthocy-
and GA in both 58M and 90M. This observation, plus anins, accumulate more shoot dry matter, develop fewer
the much lower levels of endogenous Gthan of GA adventitious roots, and exhibit stronger apical dominance
observed in these experiments, implies that,Gathe compared with the noma® phenotype (Beall et al.
major endogenous GA active in shoot elongation. CGA 1991, Childs et al. 1991, Foster et al. 1994, Pao and
163935 and BX-112 also failed to promote tillering in Morgan 1986a) When %is app“ed toMa3- or ma;-
58M, whereas inhibitors active before GAdid so. The  containing cultivars, they become morphologically like
possibility that the GA, —~ GA, inhibitors fail to block  the ma,? phenotype, and floral initiation is hastened
(Beall et al. 1991, Pao and Morgan 1986b). Cultivars
containing thema;"-allele appeared to contain increased
. . . GA levels, both of GA and several of its precursors,
Abbreviations: _GA, gibberellin; SD, short day; LD, long day; DAS, compared with nonmaSR genotypes (Beall et al. 1991
days after see_dlng; G(_Z—IV_IS—SIM, gas (_:hromatography—r_na_ss spectrom- !
etry-selected ion monitoring; HPLC, high performance liquid chroma- Foster et al. _1994)- The apparent elevated GA content of
tography; ABA, abscisic acid. the ma® cultivar was proposed to account for much of
*Author for correspondence. its phenotype (Beall et al. 1991Ma;"-containing plants
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also showed abnormal phytochrome control of de- inhibitors on endogenous GA levels in both 58M and
etiolation and anthocyanin synthesis (Childs et al. 1991) 90M. The results illustrated several roles of GAs in

and failed to exhibit a red light-high irradiance inhibition
of hypocotyl elongation (Childs et al. 1995), a response
typical of knownphyBmutants (McCormac et al. 1993).
ma;"-containing plants were shown to be missing an
immunologically detectable light-stable, green plant-
abundant phytochrome (Childs et al. 1992, Foster et al.
1994). Thema," allele was shown to be a single-base
deletion mutation of the phytochrome B gene, which

results in a premature stop codon before the location of

the presumed second dimerization site (Childs et al.
1997). The allelesMa, and ma® were redesignated
PHYB andphyB-1.Another allele ma;, which results in
plants phenotypically similar tMa; but which flower a
little earlier, was redesignatgzhyB-2(Lee et al. 1998).

Because both GA and phytochrome B levels are altered

in cultivar 58M (phyB-1), phytochrome B apparently
regulates GA metabolism in sorghum.
GAs are not thought to be highly specific florigenic

growth and floral initiation.

Materials and Methods

Plants and Growth Conditions

Sorghum B. bicolor (L.) Moench] cultivars 58M and 90M (Quinby
1967) were used in this study. At maturity gene locus 3, 58M is ho-
mozygous foma," (redesignate@hyB-1,Childs et al. 1997), and 90M

is homozygous foma, (redesignateghyB-2,Lee et al. 1998). Matu-
rity genesMa,, Ma,, andMa, are homozygously dominant in both 58M
and 90M. Seeds supplied by Dr. Fred Miller were germinated and
grown in pots (19-cm diameter x 14-cm depth) filled with a fertilized
peat-perlite-vermiculite mix (Beall et al. 1991). Plants were grown in
growth chambers (EGC, Chagrin Falls, OH) equipped with a mixture of
cool-white fluorescent and incandescent sources yielding an intensity
of 250-300umol m2s™* (400-800 mn) measured at the pot surface by
a LI-COR portable spectroradiometer (LI-800). The photoperiod was

hormones; however, there is an association between GA11 h with 31°C days and 21°C nights. Although most of the experi-

treatment or increases in GA content and flowering in a

ments were conducted in growth chambers, several preliminary experi-

large number of species (Pharis and King 1985. ZeevaartMents were carried out in a greenhouse between October and April.

1983). Application of GA hastens floral initiation in

sorghum, but it has never promoted earliness to the de-

gree exhibited byphyB-1plants (Beall et al. 1991, Pao
and Morgan 1986b, Williams and Morgan 1979). The
GA biosynthesis inhibitor tetcyclacis delayed floral ini-
tiation and inhibited shoot growth in sorghum (Beall et
al. 1991). In contrast, in several LD plants, GA biosyn-
thesis inhibitors reduced shoot growth without notice-
ably delaying flowering (Talon et al. 1991, Zeevaart et
al. 1993). The increased array of GA biosynthesis inhibi-
tors currently available offered the opportunity in this
study to search for a link between the content of a spe-
cific GA and floral initiation.

