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FOREWORD 
The A C S SYMPOSIUM SERIES was founded in 1974 to provide 

a medium for publishing symposia quickly in book form. The 

format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 

papers are not typese  bu  reproduced  the  sub

mitted by the author

viewed under the supervision of the Editors with the assistance 

of the Series Advisory Board and are selected to maintain the 

integrity of the symposia; however, verbatim reproductions of 

previously published papers are not accepted. Both reviews 

and reports of research are acceptable since symposia may 

embrace both types of presentation. 
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PREFACE 

T ) l a n t growth substances occupy an important place in the growth and 
-*· developmental processes of all plant species. Although Charles 
Darwin, Boycen-Jensen, and many others were credited for their pioneer
ing work in recognizing that the plant growth phenomenon was under 
the control of some chemical substances produced by the plants, an actual 
beginning for the hormone concept was made in 1928 when F . W . Went 
successfully demonstrated the existence of growth-regulating substances 
in plants. In fact, two landmark events took place simultaneously in this 
field. Went and his co-workers in the West discovered auxins from oat 
seedlings and Kurosawa
Gibberella jujikuroi, the
later were identified as a group belonging to indoles derived from tryp
tophan; all gibberellins share a common basic enf-gibberellane (gibbane) 
skeleton. Recent additions to these two groups of natural plant growth 
substances are cytokinins (1964) with a common 6-aminopurine ring 
system, abscisic acid (1967), a growth inhibitor, and a fruit-ripening 
agent, ethylene (1962). Thus a correlation was made between the chem
ical structures and the physiological responses of these compounds. It 
now is believed that they are present in all plant species, particularly in 
higher plants, and that plant growth is regulated by these compounds, 
commonly known as plant hormones. 

Several secondary plant products such as phenolics, lipids, steroids, 
and terpenoids also were shown to be responsible for growth and develop
ment and some of them elicit growth responses in conjunction with these 
endogenous growth hormones. Several synthetic compounds, although 
different from the natural growth substances, also induce similar bio
logical responses. There was considerable interest in synthetic growth 
substance research mainly in view of practical applications and some 
have found limited agricultural uses. Because of the presence of natural 
plant growth substances in very minute amounts, the progress in this 
field, particularly in the characterization, was really slow until the recent 
introduction of new analytical methods. 

Food production in the last few decades has been improved greatly 
by applying chemical fertilizers, irrigation methods, rotation of crops, 
and plant-breeding practices. Despite these new technologies for in
creased food production, the crop losses caused by insect pests, pathogens, 

ix 
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and weeds are so great that in the United States alone the resulting 
damage amounts to several billion dollars. It appears likely that future 
research (e.g., allelopathic compounds) w i l l provide a solution to this 
problem, and proper pest management by natural methods might further 
increase agricultural production. In view of the increasing worldwide 
demand for food, feed, energy, and safe environment, several new 
approaches are being sought now for increasing agricultural productivity, 
particularly the crop and biomass production, by modifying such plant 
control mechanisms as photosynthetic efficiency, light- and stress-related 
phenomena, and nitrogen fixation of the plants. Undoubtedly, plant 
growth substances play a key role in understanding these physiological 
processes. 

It was considered timely for the American Chemical Society to take 
an inventory by reviewin
chemistry, and physiology  plan  growt  symposiu
at the Middle Atlantic Regional Meeting ( M A R M ) in March, 1979. The 
titles and subjects for this symposium were selected to provide broad 
coverage in both synthetic and natural growth substances including the 
analytical methods for their detection and characterization. The partici
pants, experts in their respective fields, were chosen to provide a well-
balanced program covering auxins, gibberellins, cytokinins, abscisic acid, 
ethylene and other natural products, and synthetic growth substances. 
Nine chapters on natural plant growth substances are followed by two 
chapters on synthetic growth regulators. It is hoped that this volume wi l l 
initiate and stimulate work by chemists, biochemists, plant physiologists, 
and other related scientists. This multidisciplinary approach provides a 
better understanding of plant internal control mechanisms via growth 
substances and results in finding practical applications of these compounds 
for increasing agricultural productivity. 

U.S. Department of Agriculture N . BHUSHAN MANDAVA 

Beltsville, MD 
June 19, 1979 

χ 
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1 

Chemistry and Physiology of Conjugates of 

Indole-3-Acetic Acid 

ROBERT S. BANDURSKI 
Department of Botany and Plant Pathology, Michigan State University, 
East Lansing, MI 48824 

Auxins are hormone  that promot  plant growth  The
na tu ra l l y and, i n s t ruc tu re
r i n g , an unsubst i tu ted,  e lec t ronega t ive ly  pos i t i o
ortho to a side chain of , at l e a s t , two carbons, and with a car-
boxyl group on the s ide chain 2_). Examples of auxins are 
indo le -3 -ace t i c ac id (3J , phenylacet ic ac id (4J , and 4-ch loro-
indo le -3 -ace t i c ac id (_5, 6). Knowledge of the s t ruc ture of 
i ndo le -3 -ace t i c acid--IAA--(7_) led to the chemical plant growth 
regulator industry with annual a g r i c u l t u r a l savings i n Michigan 
alone equal to the cost of a l l U .S . financed plant hormone 
research. 

U t i l i z a t i o n of auxins date to a n t i q u i t y , as for example, the 
use of germinating seeds to promote root ing of cut t ings (8) . The 
discovery of hormones i n roots by the Po l i sh h o r t i c u l t u r a l i s t , 
Teo f i l C i e s i e l s k i {9) and i n shoots by the B r i t i s h n a t u r a l i s t , 
Charles Darwin (lOJ was made one century ago. They observed that 
the t i p of the root or shoot con t ro l l ed growth of the t i s sue some 
distance from the t i p . Thus, an " inf luence" must have diffused 
from t i p to growing reg ion . S i x t y years l a t e r , F.W. Went 
developed the "Avena curvature tes t" for the " inf luence" (3)* and 
Bonner developed the "s t ra igh t growth assay" (11,). These tech
niques plus knowledge that tryptophan could be converted to auxin 
i n fungal cul tures (12) and that "precursors" i n seeds could be 
converted to auxins by a l k a l i n e hydro lys i s (13^, 14_, 15_, 16_) led to 
knowledge of the s t ructure of IAA (7_). 

We s tress these assays because, while leading to the d i s 
covery of IAA, they imposed s t r u c t u r e - a c t i v i t y requirements pre
c luding study of the IAA conjugates—and poss ib ly the discovery of 
other auxins . For a substance to be ac t ive i n the assays required 
that they: 1) permeate membranes in a cut t i s sue surface, 2) be 
transported to the growing zone, and 3) promote growth i n that 
zone. Hopefully these three requirements may someday be studied 
independently. 

The b i o l o g i c a l effects of the auxins are diverse and range 
from rapid e f f ec t s , usua l ly growth promotion and occurr ing wi th in 

0-8412-0518-3/79/47-lll-001$05.00/0 
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2 PLANT GROWTH SUBSTANCES 

minutes, to growth d i f f e r e n t i a t i o n , obvious only i n days (17). 
How IAA can e l i c i t profound changes i n the s i z e and form of a 
plant i s t o t a l l y unknown. At the c e l l u l a r l eve l i t i s known that 
the plant c e l l wa l l s must be "softened" for growth promotion to 
occur (c f . 18). Such e f f e c t s , however, may be concomitants o f 
growth and not the "primary" effects of auxin (19J. 

We suggest that research d i rec ted towards c o r r e l a t i n g and 
developing b i o l o g i c a l and physiochemical assays of the auxins , 
s t ruc tu ra l cha rac te r i za t ion of auxins and auxin conjugates and 
studies of what permits auxins to move to d i f f e ren t parts of the 
plant and, perhaps s e l e c t i v e l y in to d i f f e ren t o rgane l l es , w i l l be 
productive approaches. Thus, I s h a l l confine my remarks t o , 1) 
the chemistry of IAA conjugates, 2) the quan t i t a t ive assay of IAA 
and i t s conjugates, 3) the "turnover" of the i n d o l y l i c compounds 
of the p lan t , 4) an i n d i c a t i o n of how knowledge of pool s i z e and 
turnover permitted i d e n t i f i c a t i o
a demonstration of the equ i l i b r i u
6) a demonstration of the p e r t u r b a b i l i t y of the equ i l i b r i um and, 
l a s t l y , 7) a working hypothesis concerning how a hormonal homeo-
s t a t i c system can be attuned to the environment. 

The Structure and Concentrations of Indoles of Zea mays 

Figure 1 summarizes the s t ructures and concentrations of the 
IAA conjugates of the kernels of corn {Zea mays), the only plant 
to have been studied i n d e t a i l . This work was done by my c o l 
leagues Drs. Labarca, N i c h o l l s , Ueda, P i skorn ik and Ehmann (20-
25). We have not detected appreciable amide l i nked IAA in Zea but 
there are three major c lasses of e s te r s : the IAA-zm/tf-inositols, 
c o n s t i t u t i n g about 15%; the IAA-ra/o- inosi to i g lycos ides , about 
25%; and the high molecular weight IAA 31+4 glucan, about 50% of 
the t o t a l IAA. Free IAA, the 2-0, 4-0 and 6-0 IAA glucose esters 
and the ( IAA) n i n o s i t o l s comprise the remainder. The vegetat ive 
t i s sue of corn contains 300 yg/kg fresh weight of es ter IAA and 
30 yg/kg of free IAA (26.). A major por t ion of the esters of the 
shoot i s IAA-tfz?/o-inositol ( c f . 27 and Nowacki, unpublished). 

The seeds of oats {Avena sativa) have been studied by Dr. 
Perc iva l and shown to have 85% of t h e i r IAA e s t e r i f i e d to a 
glucoprotein (28). The glucan i s of the l ichenan type having both 
31+3 and 31+4 l i n k a g e s . Recently, Ms. P. Hal l i n our laboratory 
(personal communication) has i s o l a t e d I AA-mz/c-inositol from r i c e 
(Oryza sativa) thus showing the compound o r ig ina ted ear ly in 
cereal evo lu t i on . 

This completes our knowledge of the chemistry of the 
n a t u r a l l y occurr ing IAA conjugates. IAA-aspartate i s known to be 
formed fo l lowing exogenous a p p l i c a t i o n of IAA to plants o f Pisum 
sativum and was the f i r s t IAA conjugate to be s t r u c t u r a l l y char
ac te r ized (29J. There are some data i n d i c a t i n g that IAA-aspartate 
occurs na tu ra l l y (30). In a d d i t i o n , 1-0 glucosyl IAA has been 
reported to be formed fo l lowing app l i c a t i on of IAA to plants (31). 
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1. BANDURSKi Indole-3-Acetic Acid Conjugates 3 

D e f i n i t i v e cha rac te r i za t ion of the biosynthesized 1-0 glucose 
ester has not been published although the compound has been syn
thesized chemically (32). 

Quant i ta t ive data on the amounts of free IAA, es ter IAA and 
amide l i nked IAA have been supplied by Ms. A. Schulze (33). Her 
data , shown i n Table I , permit several conclus ions : f i r s t , a l l 
plants examined contain greater amounts of IAA conjugates than 
free IAA; secondly, the cereals contain mainly es ter IAA; and, 
t h i r d l y , legumes contain mainly amide l i n k e d IAA. 

The discovery by Ms. Schulze of the ubiqui ty of IAA-conju-
gates convinced us that cova len t ly bonded hormone conjugates were 
of metabolic importance. E s p e c i a l l y s i g n i f i c a n t was the occur
rence of IAA conjugates i n seedlings where growth rate i s a func
t i o n of IAA concentra t ion. We concluded tha t , i f an equ i l i b r ium 
ex i s t s between IAA and i t s conjugates, then anything that s h i f t s 
that equ i l i b r i um would af fec
system for hormonal homeostasi
requ i red , one, a more convenient and s e n s i t i v e assay for IAA and, 
two, knowledge of pool s i z e and turnover rates of the i n d o l y l i c 
components of the p lan t . 

