DICKINSON AND HANSON—TOMATO MITOCHONDRIA 165

6. Hanson, J. B. anp H. R. Swanson. 1962. The
role of basic proteins in the declining respiration
of senescing corn scutellum. Biochem. Biophys.
Res. Commun. 9: 442-46.

7. Hiatt, A. J. anp H. J. Evans. 1960. Influence of
salts on activity of malic dehydrogenase from
spinach leaves. Plant Physiol. 35: 662-72.

8. Hurme, A. C, J. D. Jones, anp L. S. C. WooOLTER-
ToN. 1963. The respiration climacteric in apple
fruits. Proc. Roy. Soc. B, 158: 514-35.

9. Jones, J. D. anp A. C. HuLME. 1961. Prepara-
tion of mitochondria from the peel of apples. Na-
ture 191: 370-72.

10. Lieberman, M. 1960. Oxidative activity of cyto-
plasmic particles of apples: electron transfer chain.
Plant Physiol. 35: 796-801.

11. Lowry, O. H., N. J. RoseBrouGH, A. L. FARr, AND
R. J. RanpALL. 1951. Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193:
265-75.

12. Lvons, J. M., T. A. WHeAaToN, aNDp H. K, PratT.
1964. Relationship between the physical nature of
mitochondrial membranes and chilling sensitivity
in plants. Plant Physiol. 39: 262-68.

13. Marks, J. D, R. BErRNLOHR, AND J. E. VARNER.
1957. Esterification of phosphate in ripening fruit.
Plant Physiol. 32: 259-62.

14. McCorrLumM, J. P.
for composition studies.
68: 587-95.

15. Romant, R. J. anp J. B. Birarte. 1957. Metabolic
processes in cytoplasmic particles of the avocado
fruit. IV. Ripening and the supernatant fraction.
Plant Physiol. 32: 662-68.

16. Rowan, K. S., H. K. PratT, AND R. N. ROBERTSON.
1958. The relationship of high-energy phosphate
content, protein synthesis, and the climacteric rise
in the respiration of ripening avocado and tomato
fruits. Australian J. Biol. Sci. 11: 329-35.

17. THroNeBerrY, G. O. 1962. Factors affecting oxi-
dative phosphorylation by subcellular particles iso-
lated from cotton seedling hypocotyls. Plant
Physiol. 37: 781-84.

18. Uwmsrerr, W. W,, R. H. Burris, AND J. F. STAUFFER.
1959. Manometric Techniques, 3rd ed. Burgess
Publishing Company, Minneapolis.

19. WiskicH, J. T. anp W. D. BoNNER, Jr. 1963.
Preparation and properties of sweet potato mito-
chondria. Plant Physiol. 38: 594-604.

20. WiskicH, J. T.,, R. E. Young, ANp J. B. BiaLk.
1964. Metabolic processes in cytoplasmic particles
of the avocado {fruit. VI. Controlled oxida-
tions and coupled phosphorylations. Plant Physiol.
39: 312-22.

1956. Sampling tomato fruits
Proc. Am. Soc. Hort. Sci.

Physiological Effects of Gibberellic Acid.
VIII. Growth Retardants on Barley Endosperm * *

L. Paleg,®* H. Kende,* H. Ninnemann,’ and A. Lang

Division of Biology, California Institute of Technology, Pasadena, California

Introduction

Several types of growth-retarding chemicals
have been described in recent years. The first
was  2-isopropyl-4-dimethylamino-5-methylphenyl-1-
piperidinecarboxylate methyl chloride (Amo-1618)
and some related compounds (7,21). It was fol-
lowed by (2-chloroethyl) trimethylammonium chloride
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(CCC or Cycocel) (19), tributyl-2, 4-dichlorobenzyl-
phosphonium chloride (Phosfon D) (13) and by
N-dimethylamino maleamic acid (C-011) and N-di-
methylamino succinamic acid (B-995) (14).