When this study was planned, our initial objective was
to dissect the early X8hydroxylation pathway with sev-
eral GA biosynthesis inhibitors and observe the effects
on growth and floral initiation in thgohyB-containing
cultivar 58M compared, when appropriate, with the non-
phyB-1cultivar 90M. After experiments were under way,
other work in our laboratory revealed that cultivars 90M
and 100M vary in levels of GA, GAs; and GA, and
GA, in a diurnally rhythmic fashion with peaks occur-
ring from mid day to late afternoon (Foster and Morgan
1995). In 58M, however, peaks in Gjand GA oc-

During the greenhouse experiment, which is reported here in detail, day
length was approximately 11 h, and temperature averaged about 32°C
day and 21°C night with extremes of 40°C and 15°C.

Gibberellin Biosynthesis Inhibitors

The following compounds were used in this study: éhtkaurene
synthesis inhibitor (Frost and West 1977) CCC (2-chloroethyltri-
methylammonium chloride); (2) inhibitors for conversion efnt
kaurene toentkaurenoic acid (Izumi et al. 1985, Rademacher 1989)
uniconazol [E)-1-(4-chlorophenyl-4,4-dimethyl-2-(1,2,4-triazol-I-yl)-
1-penten-3-ol], ancymidold-cyclopropyl«-(p-methoxyphenyl)-5-
pyrimidine methyl alcohol]; and (3) cyclohexanetriones, which block
the conversion of GA,to GA, (Adams et al. 1992, Adams and Weiler
1991, Griggs et al. 1991, Nakayama et al. 1990a, 1990b), BX-112
known as prohexadione-calcium (calcium 3,5-dioxo-4-propionyl-
cyclohexanecarbonxylate), and CGA 1835 [ethyl 4-cyclopropyl-
(hydroxy)-methylene-3,5-dioxocyclohexanecarboxylate]. Uniconazol,
CCC, and BX-112 were dissolved in distilled water. Ancymidol and
CGA 163935 were dissolved in a small amount of acetone and then
were added, with stirring, to distilled water. The solvent did not pro-
duce observable effects.

To gain information about appropriate concentration ranges and
which application method produced the most consistent results, a series
of preliminary experiments was conducted with 58M. Observations of
shoot growth, floral initiation dates, and tiller growth indicated that

curred near the beginning of the light period. Thus, with appiication of the inhibitors to roots as a soil drench produced more
routine early morning sampling, 58M was harvested near consistent results than application into the whorl or as a spray. All
its daily peak of Géo and GAl content, whereas 90M treatments were applied in 50 mL/pot at 5 days after seeding (DAS).
and 100M were near their daily minima. The reported Every 7 days another 50 mL was applied until the experiments were
two- to fivefold difference in GA content (Beall et al. é%”f'féz‘gsieca‘ésf E;”“S with “”ic_or?f‘zo' vs a”%y"l“doc'] aBst1€1”2aS
. X : vs BX-112 were very similar, ancymidol an -

1991, F_oster etal. 1994) did not exist except with respect were not included in some experiments in which GAs were analyzed;
to the time of day (Foster and Morgan 1995, Lee et al. ¢ cjarity of presentation, the data for these compounds are not re-
1998). As a result, we adjusted our initial objective to- ported in detail. For convenience, CGA 1835 is referred to as CGA

ward a detailed analysis of effects of GA biosynthesis hereafter.
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Single Inhibitors.To determine the minimum GA biosynthesis inhibi-

tor concentrations effective in inhibiting both growth and flowering, 10 —_e— CCC
. . s0d A

concentrations of CCC, uniconazol, and CGA were used. & Uni

—A— CGA
\‘i

Inhibitor Combinations.Based on results of treatments with single
inhibitors, combinations of moderate concentrations of CCC, unicona-
zol, and CGA were used to test the effect of inhibitor combinations on

growth and floral initiation. 30

Inhibitor and GA; CombinationsTo test whether or not exogenous GA
could overcome the effects of various GA biosynthesis inhibitors on
sorghum, GA (70.3% purity, Eli Lilly Co.) was dissolved in 95%
ethanol and then diluted to each concentration with distilled water.
Analysis of this batch of GAby GC-MS-SIM revealed that it con- 26 4 L L L L 1
tained 60.9% GA, 17.2% GA, 18.3% isolactone GA(Foster et al. b —e— CCC
1997). Concentrations were calculated based on combined pi& 1 —=— UNI

GA, concentrations. Applying a mixture of GAand GA fit the ob- —&— CGA
jectives of our experiments, and the commercial grade SAeferred
to as GA plus GA, in the text hereafter.