Methods of Assay 

Bio-assays , i n the hands of careful workers ( c f . 3)> have 
provided almost a l l of our knowledge of plant hormonal metabolism. 
Such assays, however, measure a c t i v i t i e s of extracts and are not 
equatable to amounts of a chemical e n t i t y . Thus, one must r e l y 
upon both chemical and bioassays. With regard to chemical 
assays, i t i s our contention that the planar indole s t ructure and 
the number of π bonding e lect rons renders IAA so unstable that 
recoveries w i l l be both low and va r i ab le thus making in te rna l 
standards ob l iga to ry (c f . 33, 34). We f i r s t used 1 4 C - I A A - i s o t o p e 
d i l u t i o n assays i n 1961 ( 3 5 j and ref ined the assays i n 1974 (33). 
The o r i g i n a l assays required kilogram amounts of t i s sue and a week 
to obtain a s ing le value. More recent ly we developed two new 
assay procedures which permit one assay i n a day or two of work 
and require only 10 to 50 grams of t i s sue (36, 37) . Our assays 
are laborious but, i n t h i s ea r ly stage of chemical assays of IAA, 
such labor may be d e s i r a b l e . 

One method involves the use of 4 ,5 ,6 ,7 te t radeutero-IAA, 
recent ly synthesized by Dr. V. Magnus (36). There are two advan
tages to use of t h i s as an in te rna l standard: f i r s t , the deu
terium i n these pos i t ions i s s table to the a l k a l i n e hydro lys i s we 
use to assay the IAA i n the conjugates, and secondly, the pre
sence of four deuterium i n the standard moves the ions of the 
standard away from the isotope c l u s t e r normally observed i n mass 
spectrometry owing to the na tu r a l l y occurr ing heavy i so topes . We 
add d^-IAA, plus a t race of 1 I + C - I A A , to the acetone i n which we 
homogenize the plant m a t e r i a l . Then, with or without a l k a l i n e 
h y d r o l y s i s , depending upon whether we wish to measure free or 
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6 PLANT GROWTH SUBSTANCES 

TABLE I 

Concentrations of Free and Bound IAA 
i n Various Plant Tissues 

Species Tissue IAA content 

Free IAA 1 Ester IAA 2 

yg/kg 

Pept idyl 
IAA 3 

CEREALS 

Avena sativa vegetative 

Avena sativa 
Hordeum vulgare seed Hordeum vulgare 

(mi l led) 40 5 329 -
Ovyza sativa seed 1703 2739 -
Panicum miliaceum seed 366 3198 -
Triticum aestivum seed 123 511 -
Zea mays vegetat ive 

t i s sue 24 328 60 
Zea mays seed 500 to 71600 to Zea mays 

1000 78500 -
LEGUMES 

Glycine max seed 4 50 5 524 
Phaseolus vulgaris seed 20 5 30 5 136 
Pisum sativum vegetat ive 

t i s sue 35 5 43 
Pisum sativum seed 93 n . d . . 202 

OTHERS 

Cocas nucifera l i q u i d 
endosperm 0 905 -

Fagopyrum esculentum seed 40 127 25 
Helianthus annus seed 30 5 n o 5 -
Lycopersicum esculentum f r u i t t race t race -
Saccharomyces cevevisea packed 

c e l l s 290 n .d . -
*No a l k a l i n e h y d r o l y s i s . 
2 IAA af ter hydro lys i s with 1 Ν a l k a l i minus the free IAA. 
3 IAA af ter hydro lys i s with 7 Ν a l k a l i minus the free and es ter IAA. 
^Seedlings and f r u i t s are fresh weight, seeds are a i r dry and 

yeast c e l l s contain 30% dry matter. 
5 A v i sua l estimate of IAA on a TLC pla te as color imetry was pre

cluded by contaminants. 
Reprinted by permission of Plant Physiology (33). 
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1. BANDURSKi Indole-3-Acetic Acid Conjugates 7 

t o t a l IAA, we r e - i s o l a t e the IAA by p a r t i t i o n i n g , DEAE-sephadex, 
and high pressure l i q u i d chromatography. The resu l tan t mixture 
of d^-IAA and the plant derived IAA i s methylated and then the 
indole ni trogen i s acylated with heptaf luorobutyr ic anhydride. 
The methylheptafluorobutyryl IAA de r iva t i ve i s used for gas 
chromatography-selected ion mass spectrometry (gc-sim-ms). As 
shown i n Figure 2 , we monitor four masses, 385 and 389, the 
molecular ion for methylheptafluorobutyryl IAA (and i t s dk 

analog) , and 326 and 330, the base peaks for IAA and the d 4 s tan
dard. The agreement between the r a t io s of d 4 - I A A to IAA at the 
molecular ion and at base peak give assurance of the v a l i ' i t y of 
the assay. Is t h i s f i n a l l y an absolute assay, g iv ing data such 
that e r ror i s impossible? We think i t i s c lose i n that for an 
e r ro r to occur a compound would have to cofract ionate wi th IAA on 
a DEAE and HPLC column and coemerge from the gc column and then 
y i e l d the same percentage
S t i l l , we do occas iona l l
warn other workers that dea l ing with nanogram amounts o f indoles 
i s d i f f i c u l t . 

A second method of assay of IAA has been developed by Mr. J . 
Cohen and involves a "double in t e rna l standard" usua l ly U C - I A A 
and 1 1 + C - i n d o l e - 3 - b u t y r i c ac id (37). I w i l l not discuss t h i s 
method of assay except to ind ica te that i t i s poss ib le to develop 
assays not i n v o l v i n g mass spectrometry but wi th comparable s ens i 
t i v i t y and good s e l e c t i v i t y . 

Metabolic "Turnover" o f Plant Indoles 

Ms. Pat Hal l and Drs. J . Nowacki and E. Epstein have pro
vided our knowledge of the amounts and rate o f metabolic turnover 
of the i n d o l y l i c components of the kernels of Zea mays ( c f . 27, 
28; Nowacki, unpublished; Eps te in , unpublished). This knowledge 
ïïâs enabled us, 1) to i d e n t i f y the "seed auxin precursor"- - that 
i s the compound which i s transported from the seed to the growing 
shoot (39) , and 2) has provided a por t ion of the proof that IAA-
ra/o-inositol and IAA are i n r eve r s ib l e equ i l i b r i um i n the shoot 
t i s s u e . Proving that IAA and IAA esters are in r eve r s ib l e equi 
l i b r i u m i n the t i s sue i s essen t ia l i f we wish to postulate hor
monal homeostasis. 

These experiments required labeled IAA and tryptophan, which 
are a v a i l a b l e commercially, and 1 I + C- labe l ed I AA-zm/o- inosi tol . 
This compound was synthesized by Dr. Nowacki by reac t ing 1 4 C - I A A -
imidazole with m ^ - i n o s i t o l (40). A p p l i c a t i o n of these labeled 
compounds to corn kerne l s , followed immediately by homogenization 
of the t i s sue i n acetone permitted us to determine the amounts of 
each constiuent i n the kernel by the isotope d i l u t i o n method of 
Rit tenberg and Foster (410· An extension of t h i s method, whereby 
the kernels are incubated for varying periods of time af ter 
a p p l i c a t i o n of the i s o t o p i c a l l y labeled compound permits determi
nation of the "turnover" of the poo l . Such data are shown i n 
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8 PLANT GROWTH SUBSTANCES 

HYDROLYZED CORN 

A - 3 7 1 7 

389.2 

A A - 9 7 I I 

385.2 J I \ —̂ 
Av. 28.1 % d 4 

/ Λ A * 9 0 2 4 

330.2 Λ 

||1 2 8 . 4 % d 4 

/ ; \ Α · 31826 

326.2 - / ! V -— 
1 

7 β 9 

TIME (MIN.) 

Figure 2. Selected ion chromât ο gram of a mixture of the methyl esters of 
tetrafluorobutyryl IAA and drIAA. The IAA was from an extract of corn seedlings 
and the dh-IAA added during homogenization. Retention time is in minutes and 
the masses monitored are 326.2 and 385.2 for IAA and 330.2 and 309.2 for dk-IAA. 
The percent dh-IAA has been computed by the area of the peaks at 330.2/326.2 + 

330.2 (base peak) and 389.2/385.2 + 389.2 (molecular ion). 
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Table I I . They showed that tryptophan, IAA and IAA -Tm / s - inos i to l 
are turning over- - that i s made and then destroyed, or used, at 
rates such that t^ was 5, 3.2 and 12 h r s , r e s p e c t i v e l y . Such 
data permitted several important conclusions concerning the 
metabolism of these compounds, for example, that i t i s the IAA 
es t e r s , and not tryptophan, which serve as a source of IAA for 
the germinating seed and secondly that the I A A - i n o s i t o i s are 
turning over at such a rapid rate that they must be i n e q u i l i 
brium with the IAA-ra / 2 - inos i to l g lycoside pool perhaps ac t ing as 
g lycosy l a t i on reagents (Eps te in , unpublished). 

TABLE II 

Concentration and Metabolic Turnover 
of Some I n d o l y l i c Compounds i n Zea Kernels 

Compound Incubatio
Time Sp. A c t . 

k 

hrs dpm/yg h r s - 1 hrs 

0 31,000 

IAA 4 8,900 0.22 3.2 

8 5,400 

Tryptophan 0 15,200 

8 5,000 0.14 5.0 

IAA-mz/o-inositol 0 935 

8 590 0.06 12.0 

The "Seed Auxin Precursor" 

Of great importance, for these s tud ie s , was knowledge of both 
pool s i z e and turnover. This knowledge permitted c a l c u l a t i o n of 
the s p e c i f i c a c t i v i t y of the appl ied i s o t o p i c a l l y labeled compound 
at any desired t ime. Thus, r a d i o a c t i v i t y , from a labeled compound 
appl ied to the endosperm and appearing i n the shoot could be 
t rans la ted i n amounts of compound moved from seed to shoot. 

For these experiments, minute amounts of labe led IAA, t r yp to 
phan, or IAA-ra/o- inosi tol were appl ied to an i n c i s i o n i n the semi-
l i q u i d endosperm of 4 day germinated Zea seed l ings . After 8 hrs 
of incuba t ion , the shoots were harvested and the IAA, tryptophan 
or IAA-777z/0-inositol i s o l a t e d using rigorous p u r i f i c a t i o n tech
niques. Now, knowing the s p e c i f i c a c t i v i t y of the appl ied com
pound at the mid-point of the experiment we could ca l cu l a t e the 
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10 P L A N T G R O W T H SUBSTANCES 

average rate of t ransport of that compound from endosperm to 
shoot. A summary of a por t ion of these data ( c f . 27/, Nowacki, 
unpublished; Eps te in , unpublished) i s shown i n Table I I I . As can 
be seen IAA-Tm/s-inositol moves from endosperm to shoot at a rate 
of 6 p m o l s - s h o o f ^ h r - 1 . We had prev ious ly estimated that about 
9 pmolS 'Shoo t -^h r " 1 of IAA compound must be moving from endo
sperm to shoot to sustain indole concentrations i n the shoot (38) 
and G i l l e s p i e and Thimann (42)measured 5 pmo l s - shoo t^ -h r - 1 of 
IAA d i f fu s ing down from excised Zea t i p s . On the assumption that 
what goes down must come up, at l ea s t 5 p m o l s - s h o o f ^ h r " 1 must 
be going up. By contrast free IAA moves from endosperm to shoot 
at a rate of 0.015 pmol - shoo t "^h r - 1 and tryptophan i n the endo
sperm appears as IAA i n the shoot at less than 0.2 p m o l - s h o o t " 1 · 
h r * 1 . This l a s t f igure i s high and cou ld , i n f a c t , be zero since 
non-enzymatic conversion of tryptophan to IAA occurs so r e a d i l y . 
Thus these data e s t ab l i sh tha  IAA-mz/s-inositol i  th  "seed 
auxin precursor" for Zea

TABLE I I I 

Rate of Transport of I n d o l y l i c Components 
From Endosperm to Shoot 

Compound appl ied Compound i s o l a t e d Rate 
to endosperm from shoot p m o l s . s h o o t - ^ h r - 1 

3 H-IAA IAA + es ter IAA 0.015 
3 H-tryptophan IAA + es ter IAA 0.15 
l i f C - I A A - r a / 0 - i n o s i t o l IAA + es ter IAA 6.2 

The Equ i l ib r ium Between IAA and IAA-myo-inosi to! in vivo 

Dr. Hamilton e a r l i e r observed that ether ex t rac t ion of 
t i s sue induced a u t o l y s i s , l i b e r a t i n g ac t ive esterases and g l y c o s i -
dases, and thus leading to more free IAA than ex t rac t ion of 
t i s sue by po l a r , and thus, enzyme-denaturing solvents (35). Thus, 
we knew then that there were enzymes i n the t i s sue capabTe of 
hydrolyzing IAA es te r s . Much l a t e r , Kopcewicz demonstrated the 
presence o f an enzyme system which could synthesize Ihh-myo-
i n o s i t o l from IAA, ATP, M g + + and CoASH (43). More r ecen t ly , Mr. 
Lech Michalczuk (unpublished) has shown that IAA-CoA w i l l acylate 
i n o s i t o l only i n the presence of other nuc leo t ides . Thus, the 
reac t ion i s complex, but there i s no doubt that enzymes to make 
and hydrolyze the IAA esters are present i n corn . 