These compounds differ somewhat in their effec-
tiveness and the range of species which they affect.
When they are active, however, they usually produce
dwarfed plants with shortened, in extreme cases
almost rosette-like stems, and dark-green, thickened
leaves. These plants are essentially normal in other
respects. The substances have therefore been called
dwarfing agents or growth retardants. Their over-
all effect is the opposite of the growth effects produced
by the gibberellins, and when a retardant and a gib-
berellin are applied together, the retardant effects may
be overcome, resulting, at least in some cases, in nor-
mal growth (6, 16, 20). Some authors have there-
fore called the retardants antigibberellins, although
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they made it clear that this term was used only in a
general, descriptive sense and not to imply any definite
type of interaction (6,20). Using the principles of
reaction kinetics in his analyses, Lockhart (6) con-
cluded that there is indeed a specific interaction be-
tween the 2 types of growth-regulating compounds,
gibberellins and growth retardants. However, more
direct evidence as to their mode of interaction is lack-
ing.

This paper reports the effects of a number of
synthetic growth-retarding chemicals on the gibberel-
lic acid (GAj,)-induced reducing sugar release by
excised barley endosperm. The barley endosperm
response (10,11) was chosen for our studies since
the tissue responds to applied gibberellin in an ap-
parently direct manner. The system, it was hoped,
would permit the distinction between effects on GA,
synthesis and GA, action.

In addition to the 5 retardants named above, maleic
hydrazide (MH) was included in the tests since it
bears a structural similarity to C-011 and B-995 and
also inhibits the growth of plants (2,17). The ef-
fects of MH, however, may be more complex than
those of the other retardants, particularly Amo-1618,
CCC and Phosfon D, which are more selective in
nature.

Materials and Methods

Barley seed (variety Naked Blanco Mariout) was
used in all experiments. The techniques employed
resembled those reported in detail elsewhere (8,10).
Briefly, the intact seed was sterilized for 2 to 3 hours
in calcium hypochlorite, cut in half transversely (dis-
carding the embryo half), and weighed. Endosperm
halves were incubated, 4 at a time, in 3 or 4 ml of
solution containing the compounds to be tested, at 30°
for about 24 hours. Samples of the solutions sur-
rounding the endosperm were analyzed for reducing
sugar content with the Somogyi reagent (18). The
gibberellin used was always GA,, and all of the
growth retardants were tested in the way described.
In addition, CCC and Phosfon D were also compared
in a somewhat modified test. Seeds were sterilized
for 6 hours, rinsed, and cut so that the endosperm
halves measured 4 mm in length. The endosperm
were soaked in 400 ml water at 2° for 16 hours. They
were then distributed at random into 25 X 50 mm
stoppered vials (2 endosperm/vial) and incubated
with 1 ml solution at 30° for 24 hours.

At the end of this time, 9 ml water and about 1 g
Amberlite IR-120 (H*) resin (10) was added to each
vial. The contents were shaken and filtered and
samples of the solutions were analyzed for reducing
sugar content. The results are expressed as mg
reducing sugar (glucose equivalents) per vial.

All compounds were tested in the sugar assay, and
where necessary, corrections for interference were
made.

Results

As demonstrated by figure 1, presence of CCC in
the incubation medium neither significantly depressed
nor significantly enhanced the GA -induced reducing
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reducing sugar release from barley endosperm.

sugar release from excised barley endosperm. lden-
tical results were obtained with the other retardants.
Phosfon D was tested at 2.6 X 108 to 2.6 X 10-* nr;
Amo-1618 at 0.7 X 10-* to 0.7 X 10-* am; C-011 at
4.8 X 10 to 4.8 X 10-* m; B-995 at 1.7 X 105 to
1.7 X 10-" »; MH at 10-6 to 10-* ar.  All concentra-
tions of growth retardants were examined at at least 3
levels of GA, (usually 0, 10-%, 10-% a1), and frequently
4,