20

Height to tip of tallest leaf (cm)

24

22
Determination of Growth and Floral Status

Measurements of plant height (from soil to tip of tallest leaf), and culm

height (from soil to the tallest leaf collar) were taken at 14 and 21 days

after seeding. At 2- to 3-day intervals, floral initiation was determined

by splitting the shoot of two or three plants and examining the apical

meristem under a dissecting microscope. Floral stage 2 (visible flower L N , \ ' L

primordia) was used as the criterion for floral initiation (Lane 1963). 0 0.01 0.1 1 10 100

After one plant in a population differentiated an inflorescence, several

additional plants were examined to ensure that the response was typi- Concentration (mM)

cal. The days after planting to reach floral stage 2 were plotted to give

floral initiation data. Fig. 1. Effect of GA biosynthesis inhibitors ora) the height to the tip

of the tallest leaf and at 14 days after seeding da( the days from

planting to floral initiation of 58M in the growth chamber. Inhibitors

were applied as a soil drench at 5 and 12 days after seeding. Data are

the means of three replications with five plants per replicatiemor

For GA analysis, 14-day-old plants treated with a single inhibitor or a bars show standard deviations. Uni, uniconazol.

combination of inhibitors, GAplus GA,, or inhibitors plus GA plus

GA, were harvested at 2:00-3:00 p.m. (peak GA levels in wild type

sorghum). Plants were cut at the root-shoot junction and at the top of of each inhibitor (Fig. 31). The dose-response curve for

:\Te ta_ille_st leaf c_oIIar. The resulting shoot samples were frozen in liquid the inhibitors showed that the relative effectiveness for
> within 10 min of removal of the plant from the growth chamber. . ~. " . .

After lyophilization, the three oldest leaf sheaths were removed, and inhibition of shoo_t_and leaf grpwth was _ur_uconaZOI_ >

the samples were stored at ~20°C until extracted. The extraction of CGA > CCC. Activity of ancymidol was similar to uni-

GAs followed the general procedure of Foster et al. (1994), Foster and conazol, and activity of BX-112 was similar to that of

Morgan (1995), and Lee et al. (1998). After methanolic extraction, GAs CGA (data not given)_ The inhibition of the height of the

were purified using a combination of preparatory chromatography, sol- tg|lest leaf sheath (culm height) also showed the same

vent partitioning and HPLC. GAs were quantified using GC-MS-SIM trend as the height of the tallest leaf tip (data not shown).

by calculating the area ratio of individual nondeuterated GAs to their These same compounds also inhibited total heiaht and

respective deuterateH,]GA standards, which had been added during . P o L 9

extraction (Foster et al. 1994). Details for replication of these experi- culm h?lght of 90M to a similar degree at similar con-

ments are given in figure legends. centrations (data not shown).

Although the pattern of inhibition of growth by the
different inhibitors was similar, the effect on floral ini-
tiation was different (Fig. ). Floral initiation of 58M
was delayed as the concentration of CCC and uniconazol
CCC, CGA, and uniconazol each inhibited shoot growth increased, but initiation was not delayed by CGA. The
in 58M. The height to the tallest leaf at 14 DAS was effect of ancymidol was similar to uniconazol, whereas
reduced progressively by increasing the concentrationsBX-112 duplicated the effect of CGA (data not given).

Days to floral initiation

Measurement of Endogenous GAs

Results and Discussion
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The 3PB-hydroxylation inhibitor CGA appeared to pro-
mote floral initiation slightly (1-2 days), and the promo-
tive effect was consistent at several concentrations (Fig.
1b, data not shown for BX-112, which showed floral
initiation at day 20 at the same concentrations tested for
CGA). Cultivar 90M also exhibited a delay of floral ini-
tiation of 2—6 days by CCC and uniconazol (data not
given). The comparison of the effect of CGA on floral
initiation of 58M vs 90M is presented later.