Now, are the enzymes ac t ive in vivo! The data of Ms. Schulze 
and Hal l and Nowacki, Epstein and Cohen (27_, 38; Nowacki, unpub
l i s h e d ; Eps te in , unpublished) demonstrate that they are. We 
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showed i n 1972 that there i s 93% e s t e r i f i e d IAA and 7% free IAA 
i n the shoots of Zea seedlings (26). The desired experiment then 
was to apply labeled Ihh-myo-inositol or labeled IAA to the endo
sperm of Zea kernels and determine whether we approach the same 
value--93% es t e r , 7% f r e e - - s t a r t i n g e i t h e r from es ter or free 
labeled IAA. Hydrolysis or synthesis of es ter i n the endosperm 
becomes unimportant since the pools are so large that we would 
not see appreciable r a d i o a c t i v i t y i n the shoot i f hydro lys is or 
e s t e r i f i c a t i o n occurred i n the endosperm. Thus, we can determine 
whether equ i l i b r ium i s a t ta ined af ter the labeled compound enters 
the shoot. Mr. Nowacki appl ied labeled I A A - r a ^ - i n o s i t o l to the 
endosperm and found 94% ester and 6% free IAA i n the shoot (un
publ ished) . Ms. Hal l appl ied labe led IAA to the endosperm and 
found 70% ester and 30% free IAA i n the shoot (38). These values 
approximate those found fo r natural in vivo concentrations by Ms. 
Schulze. The conversio
H a l l , are low but thes
were aware of the ease of hydro lys i s of the es te r s . The r e su l t s 
demonstrate that one approaches the same equ i l i b r ium amounts of 
es ter and free IAA s t a r t i n g from e i the r compound. We use the 
word equ i l i b r ium to denote that es ter IAA can be hydrolyzed to 
free IAA and free IAA can be converted to es ter IAA. We do not 
imply that t h i s i s a r eve r s ib l e reac t ion catalyzed by a s ing l e 
enzyme (43). This cons t i tu tes the f i r s t demonstration i n biology 
of an in vivo equ i l i b r ium between a hormone and i t s cova len t ly 
l i nked conjugates. 

Is the Equ i l ib r ium Between IAA and i t s Conjugates Perturable by 
an Environmental Input 

An attempt to answer the question of whether the environment 
cont ro ls plant growth by perturbing the equ i l i b r ium between free 
and cova len t ly conjugated hormone i s the major e f fo r t of our 
labora tory . To date only one environmental input has been tested 
and that i s pho to inh ib i t i on of growth. I t has been known fo r 
many years that a b r i e f f l a sh o f l i g h t w i l l i n h i b i t the extension 
growth of an e t i o l a t e d seedl ing plant ( c f . 4 £ ) . The question then 
becomes, when pho to inh ib i t i on of growth occurs , w i l l there be a 
concomitant decrease of free IAA and a commensurate increase i n 
es ter IAA? The r e su l t s of t h i s experiment are shown i n Table IV. 
A 20 second l i g h t f l a sh resul ted i n a 43% i n h i b i t i o n of growth as 
measured 90 minutes af ter the l i g h t f l a s h . The free IAA 
decreased by 35% and es ter IAA increased by a commensurate amount 
(45). Thus, our working hypothesis that growth i s c o n t r o l l e d by 
the r e l a t i v e amounts of free and conjugated hormone and that i t 
i s t h i s r a t i o which r e f l e c t s the environment i s , i n t h i s case, 
confirmed. 
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12 P L A N T G R O W T H SUBSTANCES 

TABLE IV 

Photo-Induced Change i n Growth 
and i n Free and Free Plus Ester IAA 

Dark L igh t Δ % 

mm/90 mi η 

Growth 3.6 2.6 -1.1 -34 

yg/kg 

Free IAA 23 13 -10 -42 

Free plus es ter IAA 68 77 +9 +11 

An Hypothesis Concerning Hormonal Homeostasis 

The "take home lesson" I wish to leave with you i s that the 
hormones, IAA, the g i b b e r e l l i n s , c y t o k i n i n s , and a b s c i s i c a c i d , 
a l l occur i n free and conjugated form (4£ , 47, 48, 49) and that 
anything that affects the r e l a t i v e amounts of free and conjugated 
hormone w i l l control growth. A s i m i l a r hypothesis , concerning 
mainly the g i b b e r e l l i n s has been made (50). In the specia l case 
of IAA we have demonstrated that IAA i s i n equ i l i b r ium with i t s 
conjugates and that t h i s equ i l i b r ium can be sh i f t ed by l i g h t . 
Thus, from these l i m i t e d data , we propose, as a working hypothe
s i s , that the environment affects the rate of plant growth by 
causing changes i n the r e l a t i v e amounts of free and conjugated 
hormone. This concept i s i l l u s t r a t e d d iagramat ica l ly i n Figure 3. 

We envisage, Figure 3, that environmental s t i m u l i , as for 
example l i g h t , heat, g r a v i t y , water s t r e s s , e t c . , impact upon one 
or more sensory apparatuses. In the case of l i g h t t h i s would be 
a pigment, whereas other s t i m u l i would impact upon the plant 
counterpart of a " s o l i o n " (51). A " s o l i o n " senses changes i n 
heat, sound, pressure, g r a v i t y , e t c . , using a r eve r s ib l e redox 
system and a minute appl ied p o t e n t i a l . Since plant c e l l s have a 
su i t ab l e b i o - e l e c t r i c po ten t ia l (52) and redox systems i n t h e i r 
cytoplasm, they can be, i n a very real sense, " s o l i o n s " . The 
sensor then t ransfers i t s s i g n a l , perhaps a hydride ion from a 
f l a v i n , to one of the transducer enzymes. Chemically t h i s could 
mean using the hydride ion to reduce a d i s u l f i d e bond i n an en
zyme that synthesizes or hydrolyzes hormone conjugates--thus 
changing the a c t i v i t y of the enzyme. I f the hydrolyzing t rans
ducer i s ac t iva ted then more ac t ive hormone r e s u l t s . I f the 
synthes iz ing transducer i s ac t iva ted then there i s less free 
hormone and less hormone ef fec t occurs . We do not know what hor
mones do to control growth nor how many processes must occur fo r 
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ENVIRONMENTAL 

STIMULUS 

[HORMONE-X] 

T R A N S D U C E R 

HORMONE CONJUGATE HYDROLASE 

HORMONE CONJUGATE SYNTHETASE 

FREE HORMONE + X 

I GROWTH 

S Y S T E M 

Figure 3. Diagram of a system for control of plant growth by varying the relative 
amounts of free and conjugated hormone 
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growth to r e s u l t so we show a dotted arrow leading to growth. My 
personal f ee l i ng i s that what the hormone does cannot be d i s 
covered u n t i l in vitro hormone-responsive systems are ava i l ab l e 
(19). Here we encounter the Heisenberg uncertainty p r i n c i p l e as 
appl ied to b io logy . 

Conclusion 

I wish to close now upon an o p t i m i s t i c but cautious note. 
Ul t ra -micro scale chemical assays o f l a b i l e plant hormones w i l l 
never be easy and rou t ine . Nonetheless, use of in te rna l 
standards and the detectors now ava i l ab l e for gc and h p l c , or the 
s ens i t i ve and s e l e c t i v e mass spectrometer, permits assays of the 
hormones i n 1 to 10 gm amounts o f t i s sue thus permit t ing physio
l o g i c a l experiments. We must someday return to b io-assays , using 
a d e f i n i t i v e chemical assa
assay simultaneously. Thi
both hormones and high amounts o f , usua l ly i n h i b i t o r y , phenylpro-
panes, as w i l l be discussed l a t e r i n t h i s symposium. A l s o , as 
Professor J . van Overbeek has ind ica ted (personal communication), 
we w i l l not understand the physiology of the organism u n t i l we 
simultaneously know what happens to a l l the hormones and t h e i r 
conjugates during complex developmental phenomenon. D i f f i c u l t as 
t h i s sounds, i t w i l l be pos s ib l e , provided we confine ourselves 
to a few plants and se r ious ly t ry to understand the hormonal 
system. 

L a s t l y , I be l ieve our working hypothesis of hormones and 
t h e i r conjugates as homeostatic hormone systems w i l l lead to new 
and answerable quest ions. I emphasize, however, our data apply 
to one hormone, and to one environmental input and only to seed
l i n g Zea p l an t s . W i l l there be a genera l i ty to our working 
hypothesis that the environment cont ro ls the r a t i o of free to 
conjugated growth hormone and thus cont ro ls growth? We feel that 
the answer to t h i s question has great impl ica t ions for the con
t r o l o f food and f i b e r production by appl ied growth regu la to r s . 
I th ink we should work hard to answer t h i s ques t ion. 

Abstract 

Most of the indole-3-acetic acid (IAA) in plants occurs as 
ester or amide-linked conjugates. This preponderance and appar
ent ubiquity led to a study of the functions of the conjugates. 
Evidence for four physiological roles has been found: 1) Conjuga
tion is reversible and provides the plant with a way to regulate 
its IAA levels , and thus i t s growth rate, in accordance with the 
environment; 2) one of the conjugates (IAA-myo-inositol) is the 
chemical form in which IAA is transported from the seed of corn 
to the shoot, suggesting that conjugation provides the plant with 
information concerning where the hormone-precursor should be de
l ivered; 3) IAA conjugates serve as a source of IAA for the seed 
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and seedling; and 4) conjugation of IAA protects it against 
peroxidative attack. To our knowledge, this is the first case in 
biology where hormone levels are controlled by the formation and 
hydrolysis of a covalent bond. 
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Aspects of Gibberell in Chemistry 
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Since their discovery as secondary metabolites of the 
phytopathogenic fungus
have been identified fro
some gymnosperms. In addition there are many more reports of 
GA-like substances (detected by biological assays) occurring 
in species of both groups. It seems probable that GAs are ubi
quitous in seed plants. There are also reports of GA-like sub
stances occurring in lower organisms, including fungi other than 
G. fujikuroi, algae and bacteria, but none of these have been 
conclusively identified as GAs. 

Gibberellins elicit a variety of physiological responses in 
seed plants and are well established as hormones controlling 
plant growth and development. Gibberellic acid (GA3) is used 
extensively in agriculture, and is produced commercially from 
large scale cultures of G. fujikuroi. Other GAs have been found 
to have specific agricultural applications where they are more 
effective than GA3. There is therefore interest in methods for 
producing GAs, other than GA3, in commercially useful quantities. 
GAs are also required for research purposes, both for testing 
their biological activity and as standards for GA identification 
and quantitation. In most cases it is impractical to extract 
sufficient quantities of GAs from their plant sources and they 
must be prepared chemically or microbiologically from more
-accessible compounds. 

This review discusses aspects of GA chemistry which may be 
useful to plant physiologists or biochemists. It covers GA 
i d e n t i f i c a t i o n and quantitation, p a r t i c u l a r l y d i f f i c u l t tasks 
considering the low levels of GA i n plant tissues. However the 
problems of GA analysis have been considerably a l l e v i a t e d by 
recent technology, p a r t i c u l a r l y combined gas chromatography-mass 
spectrometry. Also described are methods for preparing l e s s -
accessible GAs and for i s o t o p i c a l l y labeling GAs for metabolism 
studies. F i n a l l y some consideration i s given to structure-
a c t i v i t y relationships. Such correlations may shed l i g h t on 
the mechanism of action of GAs at the molecular l e v e l and 
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suggest how the GA structure might be modified to produce com
pounds with enhanced b i o - a c t i v i t y or specialized application. 