In addition, endosperm were preincubated in water,
Amo-1618 (0.7 X 10-*am), CCC (2 x 10* ) and
Phosfon D (0.6 X 10-* a) for 18 hours at 30° before
rinsing and transferring them to a 0.75 X 10-7 at GA,
solution. The reducing sugar levels determined after
a subsequent 24 hour incubation at 30° were: water,
106.6; Amo-1618, 112.0; CCC, 103.5; Phosfon D,
103.4 mg per g endosperm (fig 2). The differences
were not significant. We can conclude that differ-
ential rates of entry are not a factor in the ineffective-
ness of the retardants in this system.

Discussion

In order to integrate the results obtained in this
work, i.e., lack of any effect of the retardants, with
published data, it is necessary to consider the basic
features of the test system. The response measured,
reducing sugar release, is initiated by treating de-
tached endosperm with gibberellin. The question to
be considered first is whether this system bears any
relationship to other situations in which gibberellin
exerts a demonstrable effect on growth.

While no direct experimental information is yet
available bearing on this point, some circumstantiai
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Fic. 2. Effect of growth-retardant pretreatment on
subsequent GA ,-induced sugar release.

evidence can be adduced. It can be suggested that
there is at present no reason to assume more than 1
action for gibberellin. On this basis all reactions
initiated by gibberellin will eventually be traced back
to 1 hormonal mechanism. A more weighty point is
that the test system resembles, to a remarkable degree,
the normal processes which lead to germination and
growth in the intact barley seed. Furthermore, the
indirect action of GA; on the endosperm can now
account for the original observation of increased
growth following GA; treatment of barley seeds (4).
Further evidence, in which growth is more directly
involved, derives from recent work by Flemion (1),
in which she demonstrated that physiologically
dwarfed peach seedlings are unable to normally
metabolize starch stored in the apex unless a cold
treatment is given or GA, is applied. Presumably,
endogenous gibberellin initiates the hydrolysis of
starch in the apex leading to a growth reaction in the
elongating cells of the stem, in the same way that it
initiates the hydrolysis of starch in the endosperm
leading to a growth reaction in the embryo.

From these considerations it seems justifiable to
conclude, at least in a preliminary way, that the
hormonal effect of GA, on barley endosperm is similar
to its hormonal effect on other tissues.

A second question that must be answered is, even
though the endosperm response is similar to other
GA;-induced responses, is there any reason for be-
lieving that the growth retardants interact in the
response, i.e., perhaps the retardants act on processes
completely unrelated to those controlled by GA,?

There is a considerable amount of pertinent evi-
dence relating to this point. With intact bean
plants, Lockhart (6) showed that the effects of CCC

and Phosfon D on growth rate can be overcome
by sufficiently high doses of applied GA,. On the
organ or tissue level, Sachs, et al. (14) have demon-
strated that the suppression of mitotic activity in the
subapical shoot meristem of chrysanthemum by Amo-
1618 can be overcome by application of GA;. The
mutual reversibility of effects of Amo-1618 and GA,
on catalase and peroxidase activity, as reported by
Halevy (3), is further strong evidence on an intra-
cellular level.

On the basis, therefore, that the action of GA,
on barley endosperm is fundamentally comparable to
its action in other gibberellin-dependent responses, the
lack of a retardant interaction must be due to the in-
trinsic nature of the endosperm system.