58M is known to produce fewer preanthesis tillers
than 90M (Beall et al. 1991). During the preliminary
experiments, an inconsistency in the response of tillering
to GA biosynthesis inhibitor treatments was noted in
58M, and subsequently, detailed observations were
made. The pre-GA biosynthesis inhibitors CCC, uni-
conazol, and ancymidol all reduced height while promot-
ing tillering (data not shown). In contrast, inhibitors of
the GA,;to GA, step, CGA and BX-112, also inhibited
height growth but failed to promote tillering (data not
shown). Untreated 90M plants tillered prolifically, and
tillers were produced by inhibitor-treated plants. Tiller-

ing in sorghum and other grasses is known to be respon-

sive to GA treatment (Cline 1991, Morgan et al. 1977).
In addition to the effects on plant height and tillering, the
shorter leaves of inhibitor-treated plants were much
darker green in color and wider than those of control
plants.

Combinations of CCC + uniconazol, uniconazol +
CGA (data not given) and CCC + CGA (data not given)
inhibited growth of genotype 58M at low concentrations
(Fig. 2) and delayed flowering, especially at the two
highest concentrations (Fig. 3). Reduction of culm length
was more severe than total plant height. Simultaneous
application of representatives of all three groups of GA
biosynthesis inhibitors (CCC, uniconazol, and CGA) in-
hibited shoot growth (Fig. 4), with no genotype differ-
ences (90M data not shown). Combinations of inhibitors
reduced height to a greater degree than did the individual
inhibitors, indicating more complete depletion of endog-
enous GAs. Analysis of endogenous GA levels con-
firmed this conclusion (see below). With either two or
three inhibitors, both growth inhibition and the delay of
floral initiation were almost completely relieved by si-
multaneous application of 7.1 x TOm GA; plus 2.0 x
10° M GA, (Figs. 3 and 4 and other data not given).
Further, floral initiation was hastened by all treatments
containing GA plus GA, (Fig. 3). Delays of floral ini-
tiation in 90M by CCC, uniconazol, and CGA were also
reversed by the applied GAs, usually to cause initiation 1
or 2 days before the control (data not given).

The effect of CGA on floral initiation was contrasted
directly in 58M and 90M over a range of concentrations.
The inhibition of shoot growth of CGA was very similar
in both cultivars (Fig. 8), whereas effects on floral ini-
tiation differed significantly (Fig. B). Floral initiation of
58M was not delayed by CGA, but that of 90M was
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Fig. 2. Effect of combinations of CCC and uniconazol (Uni) on the
height to the tip of the tallest leaf of 58M in the greenhouse at 14 days
after seeding. Inhibitors were applied as a soil drench at 5 and 12 days
after seeding. Replication is as in Fig. 1.

35
. ] Without GA —
S 30d ZZ2cAa91x10'm M
-1 1
g ] -
_ 25 _
-] — —
ot
[=] M
= —
S 20 L
> 7 4
«
& 114l lull ol 19lp
15 ] 9
UNI 0 + 0 + 0 + 0 +
ccc 0 63x10° 63x10* 6.3x10°

Fig. 3. Effect of CCC (concentrations shown i) and uniconazol
(Uni) at 0 or 3.4 x 10° m with or without GA; plus GA, on floral
initiation of 58M. Inhibitors and GA plus GA, were applied as a soil
drench at 5 and 12 days after seeding. Data are means of three repli-
cations with five plants per replication.

delayed progressively as the CGA concentration in-
creased (Fig. B). Rapid shoot growth occurs before
flowering in sorghum. CGA separated these effects; it
was possible to inhibit growth without delaying floral
initiation in 58M but not in 90M. In fact, at the highest
concentrations of CGA tested, floral initiation of 58M
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Fig. 4. Effect of combinations of three different types of GA biosyn-
thesis inhibitors (CCC, uniconazol, and CGA) and with or without;GA
plus GA, on the height to the tip of the tallest leaf of 58M in the growth
chamber at 14 days after seeding. Inhibitors were applied as a soil
drench at 5 and 12 days after seeding. Replication is as in Fig. 1.

appeared to be hastened slightly while the degree of
growth inhibition was maximal (Fig.h see also Fig.
1b).