Structure 

The gibberellins (GAs) are a class of t e t r a c y c l i c d i t e r -
penoid acids of which 53 members (Figure 1) have been i d e n t i f i e d 
from higher plants or the fungus, Gibberella f u j i k u r o i . For con
venience, each fully-characterized, naturally-occurring GA i s 
allocated a number (1), thus the GAs are referred to as GAi -
GA53. Structurally, the GAs can be subdivided into two groups, 
the C20 a n ( i Ο19 GAs. The C20 GAs contain the ent-gibberellane 
skeleton as i s t y p i f i e d by the simplest member of t h i s group, 
GA12 (Figure 2). The C19 GAs have an ent-20-norgibberellane 
skeleton i n which carbon-20 has been replaced by a hydroxyl group. 
With one exception, the C19 GAs contain a 19*10 γ-lactone  as
for example, i n GAo (Figur
d i f f e r mainly i n the degre
skeleton. The C19 GAs are derived bio synthetic a l l y from the C20 
GAs by an as yet unknown mechanism. C20 GAs are found naturally 
having carbon-20 at each possible oxidation l e v e l and Ĉ o, GA bio
synthesis may involve successive oxidation of this carbon atom. 
GAs with an alcohol function at carbon-20 are isolated as the 
19,20 δ-lactones i n which carbon-20 i s prevented from further 
oxidation (2). It i s l i k e l y that t h i s lactone i s formed during 
i s o l a t i o n and that these GAs occur as free alcohols i n vivo. 
Those GAs with C-20 at the aldehyde oxidation l e v e l appear to 
exist as the 19>20 l a c t o l s i n the s o l i d state and as an e q u i l i 
brium mixture of l a c t o l and aldehyde i n solution (3). The C20 
and C19 GA r i n g systems can be hydroxylated at a number of 
positions, 2β, 33 and 13 hydroxyled GAs being encountered most 
frequently. Hydration of the 16,17 double bond i s observed i n 
G. f u j i k u r o i to give the saturated C-l6 alcohol. Other less 
frequent f u n c t i o n a l i t i e s include a double bond at either the 
1,2 or 2,3 positions i n C]_a, GAs; ketone and epoxide functions. 

S t a b i l i t y 

The general chemistry of the GAs has been reviewed (h). 
Many of the GAs contain a high concentration of functional groups 
rendering them susceptible to rearrangement and degradation. 
Therefore, as a general rule high temperatures and extremes of 
pH should be avoided when working with them. In mineral acid 
13-hydroxy GAs undergo a Wagner-Merwein rearrangement of the c/D 
r i n g system (Figure 3) . When the 13-hydroxyl group i s absent 
the 16,17 double bond may be isomerized by acid to the endocyclic 
15,16 position or may be hydrated to give the saturated l 6 -
alcohol. Four GAs with the l6-hydroxyl group (GA2, GA^o, GAuJL, 
GA^) have been i d e n t i f i e d from G• f u j i k u r o i (6,7,8). Since 
the fungus i s usually grown at acidic pH, these GAs could be 
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the result of non-enzymatic hydration. 
GAs such as GA^ or GA^ with only a 33-hydroxyl group i n the 

A r i n g are sensitive to di l u t e aqueous a l k a l i , underoing epimer-
i z a t i o n at thfe 3 position to give a mixture of epimers. A retro-
a l d o l mechanism has been proposed for this epimerization (Fig
ure k) (9), a mechanism supported by the finding that the 3or-
hydrogen i s retained i n the rearrangement (10). The epimeriza
t i o n does not occur i f there i s also a 2-hydroxyl group or a 1,2 
double bond i n the A r i n g . In the l a t t e r case there i s a s h i f t 
of the 1,2 double bond to the 1,10 position and the formation of 
a 19,2 lactone. This isomerization i s rather f a c i l e and can 
occur during gas chromatography of GAs, such as GA3 or GAy, re
sul t i n g i n broad double peaks. 

Many GAs i n aqueous solution are slowly degraded, the 
process being accelerated at higher temperatures as, f o r instance, 
during autoclaving. A f t e
an autoclave at 120° f o
The chemical processes involved i n this degradation of GA3 have 
been studied i n some d e t a i l (12). The proposed pathway of de
composition i s shown i n Figure 5. The major products are i s o -
g i b b e r e l l i c acid, gibberellenic acid, allogibberic acid, 9-epi-
allogibberic acid and 9,11-didehydroallogibberic acid. The l a s t 
compound i s formed from gibberellenic acid v i a a proposed triene 
intermediate by an oxidation which appears to involve hydroper
oxide intermediates. 

Qualitative and Quantitative Analysis 

Extraction and P u r i f i c a t i o n . Many methods have been used 
to extract and purify GAs from plant material, the procedure 
often depending on the tissues being extracted. Graebe and 
Ropers (13) i n t h e i r review on GAs have c r i t i c a l l y discussed 
extraction and p u r i f i c a t i o n techniques. The concentration of 
GAs i n higher plant tissues varies from about 10 p,g per g fresh 
weight i n seeds of certain species to less than 1 ng per g 
fresh weight i n vegetative tissues. The extent of p u r i f i c a t i o n 
required w i l l depend on the parti c u l a r plant tissue under i n 
vestigation. T y p i c a l l y the material i s homogenized i n a water-
methanol mixture (about 75$ methanol) at low temperature. 
Acetone has been used as the organic solvent but can cause 
problems due to the formation of acetonides with v i c i n a l diols 
i n s l i g h t l y a cid conditions (1^*15) · After the aqueous methanol 
extraction, the homogenate i s f i l t e r e d and the methanol removed 
from the f i l t r a t e under reduced pressure at h0° or below. At 
th i s stage i t i s common to buffer the aqueous residue, usually 
with potassium phosphate. With some tissues, f o r example l i q u i d 
endosperm, i t i s convenient to extract d i r e c t l y with a buffer 
solution at about pH 8 resulting i n a cleaner extract ( l 6 ) . 
The buffered aqueous extract i s adjusted to pH 8 and neutral 
and basic compounds are extracted with an organic solvent, 
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G A 1 2 ( C 2 0 - G A ) G A 9 ( C 1 9 - G A ) 

Figure 2. Structures of GA12 (a C2o GA) and GA9 (a C19 GA) possessing the 
ent-gibberellane and ent-20-norgibberellane skeletons, respectively. The number

ing system and ring designations are shown also. 
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Figure 3. Acid-catalyzed Wagner-Merwein rearrangement of the C/D ring 
13-hydroxy GAs (5) 
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Figure 4. Proposed retro-aldol mechanism for the hase-catalyzed epimerization 
of ^-hydroxy GA's (9) 
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9,11-didehydroollogibberic acid 9 / ? - H ; allogibberic acid 
9 a - H ; 9 - £ / ? / - a l l o g i b b e r i c acid 

Figure 5. Proposed pathway for the decomposition of GA3 in aqueous solution 
(12) 
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usually ethyl acetate. Some of the least polar GAs, p a r t i c u l a r l y 
GA9 and GAi2> and GA-glucosyl esters are also extracted i n this 
f r a c t i o n . Most GAs are extracted into ethyl acetate after 
adjustment of the pH to 3.0 with hydrochloric acid* Very polar 
GAs and GA-glucosides can be extracted with n-butanol. It i s 
important that the acidic ethyl acetate and butanol extracts be 
washed with water before being concentrated to dryness. Other
wise traces of acid (phosphoric acid i f phosphate buffer was used) 
w i l l be concentrated leading to rearrangement or hydration of any 
GAs present. 

Many methods have been used for additional p u r i f i c a t i o n of 
the acidic extracts. I f the weight of the extract i s not too 
large then thin-layer chromatography, either adsorption chroma
tography on s i l i c a gel or p a r t i t i o n chromatography on kieselguhr, 
i s most convenient, although the separation obtained by this 
method i s poor. Bette  resolutio  ha  bee  obtained usin
t i t i o n chromatography o
sephadex (17,20). Recently hig  performanc  l i q u i  chromatog
raphy has been used with GAs and gives excellent separation (21). 

The disadvantage of chromatographic methods i s that they 
separate the GAs from each other as well as from other components 
i n the extract. Thus numerous fractions are generated, each of 
which has to be analyzed separately for GAs. The most s a t i s f a c 
tory method available for identifying microgram or less quanti
t i e s of GAs i n a complex mixture i s combined gas chromâtography-
mass spectrometry (GC-MS), a technique which i t s e l f contains a 
separation step. Therefore, i d e a l l y , p u r i f i c a t i o n methods p r i o r 
to GC-MS analysis should separate the GAs as a group from other 
components* Short columns of chareoal-celite (22), gel f i l t r a 
t i o n chromatography on sephadex (23), and anion-exchange chro
matography (2*+,25) have been used for this purpose. Insoluble 
PVP i s often used to remove phenolic compounds (26) and can be 
added to the aqueous extract before p a r t i t i o n against organic 
solvent. The use of a f f i n i t y chromatography i n which a n t i 
bodies s p e c i f i c to GAo were bound to sepharose has been inves
tigated (27) and could provide a rapid method fo r purifying GAs 
i f antibodies to a l l GAs could be developed. 

Gibberellin glucosyl ethers and esters are d i f f i c u l t to 
analyze by GC-MS although they can be gas chromatographed as 
t r l m e t h y l s i l y l (TMS ) ethers (28,29). The conjugates are 
generally hydrolyzed enzymatically i n the crude extract and 
the free GAs subsequently p u r i f i e d and analyzed* Commercial 
cel l u l a s e (30) or pectinase (31) have been used for the enzyme 
hydrolysis with varying success. Acid or base hydrolysis i s 
also possible but may lead to rearrangement of the GAs. This 
complicates the i d e n t i f i c a t i o n unless the rearranged products 
for each GA are available for comparison (Ik). 

I d e n t i f i c a t i o n . Combined GC-MS has advanced plant hormone 
research greatly i n recent years and with the introduction of 
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computerized systems (32) the s e n s i t i v i t y and v e r s a t i l i t y of t h i s 
technique have been increased s t i l l further. The general method
ology for GA analysis by GC-MS has been reviewed recently (33, 
3*0 « The v o l a t i l i t y of GAs i s increased prior to GC by forming 
the methyl esters with diazomethane. Hydroxylated GAs are often 
converted to t r i m e t h y l s i l y l (TMS) ethers after methylation. The 
mass spectra of GA methyl esters TMS ethers frequently contain 
intense molecular ions and characteristic fragmentation patterns, 
which are easier to interpret than those of the free hydroxy 
compounds. When recovery of GAs i s required after GC, GA TMS 
ether esters are a convenient derivative since the free GA can 
e a s i l y be recovered after hydrolysis i n water. 

Combined GC-MS-computer systems with r e p e t i t i v e scanning 
can lead to the i d e n t i f i c a t i o n of GAs as minor components of 
complex extracts at levels down to ÎCT-1-1 g. In such cases mass 
fragmentograms can be constructe
ions of particular m/e value
Thus i f the presence of a particular GA i s suspected, charac
t e r i s t i c ions i n the mass spectrum of the derivatized GA are 
plotted. An i d e n t i f i c a t i o n can be made i f the ions peak at the 
same retention time as the GA and have the same r e l a t i v e inten
s i t y as i n the mass spectrum of the authentic compound (see F i g 
ure 6). In t h i s way GAs can be detected which are masked i n the 
GC trace by other compounds of similar retention time (cf. 33). 
In order for an i d e n t i f i c a t i o n to be made from mass fragmento
grams s u f f i c i e n t ions (at least six) must be scanned. It i s 
sometimes possible to obtain a f u l l , interprétable mass spectrum 
i n such cases by background subtraction. The scan (spectrum) i n 
which the ions due to the compound of interest are at a maximum 
i s determined from the mass fragmentograms. This spectrum i s 
then "cleaned up" by subtraction of those ions contributed by 
the contaminant. It i s also possible to compare the background-
subtracted spectrum d i r e c t l y with authentic spectra stored i n 
the instrument. 

The s e n s i t i v i t y of GC-MS can be increased s t i l l further by 
selective ion current monitoring (SICM) whereby only a l i m i t e d 
number of characteristic ions i n the mass spectrum of the com
pound are monitored. Therefore the time for which each ion i s 
monitored, and hence the s e n s i t i v i t y , i s increased so that the 
amount of an i d e n t i f i a b l e GA i s reduced to ÎCT 1^ g. As i n mass 
fragmentometry, s u f f i c i e n t ions must be monitored for an iden
t i f i c a t i o n to be made. 