There are 5 general ways in which a growth

retardant may inhibit gibberellin-induced responses. - -

An inhibition of the biosynthesis of endogenous gib-
berellin may be considered as the first type. The
second is a decrease in the level of the compound, or
class of compounds, on, or with which gibberellin acts
or reacts. This may be due to inhibition of biosyn-
thesis or to outright destruction. Destruction or in-
activation of gibberellin is the third, and an action
which prevents gibberellin from fulfilling its primary,
or hormonal role, the fourth avenue of inhibition.
Lastly, the compounds may directly or indirectly pre-
vent one of the numerous series of gibberellin-induced
reactions from taking place in treated tissue, thus
blocking the physiological response in question.
These 5 possibilities are illustrated in figure 3.
Because of the nature of the endosperm response,
we can consider possible routes 1 and 2 separately
from 3, 4 and 5. The tissue does not synthesize gib-
berellin since controls do not react similarly, and,
indeed, exogenous gibberellin is supplied. Biosyn-
thesis of the gibberellin substrate is not involved
since the tissue responds immediately to a wide range
of concentrations and different gibberellins (12). In
other words, inhibition pathways 1 and 2 are not
operative with this system. Consequently, .if any
inhibition of the gibberellin-induced response was

R

Gibb¥erellin

=

Fi1c. 3. Where A — gibberellin precursor; B = gib-
berellin substrate precursor; S = gibberellin substrate
(compound or class of compounds with or on which
gibberellin reacts or acts) ; R = physiological response.

R
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noted, it would have to be at possibility 3, 4 or 5. No
such effects were observed, and the conclusion can be
drawn that the growth retardants do not act through
routes 3, 4 or 5 in the gibberellin-induced endosperm
response.

It must, then, be concluded that the growth retard-
ants act at pathway 1 or 2, that is, that they inhibit
the biosynthesis of either gibberellin or the compound
with, or on which gibberellin acts. One feature of
growth retardant action is the complete reversibility of
inhibition by gibberellin which has been mentioned
earlier. Since pathway 2 would not be reversed by
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increased gibberellin concentrations, the growth re-
tardants must be acting as inhibitors of endogenous
gibberellin biosynthesis.

Lockhart (6) also concluded that inhibition of
gibberellin synthesis might be the action mechanism
of the retardants. More recently, it has been shown
(5,9), that Amo-1618 and CCC suppress gibberellin
production by Fusarium moniliforme (Gibberella
fujikuroi) without affecting the growth of the fungus.
A priori it appears unlikely that the pathways of gib-
berellin synthesis in Fusarium and in higher plants
are fundamentally different, and the results of Kende

0
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et al. lend strong, though circumstantial support to
the conclusions reached in the present work.

As evident from figure 4, the growth retardants are
chemically a very heterogenous group although there
are structural similarities between some of them
(C-011, B-995 and MH). The reactive groups of
the retardants (keto, quaternary ammonium and phos-
phonium) are different enough to assume that these
compounds may have more than 1 in vivo action.
Although this question clearly requires further in-
vestigation, our results, when considered in conjunc-
tion with other experimental information, allow cer-
tain conclusions. They indicate that at least some
of the growth retardants are acting by inhibiting gib-
berellin biosynthesis and not by interfering with the
action of gibberellin in the cell. Because of this,
the application of the term antigibbberellin to these
compounds is inaccurate and should be abandoned
since the concept of antimetabolites is properly re-
served for compounds which interfere with the action
of the corresponding metabolite on the basis of com-
petitive inhibition. Growth retardant is a more ac-
ceptable term, and if, as suggested by our results,
these compounds do inhibit the biosynthesis of en-
dogenous gibberellins, we have in them an extremely
powerful tool for investigating the formation of the
gibberellins, and in this way, their physiological role
in the plant.

Summary

2-Isopropyl-4-dimethylamino-5-methylphenyl-1-pi-
peridinecarboxylate methyl chloride; (2-chloroethyl)
trimethylammonium chloride; tributyl-2,4-dichloro-
benzylphosphonium chloride; N-dimethylamino mal-
eamic acid; N-dimethylamino succinamic acid; and
maleic hydrazide were all tested for their ability to re-
tard the gibberellic acid-induced reducing sugar re-
lease from barley endosperm. They were all found to
be inactive.

It is suggested, on the basis of the above results,
that the compounds be termed growth retardants and
not antigibberellins since they probably exert their
effect as inhibitors of gibberellin biosynthesis.
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