Up to this point 58M and 90M had responded simi-
larly to most of the treatments reported and to others
omitted for the sake of brevity. The exceptions to this
generalization were: (1) the early pathway inhibitors ini-
tiated tillering in 58M, but tillering occurred normally in
untreated 90M; (2) the @B-hydroxylation inhibitors
(CGA and BX-112) did not promote tillering in 58M; (3)
the 3B-hydroxylation inhibitors delayed flower initiation
in 90M but did not do so in 58M. To determine whether
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Fig. 5. Effect of CGA on growth &) and floral initiation p) in 58M and
90M in the growth chamber. CGA was applied as a soil drench at 5 and
12 days after seeding. Replication is as in Fig. 1.

these differences are caused by the absence of a phyto-

chrome B effect on GA metabolism in 58M or by dif-
ferences in the effects of early (CCC, uniconazol) vs late
(CGA) inhibitors, GA biosynthesis inhibitors were ap-
plied to both 58M and 90M, and the content of endog-
enous GAs was measured. The presGAnhibitors
(CCC and uniconazol) lowered the concentrations of all
the early-C13-hydroxylation pathway GAs, including
GA,,, GAs; and GA,, as well as lowering concentra-
tions of the GAs later in the pathway, Gé GA,y, GA;
and GA; (Figs. 6 and 7) (ancymidol had similar effects;
data not shown). Concentrationsx 103 m CCC and
1 x 10° m uniconazol lowered GAlevels in 58M to
around 20% of control levels. This reduction of G&as
consistent with the growth retardation caused by these
compounds (Fig. ). There was no apparent difference
in the response of 58M and 90M to these inhibitors.
CGA reduced GAand GA; levels to amounts ranging
from 70 to 10% of the control, but, in contrast to the early

pathway inhibitors, it often caused accumulation of in-
termediates from GA to GA,, (Fig. 8) (BX-112 effects
were similar; data not shown). Some concentrations of
CGA resulted in the accumulation of about twice as
much GA,, in treated plants as was present in control
plants for both 58M and 90M. In contrast to 58M, 90M
showed no tendency to accumulate And GAg in
response to CGA treatment (Fig. 8). GApool sizes
showed a unique response to CGA treatment; in 58M
GAs; increased progressively with increasing inhibitor
concentration, but it decreased in 90M.

The effect of exogenous G#plus GA; on the content
of endogenous GAs was determined. The response of
GA pool sizes was similar in 58M and 90M, with the
main effect being an increase in Gpool sizes (Fig. 9).
The treatments with lower concentrations of Gplus
GA; increased GAlevels in plants by approximately the
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Fig. 6. Effect of CCC on native GA content in shoots of 90Mf) and Fig. 7. Effect of uniconazol (Uni) on native GA content in shoots of

58M (botton) at 14 days after seeding. CCC was applied as a soil 90M (top) and 58M potton) at 14 days after seeding. Uniconazol was
drench at 5 and 12 days after seeding. GA levels were measured byapplied as a soil drench at 5 and 12 days after seeding. GA levels were
GC-MS-SIM using deuterated internal standards. Data are the means ofmeasured by GC-MS-SIM using deuterated internal standards. Repli-
three replicate samples from two experimeiftgor bars show stan- cation is as in Fig. 6. DW, dry weight.

dard deviations. DW, dry weight.

of flowering caused by inhibitors alone (Figs. 3 and 4),
same proportion in both 58M and 90M. At 2.9 x fu such treatments should have lowered the endogenous
applied GAs, GA increased almost fourfold in 58M and  GAs, and the applied GAplus GA, should have been
more than ninefold in 90M; however, because the effects absorbed and used by the plant. An experiment was car-
of GA treatment on growth and flowering are achieved at ried out to verify this supposition. GAs other than GA
the lower concentrations, this apparent difference be- and GA were strongly reduced by the combination of
tween 58M and 90M is probably not important. The in- pre-GA,, inhibitors and GA plus GA; (Fig. 10), where-
creased GApool presumably resulted from the approxi- as GA levels were over 12- to 15-fold higher. The treat-
mately 20% GA present in the applied GAs. When com- ment with CGA and GA plus GA, did not reduce levels
pared across concentrations, the applied; s GA of the GAs before the G4, to GA, step, but the levels
had little consistent effect on the concentrations of any of GA, and GA; were elevated in a fashion similar to the
other GA except GA The exception is presumably be- other treatments. CGA and GAlus GA; showed ex-
cause of the increased conversion of G& GAg. These tremely low levels of GA compared with other treat-
data indicate that there is no obvious feedback mecha-ments (Fig. 10); the levels of GAavailable for conver-
nism from GA; and GA to earlier pathway GAs in 58M  sion to GA; were high in this treatment as in the others.
and 90M. Thus, applications of GAs apparently do not This is evidence that CGA blocks th@-hydroxylation
promote floral initiation by altering content of endog- of GA; to GAgin the early-C1&-hydroxylation pathway
enous GAs (Morgan and Quinby 1987, Pao and Morgan as observed in other plants (Adams et al. 1992, Adams
1986b, Williams and Morgan 1979). and Weiler 1991, Nakayama et al. 1990a).