Quantitation. Combined GC-SICM has been used mainly f o r 
quantitation. For a particular GA the absolute in t e n s i t y of a 
c h a r a c t e r i s t i c ion i n i t s mass spectrum i s related to the amount 
of GA present, using standards to calibrate the instrument. 
Frydman et a l . (35) used t h i s "external standard method" to 
measure the levels of a number of GAs throughout the development 
of pea seeds. An alternative and preferable approach employs 
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Figure 6. Mass fragmentograms of the acidic fraction from an extract of Marah 
macrocarpus endosperm. Ions in the mass spectrum of GA4 Me TMS (shown 
above) were examined. The extract was run as the Me TMS derivative on a MS 
902 spectrometer coupled to a Varian 2700 GC via a membrane separator. GC-
MS conditions—3% OV-17 on 100-120-mesh Gas Chrom Q in a 2 m X 0.2 cm 
i.d. column. Temperature—200°C for 5 min; then programmed at 4°C/min. 
Helium flow—16.5 cm3/min. Electron energy—70 eV; accelerator potential— 

2.9 KV; separator temperature—226°C; source temperature—250°C. 
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the use of an internal standard such as an isotopically-
labeled analog of the GA being quantitated. A known amount of 
the standard is added to the plant extract at any early stage 
of the purification procedure so that account is taken for 
losses, which can be quite considerable. The most conveniently 
prepared standards are deuterated GAs (see later). The natural 
and deuterated GA have almost the same GLC retention time and 
the group of ions in the region of the molecular ion (M4") of the 
natural GA are monitored throughout the mass peak (see Figure 7). 
The relative intensities of the ions at m/e M and M + X, where 
X is the number of deuterium atoms in the standard, are calcu
lated and, after correction for natural heavy isotopes in the 
M + X ions, the relative amounts of the natural and deuterated 
GAs are determined. 

Sponsel and MacMillan (36,25) have illustrated the use of 
GAs labeled with deuteriu
also to follow their metabolism
injected a measured amount of [ H][3H]G A29 (both species labeled 
at the same position) into immature pea seeds. Some seeds were 
extracted immediately and others at regular time intervals 
thereafter so that the metabolism of GA29 could be studied. 
The [3H] label was present to determine now much of the added 
GA29 remained unmetabolized after a particular time. Then by 
comparison of the relative amounts of the natural and deuterated 
GA29 mass spectrometry, the amount of endogenous GA29 was 
calculated. Using this method they also compared the rates of 
metabolism of exogenous and endogenous GA29. 

Structure determination for new GAs. Mass spectrometry is 
a useful tool for identifying GAs whose structures have been 
previously determined, in which case comparison of mass spectra 
is sufficient. In contrast, the characterization of GAs of 
unknown structure is a much more difficult and time-consuming 
task. In these cases mass spectrometry can give information 
such as molecular weight and some indications of structure. 
For instance in the mass spectra of the methyl esters TMS ethers 
a strong ion at m/e 129 indicates that the A ring contains a 
single hydroxyl group at the 1 or 3 positions. 13-Hydroxy GAs 
produce ions at m/e 207/208 and vicinal alcohol functions, such 
as in GA8, result in a strong ion at m/e lk7 (37). 

If the structure of a GA can be inferred from its mass 
spectrum the suspected compound may be synthesized and its mass 
spectrum compared with that of the unknown. Thus the structures 
of GAJ4.6 and G A I ^ Y were confirmed by the partial synthesis of 
their methyl esters from GA1+ (38). This synthesis w i l l be 
discussed in detail later. GAl^ was identified in immature 
seeds of Pyrus communis (pear) in an analogous manner by com
parison of its mass spectrum with that of a product obtained 
from incubating ent-15or-hydroxykaurenoic acid with a mutant of 
the fungus G. fujikuroi (29). 
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6 A 2 0 METMS 
H 2 " G A 2 0 M E T M S 

M/E 
418 
419 
420 
421 
422 

INTY 
100,0 
31.5 
8.4 
1.7 
0.2 

M/

420 
421 
422 

100.0 
30.8 
8.2 

PEA SEED EXT 
WITH 2 H 2 - G A 2 0 METMS 

420 
421 
422 

100.0 
31.3 
10.1 

Plant Growth Regulator Working Group 
Figure 7. An example of the use of deuterated GA's as internal standards for the 
quantitation of GAs in plant extracts. [2a-2H1]GA29 was added to an extract of 
young pea seeds in order to quantitate GA29 (cf. 25). Ions in the region of the 
molecular ion were scanned. The acidic fraction from the pea seed extract was 
run as the Me TMS derivative on a MS 30 coupled to a Pye 104 GC via a single-

stage silicone membrane separator (34). 
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Where i t has been possible to obtain sufficient material, 
GAs of previously unknown structure have been fully characterized 
and their structure determined by a combination of chemical and 
spectroscopic methods. Proton Nuclear Magnetic Resonance (NMR) 
spectroscopy provides a great deal of structural information (k). 
1 3 C NMR promises to be a very powerful technique for both struc
ture determination and metabolism studies of GAs . 
Yamaguchi et a l . (h2) used a combination of proton and 1 3 c NMR 
to determine the structure of G A ^ Q (2<y-hydroxy GAoJ, a minor 
metabolite of G. fujikuroi. 

The assigned structures are confirmed by relating them 
chemically to GAs or GA-derivative s of known structure. For 
example, GAl+o methyl ester was converted to the known compound, 
deoxy GÂ  methyl ester 0+3) > by formation of the toluene-p-
sulfonate and treatment of this with boiling collidine ÇJ+2). 

Thus the structures of
G A q , whose structure wa
(tf) and absolute stereochemistry has been confirmed by X-ray 
diffraction ( ^ > ^ , ^ U 8 ) . Recently the total synthesis of GA3 
has been completed by Corey and co-workers (kg). 

The structures of C20 GAs were related ultimately to ent-
kaurene via 7P-hydroxykaurenolide ( 5 0 ) . However, the two 
classes of GAs have now been related directly by the oxidative 
decarboxylation of GA^ to give GÂ  ( 5 1 * 5 2 ) · Bearder and 
MacMillan ( 5 1 ) treated GÂ ^ with lead tetra-acetate to obtain 
a mixture of GAlj. and the isomeric 2 0 , 4 lactone (Figure 8 ) . 
Murofushi et a l . ( 5 2 ) employing a more lengthy procedure, de-
carboxylated the dimethyl ester of GAv* with lead tetra-acetate 
and lactonized the resulting olefin with iodine (Figure 8 ) . 
The total syntheses of GA15 ( 5 3 ) and GAj_2 ( 5 ^ > 5 5 ) have also 
been reported. 

The Preparation of Less-readily Available GAs 

The isolation of significant quantities of many of the 
less-accessible GAs from plant tissues is usually impractical. 
GAs are required as standards, both for qualitative and quanti
tative analysis, as substrates for metabolism studies (often 
isotopically labeled) and for biological assays. The most 
practical methods for preparing these compounds are the chemi
cal or biological conversion to the more available GAs or ent-
kaurenoids. Gibberella fujikuroi produces a number of GAs ( 5 6 ) , 
of which GA3, GAip GA7, GA13 and GA^ can be obtained in rela
tively large amounts. These fungal GAs are the starting point 
for the partial synthesis of less-accessible GAs by relatively 
simple chemical procedures. Also microbiological methods have 
been developed to convert GAs and GA-precursors (or analogs of 
these) of both fungal and higher plant origin to useful 
products. 
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GA13 dimethyl ester 

Figure 8. Methods for the oxidative decarboxylation of GA13 to GAh (51,52) 
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Chemical Methods. As an example, Figure 9 shows a scheme 
for the preparation of four 2-hydroxy GAs from GÂ . Two of the 
products are less abundant fungal GAs (GA^Q and GAI4.7) and the 
others (GAo^ and G A 5 1 ) occur in higher plants. The preparation 
of the methyl esters of GAI±Q9 GÂ y and GAolj. was described by 
Beeley and MacMillan ( 3 8 ) and the conversion of G A ^ Q to GAi^ by 
Yamaguchi et a l . (k2). The starting point was a mixture of GAJ4. 
and G A y , GAs which are not easily separated. This mixture was 
treated with OsOlj. and NalO^ to convert GÂ  to the 17-nor - l6-
ketone which is easily separated from the G A y product in which 
the 1,2-double bond is also oxidized. The exocyclic double bond 
is thus protected as the norketone and can be restored later by 
the Wittig reaction. This reaction also gives an opportunity to 
introduce a label at the 17 position (see later). To prevent 
complications due to the presence of a free carboxylic acid 
group, the GÂ  norketone was methylated and subsequent reactions 
were carried out on th
for the 3-deoxy product
for the 3-hydroxy GAs using the method described by Nagata et a l . 
( 5 3 ) · The reduction of GA^Q-ketone with NaBHlj. gives a mixture 
of the 2or (GA^Q) and 20 ( G A c ^ ) alcohols which can be separated 
by preparative TLC (k2)• A similar series of reactions has been 
used ( 3 8 ) to convert the C 2 0 GA, GA^o, to GAJ4.3 and GAj^g, both 
of which occur in the Cucurbitaceae ( 5 8 ) . 

The synthesis of GA-60-aldehydes is of particular interest 
since GA^-aldehyde is the immédiate product of ring Β contrac
tion in GA biosynthesis (59) . GA]_2-aldehyde also appears to be 
a substrate for hydroxylation in G . fujikuroi and at least one 
higher plant ( 6 θ ) . GA^-aldehyde was f i r s t synthesized from 
70-hydroxykaurenolide, a metabolite of G . fujikuroi, by treating 
the 7ff-toluene-p-sulfonate with KOH in methanol (61) . The yield 
was poor and the methyl ester was obtained as product. The yield 
has been improved using t-butanol as solvent (59) with a small 
amount of water ( 6 2 ) • S t i l l higher yields were obtained with 
p-bromobenzenesulfonate as the leaving group ( 6 3 ) . The aldehydes 
of GA]_lj. and GA53 have also been prepared from 3$97B- and 7 3 , 1 3 -

dihydroxykaurenolides, respectively, using the same basic method 
(64,65) . The proposed mechanism for ring contraction of the 
kaurenolide is shown in Figure 1 0 ; the reaction requires an 
antiperiplanar relationship for the migrating 5>6-bond and the 
leaving group. Thus the 73-alcohol of the kaurenolide must be 
epimerized to the or position before formation of the sulfonate 
ester. The i n i t i a l product is the 6cy-aldehyde but epimerization 
occurs under the basic conditions of the reaction to give the 
thermodynamically-favored 6g-aldehyde. The γ-lactone is not 
essential for the reaction and the opened hydroxy acid w i l l 
also undergo ring contraction on treatment with base (collidine 
or sodium hydride). The reaction involves abstraction of the 
6-hydroxy proton but requires the free 19-oic acid. It was 
proposed that the proton was abstracted from the sterically-
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Figure 10. The conversion of 7β-hydroxykaurenolide to GA12-aldehyde showing 
the proposed mechanism of the reaction (59,). Τ s = toluene-p-sulfonyl. 
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hindered 6OR-hydroxy group by internal attack of the carboxyl 
anion (62 ). Node et a l . ( 6 6 ) in a detailed investigation of the 
mechanism of ring contraction concluded that opening of the 
lactone precedes bond migration so the reaction is not concerted. 

Microbiological Methods. The low substrate specificity of 
many of the enzymes involved in GA biosynthesis in Gibberella 
fu j ikuroi has been utilized for the preparation of higher plant 
GAs. Suitable analogs of the natural GA-precursors are converted 
by the fungus to the corresponding GA analogs. It is usual to 
prevent the synthesis of the natural GAs in order to facilitate 
purification of the unnatural products. A mutant strain, B l - 4 L A , 
in which GA biosynthesis is blocked early in the pathway ( 6 7 ) 
(between ent-kaurenal and ent-kaurenoic acid) has been used. 
It is also possible to block GA synthesis chemically using in
hibitors such as AMO-L6L8 ( 6 8 )
dide compound in Figur
formation. 

Steviol, the 13-hydroxy analog of ent-kaurenoic acid, occurs 
naturally as the glucoside, stevioside, in leaves of the shrub, 
Stevia rebaudiana. Steviol is converted by Bl - 4 L A to a number 
of 13-hydroxylated GAs (71) . Although 13-hydroxylation is a 
normal process in fungal GA biosynthesis, i t is the final step 
in the pathway so that the end product, G A 3 , is normally the 
only 13-hydroxy GA formed in large amounts. When steviol is 
incubated with Bl - U l a the major products are GA]_ (equivalent to 
the natural fungal metabolite, GÂ ) and GAj£ (equivalent to 
GAi^). Other GAs such as GA53, GÂ o,, and GA20 are also produced. 
There is no GA3 because the presence of a 13-hydroxy group in
hibits formation of the 1 , 2 double bond. When steviol acetate 
was fed the major GA-products were the acetates of GA20 a n ( i 
G A 1 7 (72) since the presence of a 13-acetoxyl group prevents 
33-hydroxylation. Thus i t was possible to predetermine which 
products were obtained. Relative yields of products could also 
be manipulated by changing the concentration of the substrate. 
The Bl -Ûla mutant was found also to metabolize ent-ljpor-hydroxy-
kaurenoic acid to a number of 150-hydroxylated GAs (J.R. Bearder & 
K. Kybird, unpublished information), one of which, 5B-hydroxy GA9, 
was subsequently identified as a new GA, GAĵ .5, in seeds of 
Pyrus communis (39)• 

Other fungi have also proved useful for preparing GAs. 
GAo, methyl ester was hydroxylated by Rhizopus nigricans to a 
number of products among which the methyl esters of G A ^ Q (2or-
hydroxylation), GA2o (13-hydroxylation), GA45 (158-hydroxyla-
tion) and a 12-hydroxy G A n of undetermined stereochemistry were 
identified (73) . Interestingly the free acid was metabolized 
only to GA1Q "by hydration of the 16 , 17 double bond. While the 
individual yields in the above conversions were not high, 
another species, R. Arrhizus, 13-hydroxylates GAs and GA-
precursors in very high yield ( 6 5 ) . 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



HEDDEN Gibberellin Chemistry 

Figure 11. Inhibitors of GA biosynthesis: AMO-1618 (2'-isopropyl-4'-(trimethyl-
ammonium chloride)-5'-methylphenylpiperidine-l-carboxylate) and Ν, N, N-iri-
methyl-l-methyl-(2ifi\6'-trimethylcyclohex-2'-en^'-^^^ 

iodide. 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



46 P L A N T G R O W T H SUBSTANCES 

The Preparation of Labeled GAs 

Is otopically-labeled GAs and GA-precursors are required for 
metabolic studies and as internal standards for quantitation by 
mass spectrometry. Numerous chemical methods have been used for 
the synthesis of labeled GAs from readily-available GAs. Labeled 
GAs have also been prepared biochemically using either fungal 
cultures or cell-free preparations from higher plants. 

Chemical Methods. has been introduced by chemical 
means exclusively at carbon-17 by the Wittig reaction. The 
compound to be labeled is oxidized to the 17-nor-L6-ketone with 
osmium tetroxide and sodium metaperiodate. The ketone is then 
reacted with the labeled y l i d , [l^C-methylene]triphenylphos-
phorane. There are many examples of the use of this method in 
which the y l i d was generated usin  [^"C-methyl]triphenylphos
phonium iodide and η-buty
tive methods which give higher yields have been published re
cently by Bearder et a l . ( 7 2 , 7 3 ) . They used potassium t-butox-
ide as base or salt-free y l i d prepared from methyltriphenyl-
phosphonium bromide and excess sodium hydride in tetrahydrofuran. 
The Witting reaction has been used also to introduce into GAs 
by reaction of the norketones with [3IÎ2-methylene] triphenyl-
phosphorane. has an advantage over Ĵ+C in being less expen
sive and obtainable with a higher specific radioactivity. 
Bearder et a l . ( 7 2 ) labeled the methylphosphonium bromide by 
exchange with 3 H 2 0 in tetrahydrofuran containing triethylamine. 
In the final product there is scrambling of label between the 
1 7 and 15 positions. The strongly basic conditions required 
in the Wittig reaction necessitate the protection of base-labile 
groups. Thus the 3 - and 13-hydroxy groups can be converted to 
trimethylsilyl ethers ( 3 8 ) or tetrahydropyranyl ethers which 
are then easily removed by mild acid treatment. 

Tritiated GAs of very high specific radioactivity have 
been prepared by catalytic reduction. The 1 , 2 double bond of 
GAo can be selectively reduced, using a partially poisoned 
palladium catalyst, to give [l ,2- 3H2]GA 1 (74 ,75*76)> although 
some reduction of the 1 6 , 1 7 double bond and the lactone also 
occurs ( 7 6 ) . Introduction of % at sites other than carbon 
atoms 1 and 2 has also been found ( 7 6 ) . [^HlGA^ has been pre
pared from GAy by a similar method T77) . [ 3 H ] G A I was converted 
to [3H]GA5 by eldjriination of the 3-toluene-p-sulfonate ( 7 8 , 7 9 ) . 

Murofushi et a l . ( 8 ) protected the 1 6 , 1 7 double bond of 
GA5 methyl ester by forming the epoxide with metachloroperben-
zoic acid. After catalytic reduction of the 2 , 3 double bond 
they restored the exomethylene group by treatment with a mixture 
of sodium iodide, sodium acetate and zinc and hydrolyzed the 
methyl ester to obtain [ 2 , 3 - 3 H 2 ] G A 2 O * Yakota et a l . ( 8 1 ) pre
pared [ 2 , 3 - 3 H 2 ] G A Q, from GÂ  by an analogous method via 2 , 3 -
dehydro G A 9 . Selective catalytic reduction of the 3-methane-
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sulfonate of GA3 methyl ester was used by Murofushl et a l . to 
prepare [ I - S H J G A C , from which [1-3H]GA8 was obtained by treat
ment with osmium tetroxide (80). 

A convenient method for the specific introduction of 2H or 
3H (or both) into a molecule is by ketone reduction with labeled 
metal hydride. Beale and MacMillan (10) have utilized this 
method for the preparation of GAs labeled at the 1, 2 or 3 
positions from GA3 or GAy (Figure 12). One point of interest 
is the lithium borohydride reduction of the enone formed by 
manganese dioxide oxidation of GA3 or GAy. When the reaction 
is carried out in anhydrous tetrahydrofuran i t proceeds in two 
steps. Initially the lithium enolate is formed which incor
porates a proton at carbon-2 from the acid used in the work-up, 
forming the 3-ketone. This ketone is reduced to the 3o?-alcohol 
by the borohydride which is decomposed more slowly than is the 
lithium enolate. Thus
labels in a single reaction

Acid or base exchangeable protons can be easily labeled 
with 3H or 2H. Bearder et a l . (67) labeled the 15 and 17 posi
tions of ent-kaurene by treatment with CF3C003H( 2H). A mixture 
of the 16,17 and 15,16 double bond isomers is obtained and they 
are separated by AgN03 TLC. This method could be used with 
some 13-deoxy GAs although separation of the resulting isomers 
would be more difficult than for ent-kaurene. The 6-hydrogen in 
GAi2~alûehyde and GA^k-aldehyde has been labeled by treatment 
with Me03H(2H) or 3 H 2 ( 2 H 2 ) 0 and sodium methoxide (62,64). 

Biological Methods. Microbiological methods have been used 
in conjunction with chemical synthesis to convert chemically-
labeled precursors to labeled GAs. Hanson and Hawker (82) pre
pared [17-^0] G AQ by incubating chemically-synthesized TTf-l^C] 
GA^p-7-alcohol with G. fujikuroi cultures. In this case the 
product was diluted by endogenous GA3. The method could be 
improved by using cultures in which the endogenous GA levels 
are reduced, either by mutation (Bl-4la) or with inhibitors of 
GA biosynthesis (70). Bearder et a l . (72) used the G. fujikuroi 
mutant, Bl-4la, to prepare [17-^H2TgA2o with high specific 
radioactivity by feeding [17-^H2] steviol acetate. This method 
has the potential for the preparation of a number of labeled 
13-hydroxy GAs (see 71,72) · 

Cell-free systems provide a rapid and convenient method 
for preparing GA and GA-precursors with high specific radio
activity, although on a relatively small scale. [l^C]-labeled 
ent-kaurenoid precursors of GAs have been obtained from [2-l^C] 
mevalonic acid by incubating with cell-free systems from endo
sperm of Marah macrocarpus (83) or Cucurbit a maxima (84,85). 
The £. maxima system can be used also to prepare labeled C2o 
GAs from L^C]mevalonic acid (86). 
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Structure-Activity Relationships 

Gibberellins vary greatly in the degree of response they 
e l i c i t in biological assays, and indeed, of the 53 naturally 
occurring GAs, less than half have appreciable bio-activity in 
the standard assays. The relationship between the structure of 
a GA and its bio-activity has attracted considerable attention 
and the available information has been extensively reviewed 
(13,87,88). 

Two explanations for the different responses of plants to 
a particular GA have been suggested (87). The f i r s t assumes 
that the GA must bind to a specific receptor site to give a 
response, the degree of response being related to the binding 
efficiency. Variations in the structure of the receptor from 
one plant species to another would then explain the differences 
in the bio-activity of
possibility is that th
metabolism to active products by the assay plants. The presence 
or absence of bio-activity in an assay would then reflect the 
ability of the assay to metabolize the applied GA. The struc
ture of the GA-receptor and the ability of the assay plant to 
metabolize the applied GA probably both influence the result 
of a bioassay, and i t is in fact difficult to distinguish 
between these possibilities. Thus those C 2 Q GAs which show 
bio-activity may do so because they are converted to C^y GAs. 
However, C 2 Q GAs with the 19,20 δ-lactone are probably active 
per se since they are protected from farther oxidation at 
carbon-20 and therefore probably from conversion to C 1 9 GAs. 

It has been pointed out by several workers that i t is often 
misleading to compare bioassay data from different laboratories 
since the sensitivity of a response can be very dependent on 
the bioassay technique used (13,88)· Therefore the publications 
of Brian et a l . (89), who compared the bio-activities of 134 GA-
related compounds in four bioassays under the same conditions, 
and of Crozier et a l . (90), who compared the bio-activities of 
26 GAs in nine bioassays, are very useful. Thus i t is possible 
to make some general observations about the structural features 
of the GA molecule which are necessary for high biological 
activity. A free carboxyl group on the B-ring appears to be 
essential. The γ-lactone characteristic of C]_a, GAs is required 
for high bio-activity but substantial, although reduced, activity 
is exhibited by C 2 Q GAS with an aldehyde at carbon-20 or with 
the δ-lactone. GAs with a methyl or carboxyl group at carbon-
20 have l i t t l e activity. Reeve and Crozier (87) suggested that 
the δ-lactone and δ-lactol formed from the C -20 aldehyde might 
mimic the γ-lactone of the C19 GAs. The isomeric 20,4-lactone 
of GAlj. was found to have activity equal to GkU in some assays 
and only slightly reduced activity in others (57). It was con
cluded that the lactone was necessary only because of the shape 
i t conferred on the molecule. The slight change in the position 
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of the lactone in GAo from 19,10 to 19,2 has no effect on bio-
activity (89,91). 

In most bioassays a 30-hydroxyl group increases bio-activity 
as does a 13-hydroxyl group. An exception is the cucumber hypo-
cotyl assay in which 13-hydroxy GAs have lower activity than the 
equivalent 13-deoxy compounds. In general the most active GAs 
have both 30- and 13-hydroxyl groups and a 1,2 double bond or 
some combination of these. Interestingly, when the 30-hydroxyl 
group is epimerized to the 3or position bio-activity is virtually 
eliminated (89). The effect of hydroxylation at positions other 
than 30 or 13, with the exception of the 20-position, is d i f f i 
cult to assess because of insufficient examples. 

20-Hydroxylation causes loss of bio-activity and is quite 
possibly a deactivating process in higher plants (60). The 
deactivation is f a i r l y stereospecific since 2a-hydroxylation, 
while reducing bio-activity
idea that higher plant
tion mechanism has led to methods for producing GA-derivative s 
with very high biological activity. 20-Methyl GAlj. has been 
synthesized in an attempt to prevent 20-hydroxylation from 
taking place (M. Beale and J. MacMillan, personal communication). 
This compound was found to have higher bio-activity than GÂ , 
especially when the duration of the bioassay was increased 
(J. MacMillan et a l . , unpublished information). A more dramatic 
effect was seen with 2,2-dimethyl GÂ  which, in the dwarf-5 
maize assay, is a hundred times more active than G A 3 . The en
hanced activity is much less marked in short-duration bioassays. 
The unexpected result that dimethyl GA\± is more active than the 
monomethyl compound complicates the interpretation and more 
derivatives need to be tested. However the preliminary results 
indicate that blocking the 2 position leads to higher (or pro
longed) bio-activity. 20-Methoxylation, as in 20-methoxy GA9, 
reduces activity as effectively as hydroxylation ( j . MacMillan 
et a l . , unpublished information). 