Because application of GA biosynthesis inhibitors and  Although an original goal of this study was to find
GA; plus GA, restored growth and eliminated the delay where thephyB-1allele (phytochrome B mutant gene)
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GC-MS-SIM using deuterated internal standards. Replication is as in drench at 5 and 12 days after seeding. GA levels were measured by

Fig. 6. DW, dry weight.

modifies GA metabolism, there was no strong indication
in the data as to the step(s) it actually influences. GA
biosynthesis inhibitors that block steps in three different
parts of the pathway failed to demonstrate major differ-
ences in GA metabolism between the two cultivars.
However, the three classes of inhibitors did not block

every step of GA biosynthesis. Thus, one possible ex-

GC-MS-SIM using deuterated internal standards. Data are the means of
three replicate sample&rror bars show standard deviations. DW, dry
weight.

enous GA, if any, compared with GA(data not given).

In maize, GA is present at only 1/20 to 1/50 the level of
GA,; (Fujioka et al. 1988, 1990). Application of GAlus
GA, elevated levels of those compounds in shoots (Fig.
10) and reversed the inhibition of shoot growth achieved

planation for the absence of a response that identifies theby all of the inhibitors (Fig. 4). There were no substantial

site of thephyB-1allele effect is that it does not affect the
biosynthetic steps blocked by the inhibitors used in this
study.

The data in this study are remarkably consistent with
the theory that GAis the dominant GA for shoot growth
in sorghum as well as many other plants (Ingram et al.

differences in the responses of phytochrome B-deficient
58M and phytochrome B-normal 90M to any of the treat-
ments relative to growth and GAevels. Thus the col-
lected data indicate that GAis the major or primary
regulator of shoot growth in sorghum. This same con-
clusion was supported by other recent work in our labo-

1986, Nakayama et al. 1992, Phinney 1984, Zeevaart etratory in which ring-D modified GA (exo and endo

al. 1993). Inhibitors of both pre-GA and GA, - GA;
biosynthetic steps inhibited growth (Figs &nd %) and
markedly lowered GAlevels (Figs. 6-8). Combinations
of inhibitors of different biosynthetic steps were even
more effective than individual compounds (Figs. 2 and
4). Sorghum contained very small amounts of endog-

isomers of C16,17-dihydro GAand C16,17-dichloro-
methano-dihydro G4 inhibited shoot growth and sig-
nificantly reduced GA levels (Foster et al. 1997).

How the data in this study relate to flowering is not
clear. First, in both 58M and 90M the pre-GAinhibi-
tors delayed floral initiation (Fig.d) and lowered GA
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levels (Figs. 6 and 7), whereas application of G#us
GA; eliminated the inhibitor-mediated delays of floral
initiation (Fig. 3). The GA, —» GA; inhibitor CGA also
delayed floral initiation and decreased GAevels in
90M (Figs. % and 8), and treatment with G/plus GA

The structure of GAs necessary for florigenic activity
in the LD grass speciekolium temulenturmhas been
studied in detail, and GAhas low or neglible florigenic
activity but very high shoot growth-promoting activity
(Evans et al. 1990, 1994). This raises the possibility that

reversed both effects (data not shown). These results sugif SD sorghum follows LDLolium, GA, or at least high

gest that GA is necessary for floral initiation. However,
the GA,, — GA, inhibitors failed to delay floral initia-
tion in 58M (Figs. b and %), although they did lower
GA, levels markedly (Fig. 8). Effects on tillering in 58M
appear parallel; pre-GA inhibitors promoted tillering,
but the GA, - GA, inhibitors did not (see text above).
Our growth room conditions were set to hasten floral
initiation (11-h photoperiods), but even under those condi-
tions there was an apparent tendency for the GA GA;
inhibitors to hasten floral initiation in 58M slightly (Figs.
1b and %). Perhaps related to this is the observation that
the exo and endo isomers of C16,17-dihydro-G#as-
tened both floral initiation and floral development in
58M, but they strongly inhibited shoot growth, lowered
GA, levels, and failed to promote tillering (Foster et al.
1997). Thus, in 58M there are several cases wherg,GA
- GA; step inhibitors have produced effects inconsis-
tent with a GA role in flowering and tillering.

levels of GA should inhibit floral initiation. This possi-
bility plus the failure of the G4, — GA; inhibitors to
delay floral initiation in 58M although severely inhibit-
ing shoot growth and lowering GAevels, suggests ei-
ther that: (1) GAs have no significant role in floral ini-
tiation or that (2) a GA(s) other than GAs (also) in-
volved. Explanation (1) is unsatisfactory in three ways.
First, it does not explain how Gfand GA reverse the
delay of flower initiation in both 58M and 90M by early
pathway inhibitors (Fig. 3). Second, in two experiments
CGA actually caused a small hastening of floral initia-
tion at higher concentrations (Figd &nd ). Third, the
noninvolvement idea gives no explanation for the failure
of CGA to delay flowering in 58M. This explanation is
also not favored by the demonstration in LBlium that
some GAs are highly florigenic but have little shoot
growth-promoting activity (Evans et al. 1990, 1994,
Mander et al. 1995). Additionally, the requirement for
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applied GA for flowering under SD in the LBrabidop- that cytokinins, ABA, GAs, and sterols are synthesized
sismutant defective irentkaurene synthesis also argues all or in part in the terpenoid pathway. Recently Ara-
for a GA role in flowering (Okada and Shimura 1994, bidopsismutant was recognized to be blocked in brassi-

Wilson et al. 1992). nosteriod biosynthesis, to exhibit altered floral induction,
Hypothetically some aspect of GA metabolism be- and to be rescued by application of brassinolide (Li et al.
tweenentkaurenoic acid and G4 may influence floral 1996). Also, two dwarf mutants of garden pea, shown to

initiation and tillering. Such a possibility is compatible be deficient in brassinosteriods and growth, were rescued
with the data in this study for several reasons. First, the by brassinolide and its precursors (Nomura et al. 1997).
inhibitors used all had primary effects outside of the Levels of all four groups of the above mentioned sub-
entkaurenoic acid to the G4 segment of the biosyn-  stances are known to be altered, especially in cell cul-
thetic pathway. Second, there are differences betweentures, by various growth retardants/GA biosynthesis in-
effects of the pre-G4, inhibitors and the G4, —» GA; hibitors, depending upon the concentration and species
inhibitors, namely the general depletion of GAs between (Grossman 1988, Grossman et al. 1983, Hedden 1990,
GA,, and GA,, with the former compounds (Figs. 6 and Izumi et al. 1988). Thus, the differences in effects of
7) and accumulation with the latter (Fig. 8). Third, there pre-GA,, inhibitors vs GA, — GA; inhibitors between
were some differences between 58M and 90M in the way 58M and 90M may be caused by complex interactions
the GA,, —» GA; inhibitor effected pool sizes of the GAs  with levels of a number of plant growth and development
between GA, and GA,, Specifically, although GA, regulators and completely beyond analysis by this study.
accumulated in both cultivars, accumulation of &gand We do not think this is the case because we were careful
GA only occurred with CGA treatment in 58M (Fig. 8). to work with several inhibitors affecting three different
In another study, 58M and 90M were compared, as well GA biosynthetic steps and to use a wide range of con-
as the near isogeneic cultivar 100M, which is dominant centrations. The consistency of the results plus the fact
for PHYB-1 (Childs et al. 1997), and data from nine that ring-D modified GAs produce similar effects on
sampling times per day for 10-, 14-, 16-, and 18-h pho- flowering, tillering, and GA levels in 58M (Foster et al.
toperiods were presented as averages (Lee et al. 1998)1997) as do the G4, — GA; inhibitors (this study)
GA levels in 90M and 100M were remarkably consistent, make us beleive that the data here relate primarily to GA
and both cultivars contained higher levels of &And levels rather than cytokinins, ABA, or brassinosteriods.
GA,gthan 58M but less G4, This suggests that the step

from GA;, to GAs; is retarded in 58M compared with
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