Conclusions 

Since the f i r s t attempts to determine the structure of GA3, 
the chemistry of GAs has been the subject of a large number of 
publications. Chemically, the GAs have proved to be difficult 
compounds to work with, a consequence of the high number and 
arrangement of functional groups in the molecule. G A 3 is 
particularly labile and i t is only recently that its total 
synthesis has been completed (j+9), more than twenty years after 
its structure was established. 

Total chemical synthesis is not a feasible method for pre
paring useful quantities of GAs; GA3 and some of the other GAs 
produced by Gibberella fuj ikuroi are more practically obtained 
from cultures of this fungus. However, preparatively useful 
chemical methods have been developed for the partial synthesis 
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of some less-accessible GAs from more abundant precursors, such 
as the fungal GAs. Microbiological conversion, using G. f u j i 
kuroi and other fungi, is also a promising method for obtaining 
higher-plant GAs from readily-available substrates. 

The identification and quantitation of GAs in plant extracts 
are particularly difficult problems due both to the very low 
amounts of GAs present in plant tissues and to the large number 
of different GA structures that can be encountered. When only 
a limited number of GAs were known, identification was often 
based on co-chromatography of the unknown with standards on 
thin-layer plates. It is now realized that comparison of chro
matographic behaviour with that of standards in any system is 
not sufficient basis for identification. Furthermore bioassays 
have proved to be very unreliable methods for GA-quant i t at ion. 
Combined gas chromatography-mass spectrometry has the advantage 
of giving conclusive identification on ver  lo  amounts of com
ponents in complex mixtures
creasingly for the detectio  plan
hormones. It also provides an accurate means for quantitation. 

The mechanism of action of GAs at the molecular level s t i l l 
eludes plant physiologists. There have been reports of stereo-
specific binding of GAs to protein ( 9 2 , 9 3 ) and other c e l l frac
tions (9k) but i t has not been demonstrated that the binding is 
associated with a physiological response. However, correlations 
of the biological activities of GAs with their structures are 
one possible method for obtaining information on the site of 
action. Furthermore, a possibly valuable "spin-off" from 
structure-activity studies is the design of GA-like molecules 
which, because of increased bio-activity or specific physio
logical properties, may have important agricultural applications. 
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Gibberellin Biosynthesis in the Fungus Gibberella 

fujikuroi and in Higher Plants 

BERNARD O. PHINNEY 

Department of Biology, University of California, Los Angeles, CA 90024 

The gibberellins (GAs)1  originall  identified
secondary metabolites o
(Fusarium moniliforme Sheld.)  compound
apparent role 2 in the fungus, they have been found to elicit a 
variety of responses in higher plants (seed plants) including 
shoot elongation, sex expression, fruit growth, and seed ger
mination (1,2). The early descriptions of GA-induced elongation, 
especially those associated with genetic dwarfism ( 3 , 4 ) , led to 
the idea that GAs might be naturally-occurring in normal, non-
dwarf strains of higher plants. The f i r s t evidence for the 
presence of gibberellin-like substances in higher plants came 
from the fact that semipurified extracts from such material 
would mimic a GA-induced growth response when applied to genetic 
dwarfs (5 ,6,7). This evidence was soon followed by the isolation 
and chemical identification of GAs from higher plants (8,9,10). 
Since then 53 GAs have been identified as naturally occurring, 
22 of them being found in the fungus G. fujikuroi, and 40 of 
them in higher plants including members of the Gymnospermae 
(e.g. pines) and the Angiospermae (flowering plants) (1,11). 
Although gibberellin-like substances have also been obtained 
from other groups of plants such as algae, other fungi, bacteria, 
mosses and ferns, these substances have yet to be identified 
chemically as GAs. It seems likely that GAs w i l l be found to 
occur universally in the plant kingdom. 

A l l GAs are tetracyclic diterpene acids; they can be divi
ded into two types, the C20~GAs and the C ] q - G A s (Figure l ) . 

The unraveling of the details of the biosynthetic origin 
of the GAs has proven to be less difficult than the diversity 
of structures would suggest. Some of the simplifying factors 
are (l) that the origin of the GAs in both the fungus and higher 
plants is through a single terpenoid pathway leading to the 
common GA-precursor, GAi 2~ aldehyde ; (2) that 20 of the 22 fungal 
GAs have now been biosynthetically related to each other via two 
pathways; and (3) that, although kO GAs have been identified 
from higher plants, less than 15 have been found in any one 
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Figure 1. Numbering system for ent-kaurene and the G A's (GA12) and the 
structures of ent-kaurene, GA12, GA9, and GA3 
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species of plant. 
This review w i l l present an overall picture of GA biosyn

thesis in plants. In addition the role of GA biosynthesis in 
relation to GA-induced shoot elongation w i l l be briefly dis
cussed, as w i l l the correlation of levels of endogenous GA-like 
substances with elongation growth in higher plants. A l l bio-
synthetic steps relating GAs to each other and to GA-precursors 
presented here are based on feeds of radiolabeled GAs and their 
precursors to plant preparations, including intact plants, 
tissue sections, and c e l l free homogenates The evidence for the 
specific steps described here has recently been reviewed in de
t a i l by Hedden et a l . (11) and by Graebe and Ropers (1). The 
latter also includes a c r i t i c a l evaluation of information on the 
physiology of the GAs. The details of the biochemistry of poly-
isoprenoid biosynthesis has recently been reviewed by Beytia and 
Porter (12) and Goodwi  (13)

From MVA to GA^-aldehyde in the Fungus and in Higher Plants 
(Figure 2) 

The earliest steps (MVA to GGPP) for polyisoprenoid biosyn
thesis are identical for a l l plants and animals (12,13). They 
involve the well-known diterpene pathway, MVA —MVAP —MVAPP 
— I P P + DMAPP — G P P —»> FPP —GGPP. The enzymes catalyz
ing these steps have been studied extensively, especially from 
animals (liver) and yeast, and to a more limited extent from 
higher plants. In some cases the enzymes have been purified to 
homogeneity; most have been only partially purified. In both 
plants and animals a major branch at FPP leads to the production 
of squalene and the steroids. In plants, three major branches 
occur at GGPP, of which one leads to the carotenoids via phyto-
ene, a second to the phytyl group of chlorophyll, and a third to 
the GAs. 

The steps in the pathway from GGPP to GAi2~aldehyde are 
unique to plants and involve the reactions GGPP —ent-kaurene 
— ^ ent-kaurenol —ent-kaurenal — ^ ent-kaurenoic acid — ^ 
ent-7cy-hydroxy kaurenoic acid—GA]_2~aldehyde. The two step 
reaction, GGPP — ^ CPP — ^ ent-kaurene, is catalyzed by ent-
kaurene synthetase (15). This enzyme or enzyme complex is 
responsible for (1) the proton-initiated cyclization to form the 
A and Β rings of the bicyclic intermediate CPP (A activity), and 
(2) the loss of pyrophosphate, cyclization and rearrangement of 
the resulting carbonium ion, and loss of H + from carbon-17 to 
produce ent-kaurene (B activity). ent-Kaurene is the f i r s t com
mitted intermediate in the biosynthetic pathway leading to the 
GAs, and i t has been suggested that the A activity may be a 
limiting step in GA biosynthesis (l6). The enzymes catalyzing 
the steps from MVA to ent-kaurene are soluble. 

After production of ent-kaurene, carbon-19 is sequentially 
oxidized to give ent-kaurenol, ent-kaurenal, and ent-kaurenoic 
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C P P é?/7/-KAURENE 

Figure 2. The GA hiosynthetic pathway from MVA to GA12-aldehyde. This 
pathway is found in the fungus Gibberella fujikuroi and higher plants 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



3. PHINNEY Gibberellin Biosynthesis 61 

acid. This is followed by a hydroxylation on carbon-7 to give 
ent-7a-hydroxykaurenoic acid. There is some evidence that the 
enzymes for the pathway from MVA to ent-7a-hydroxykaurenoic acid 
are present in subcellular organelles - proplastids and chloro-
plasts (ώ,Ιδ,ΐΧίΙ^) . T h e characteristics of the enzymes cataly
zing the steps between ent-kaurene and ent-7<y-hydroxykaurenoic 
acid have been studied in a cell-free preparation obtained from 
the endosperm of wild cucumber seed (Marah macrocarpus = Echino-
cystis macrocarpa). The system requires oxygen and NADPH, the 
activity being found in the high-speed pellet (105,000 X g). 
The enzymes appear to be cytochrome P̂ 50 mixed-function oxygen
ases with electron transfer components similar to those found 
in liver (19,20). 

The subsequent conversion of ent-7or-hydroxykaurenoic acid 
to GAi2-aldehyde is catalyzed by a single enzyme which is also 
found in the high-spee
tion of ring Β from a
carbon-7 as an aldehyde group. The evidence for this mechanism 
comes from a cell-free system obtained from the endosperm of 
young pumpkin seed (Cucurbita maxima) (21). In feeds of doubly-
labeled ent-7cy-hydroxykaurenoic acid (i.e. l^C-labeled in which 
the hydrogen atoms on carbon-6 were also labeled with tritium), 
the ent-6<y-hydrogen has been shown to be lost during the forma
tion of GAi2~aldehyde. Ring contraction would then occur by 
migration of the 7,8 bond to carbon-6. On the other hand, the 
mechanism for the ring contraction step in the fungus is s t i l l 
unresolved, and the evidence in the literature is inconclusive. 
It was suggested from feeds of doubly-labeled GPP that ring 
contraction in the fungus is initiated by loss of the ent-73-
hydrogen atom rather than the ent-6o>hydrogen atom (22). How
ever, this evidence was based on extremely low incorporation 
(~ 0.005$). 

GAi2"Aldehyde and the Gibberellins 

As previously stated, the immediate precursor common to both 
fungal and higher plant GAs is GA^-a^^ehyde. T h e pathways that 
stem from this compound vary depending on the species of plant 
under study. They differ from each other in the extent, posi
tion, and sequence of ring hydroxylations. 

The Fungus. The most complete evidence for details of the 
biosynthesis of GAs beyond GAi2-aldehyde is from the fungus 
G. fujikuroi (11). This organism is particularly suitable for 
metabolic studies since i t is easily grown on a synthetic medium, 
and i t produces large amounts of GAs within 4-6 days following 
inoculation. These GAs accumulate in the growth medium, a fact 
which simplifies their extraction and purification prior to GC 
and GC-MS. The current knowledge of the biosynthetic pathways 
in the fungus (Figure 3) was greatly enhanced by the use of a 
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GA-less mutation (Bl - 4 l a ) , which blocks the conversion of ent-
kaurenal to ent-kaurenoic acid (23). Feeding studies revealed 
that this mutant would metabolize substrates after the block to 
the same GAs present in the normal GA-producing strain from 
which the mutant originated (24). Thus i t has been possible to 
feed radio-labeled GAs and their precursors to this mutant and 
recover the radio-labeled metabolites without the added compli
cation of endogenous synthesis. From these and other investiga
tions, i t now appears that there are two main pathways in the 
fungus, both of which originate from GA12-aldehyde. The f i r s t 
is a non-3-hydroxylating pathway which leads to an array of GAs 
including GAn. The second is an early-3-hydroxylating pathway 
which leads to the well-known GA3 (gibberellic acid) and other 
33-hydroxylated GAs. 

In the non-3-hydroxylation pathway, the i n i t i a l step from 
GA]_2-aldehyde is an enzyme-catalyze
yields the acid, GA^.
20 to give GAn. The mechanism for the loss of carbon-20 is 
s t i l l unresolved. There are several lines of evidence which 
eliminate a number of possible mechanisms. For instance the two 
oxygens in the lactone of GAn have been shown to have their 
origin from the 19-oic acid group of the C2o precursor (25). 
The lactone is therefore not due to esterification of the 19-oic 
acid with an alcohol function on carbon-10. It suggests that 
lactone formation involves direct attack on the carboxylate ion 
on carbon-10, perhaps concomitant with the loss of carbon-20. 
It is s t i l l not clear at which oxidation state carbon-20 is lost, 
and feeding studies are inconclusive. In feeds of GA]_2> meta
bolites were identified that contain carbon-20 at a l l levels of 
oxidation, i.e. GA15, Gk2k a n c i ^ 2 5 (24?26); these GAs also occur 
as natural products in the fungus (27,2oJT However, none of the 
three GAs were metabolized to GAn when re-fed. In support of a 
decarboxylation mechanism is the report that *^C02 was released 
when ent-[^c]kaurene, labeled at carbon-20, was fed to the 
fungus (29). The possibility has yet to be discounted that 
carbon-20 is lost at a lower oxidation level with the subsequent 
liberation of C 0 2 . Clarification of this mechanism w i l l simplify 
the non-hydroxylation pathway and relate one or more of the oxi
dation levels of carbon-20 (GA15, GA245 GA25) to steps between 
GA]_2 and GAn. GAn has also been shown to be metabolized in 
trace amounts to the four GAs, GA^o, G A ^Q, GA^JL and GA2o (30). 
They have not been re-fed to the fungus and they are indicated 
in Figure 3 as single step branches from GAn. 

The early-3-hydroxylation pathway is initiated from GA12-
aldehyde by a 3-hydroxylation to give GA^-aldehyde. The order 
of the subsequent reactions, loss of carbon-20 and oxidation of 
carbon-7 to give GAI4., is not known, GAI4. may thus originate from 
GA-^-aldehyde, through GAi4, or via a hypothetical intermediate 
such as GA^-aldehyde. Although GA^ is a major metabolite of 
GAiij.-aldehyde, i t is metabolized to C19-GAS more slowly than is 
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GA^-aldehyde (31). Thus the question of whether GAjJ± is on the 
direct pathway to C^n GAs is unresolved. The answer may require 
the development of cell-free systems that w i l l catalyze these 
steps. Again, the three higher oxidation levels of the carbon-
20 of GA^ are found in native fungal GAs (GA37, GA36, GA^) 
(J32,33), none of which are further metabolized. Two of them, 
GA36 and GA^3, have been shown to be metabolites from radio
labeled feeds of GAilj. to the fungus (24) . Thus the mechanism 
for the loss of carbon-20 is also unresolved in the early -3-
hydroxylation pathway. 

GAĵ  is 13-hydroxylated to give the terminal GAi, or deny-
drogenated at the 1,2-position to give GA7 which is in turn 13-
hydroxylated to GAo. GAĵ  may also be hydroxylated at carbon-1 
to GÂ g and at carbon-2 to give GAI4.7. GÂ g is not metabolized 
(further) to GAy nor is GAy a precursor to GA^g. GAĵ y is present 
in trace amounts only

Higher Plants, I  highe  plants evidence fo  the steps 
beyond GA12-aldehyde is only beginning to appear in the literature 
and this information is fragmentary and scattered amongst a num
ber of plant species. Meaningful data have been difficult to 
obtain because of problems in recovering metabolites from radio
labeled feeds; these problems are due in part to the low rates of 
metabolism which in turn are a reflection of the relatively low 
levels of endogenous GAs. As a result, most studies in higher 
plants have used developing seed which are known to have rela
tively high levels of native GAs, It would appear that the two 
pathways occurring in the fungus also operate in some higher 
plant species, although GAilj., a possible intermediate in the 
early-3-hydroxylated pathway, has yet to be identified as native 
to higher plants. In addition there is evidence for an early-13-
hydroxylation pathway which is absent in the fungus. Finally 
certain details of the pathways in higher plants differ s i g n i f i 
cantly from those in the fungus. For instance 2|3-hydroxylation, 
which results in the loss of biological activity, appears to be 
widespread in higher plants (3^) and lacking in the fungus. 
Also many species of higher plants conjugate GAs as glucosyl 
ethers and/or glucosyl esters, GA-derivatives that are absent in 
the fungus. These conjugates are either low or lacking in bio
logical activity, and their physiological role in the plant is 
uncertain. While the variety of GAs present in higher plants 
suggests the presence of more than 2 major pathways from GA12-
aldehyde, this is by inference only and confirmation must come 
from metabolic studies using radio-labeled GAs and their pre
cursors. The choice of substrates becomes c r i t i c a l for studies 
with higher plants, since i t has been shown that many of the GA-
hydroxylating enzymes in the fungus are non-specific in terms of 
substrate. For example (Figure k) the fungal mutant Bl - 4 l a w i l l 
metabolize ent-13-hydroxy kaurenoic acid, a non-fungal analogue 
of ent-kaurenoic acid, to the non-fungal-13-hydroxylated 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



3. PHINNEY Gibberellin Biosynthesis 65 

GA18 

F U N G A L P A T H W A Y (G. fujikuroi) 

Figure 4. Metabolites from feeds of steviol (ent-13-hydroxykaurenoic acid) and 
ent-kaurenoic acid to the GA mutant Bl-41a of G. fujikuroi. Steviol is found as a 

glucoside in the higher plant Stevia rebaudiana; it is not found in the fungus. 
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analogues of ent-7or-hydroxy kaurenoic acid, GA±2* ^ 9 * G&lk a n d -
other products (35). Two of these GAs are found only in some 
higher plants and not in the fungus. There are now several 
examples of this type of non-specificity (11). The information 
becomes particularly useful with the realization that the same 
non-specificity probably holds for hydroxylation steps in higher 
plants. Thus i t follows that extreme care should be taken in the 
choice of substrates to be used in feeding studies with higher 
plants. Unless the GA to be used is native to the plant being 
studied, the probability is high that a pathway based on such 
feeds and re-feeds may in fact have l i t t l e to do with the actual 
(natural) pathway for that particular plant. 

In higher plants, the most complete understanding of a path
way beyond GAi2-aldehyde comes from studies with cell-free sys
tems obtained from the endosperm of developing pumpkin seed 
(C. maxima) (36*37,38)  Radio-labeled GA]_2 al<lehyd  ha  bee
fed to this system, th
subsequent identificatio  appear
metabolic grid in which the series GAi2-alcLehyde — ^ GA12 — ^ 
GA2l4. — * GA25 is connected via any of three 3g-hydroxylation 
steps to the series GA-jj^-aldehyde — ^ GAjĴ  — ^ GAog — ^ ^ 1 3 * 
GA]_3 is further 2|3-hyclroxylated to GA^g. On the basis of rela
tive rates, a single "preferred pathway" has been suggested, 
namely GA^-aldehyde — • ^ 1 2 — * 0Α21ί. — ^ GAjg — G A - ^ (see 
heavy arrows in Figure 5 ) . More definitive evidence for this 
single pathway must await studies on the isolation and proper
ties of the enzymes involved in these steps. 

In beans (Phaseolus vulgaris and P. coccineus ), Ik GAs and 
8 GA-conjugates have been identified as natural products and 5 
of these GAs have been fed as radio-labeled substrates to 
developing seed. The metabolites from these feeds suggest the 
presence of two pathways (Figure 6 ) . The f i r s t is a late 13-
hydroxylating pathway leading to GA20> GAQ_ and the 2B-hydroxy-
lated GAs, GAs and GA29; the second is an early-3-hydroxylat ion 
pathway leading to GAĵ ., GA-j_ and ΰΑβ. Since radio-labeled GA-j_ 
was not observed from GÂ  feeds, nor was GA5 found from GAQ_ and 
GA2Q feeds, the biosynthetic relationship of GA5 to the other 
GAs is unresolved. It is interesting that a l l five GAs used in 
the feeds were metabolized to conjugates, of which two are not 
native to beans. These conjugates could be an artifact of the 
feed, i.e. they are consequences of the loss of compartment a l l -
zation and not a measure of the natural pathway in beans ($8). A 
soluble 2β hydroxylase (GA^ — G A g ) has been partially purified 
from P. vulgaris cotyledons (39,UP). The enzyme has properties 
similar to the soluble hydroxylases found in pumpkin. 

In peas (Pisum sativum) the complete pathway has been 
demonstrated from MVA through ent-kaurene and GA-j_2"ald-enyde 
(see Figure 2) to 13-hydroxylated C2o OAs (Figure 7) (^1,^2). 
The pathway was established using cell-free systems obtained 
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FEED Cucurbito maxima- E n d o s p e r m (Cell-free S y s t e m ) 

Figure 5. The metabolic pathway beyond GA12-aldehyde for pumpkin endosperm 
(Cucurbita maxima). Heavy arrows represent the preferred pathway based on 

relative rates of conversion and levels of metabolites. 
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Figure 6. GA-biosynthetic steps for the bean Phaseolus vulgaris. Asterisks repre
sent substrates fed to the systein (58). 
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Figure 7. GA-biosynthetic steps for the pea, Pisum sativum. The metabolites 
from the feed of GA12-aldehyde to cell-free systems have not been fed back to 
that system. The identification of 13-hydroxy GA12-aldehyde by GC-MS is from 

unpublished data (56). 
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from very young seed. However, there is limited information on 
the steps beyond GA.12-aldehyde. Six GAs have been identified as 
native to peas and their interrelationship has been examined by 
radio-labeled feeds of GAs to developing seed and seedlings 
(h29k?)>k5,h6). These show the presence of two apparently un
related pathways involving the 23-hydroxylation steps, GA9 — ^ 
G A 5 1 and GA20 — • G A 2 Q * G A 2 Q was converted to its conjugate 
and to a 2-oxo-derivative. The formation of the 2-oxo-deriva-
tive, which is also endogenous to pea seeds and shoots, may be 
the f i r s t step in GA degradation which is initiated by 20-
hydroxylation of GA20- An interesting aspect of the studies 
with peas involves the correlation of metabolism with develop
mental stages of pea seed. At f i r s t glance, the evidence from 
radio-labeled feeds to pea seed suggested the pathway GAo, — ^ 
GA^o —•GA29« However, when the evidence is considered in 
light of the native GA t t different stage f d 
development, i t was foun
occurs only at a stage  developmen ,
are absent. When GAQ. and G A 2 Q are present (in older seed), GAg 
is 2g-hydroxylated to GA51 with no evidence for 13-hydroxylation 
to GA20- This information has been interpreted to mean that GAg 
and GA2o originate from separate pathways from GA12-aldehyde and 
that the observed metabolism of GAo, to G A 2 Q ^ s an artifact due 
to the non-specific 13-hydroxylation of a substrate not normally 
present at early stages of development. 

GAs and Shoot Elongation 

While there are innumerable examples of enhanced shoot 
growth (elongation) in response to exogenously applied GAs, the 
evidence for a positive correlation of such growth with the en
dogenous level of identified GAs is yet to be documented. The 
limited evidence in the literature is based on apparent levels 
of extractable GA-like substances, for which there are examples 
of both negative and positive correlations with growth. An 
example of a negative correlation is found in Agrostemma githago 
(corn cockle), a plant which grows as a tight rosette in short 
days, and bolts (elongates) when transferred to long days. The 
resultant elongated stem can be ten to twenty times the height 
of its rosetted counterpart. Rosetted plants maintained in 
short day can be induced to bolt by treatment with exogenous GA. 
Since this GA-induced elongation mimics that initiated by long-
day, one might suspect that plants phot ©periodically induced to 
bolt would have higher levels of native GAs than rosetted mem
bers. However, this turns out not to be the case; rosetted 
plants have levels of extractable GA-like substances equal to 
or greater than bolting plants (j.A#D. Zeevaart, personal com
munication). There are a number of possible explanations for 
negative correlations of this type. For instance, the native GAs 
may be compartmentalized in the c e l l and not available for the 
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initiation of growth until released from these compartments 
(organelles). This release could be the basis for the observed 
photoperiodic-dependent bolting. Total extraction of GA-like 
substances would not provide the c r i t i c a l data, and so the sig
nificance of this and other similar types of negative correla
tions (}£[_9h§) remains unresolved. 

The dwarf-5 mutant of Zea mays is an example of a positive 
correlation of the level of GA-like substances with growth. 
This particular single gene mutant grows to one f i f t h of the 
height of normals, and its dwarf habit of growth is visible from 
the seedling stage to maturity (^9)* Dwarf-5 seedlings respond 
to exogenously applied GAs by normal-type growth, and with con
tinued treatment this dwarf w i l l become phenotypically indis
tinguishable from normals (h). While evidence for GA-like sub
stances has been obtained from seedlings of normal maize, no GA-
like biological activit
mutant (50). Thus the
through GA-biosynthesis. Since this particular dwarf mutant 
gives a normal type growth response to feeds of a number of GA-
precursors including ent-kaurene and its oxidation products (51), 
i t was concluded that the mutant gene was blocking an early step 
in the GA-biosynthetic pathway. Information has recently ap
peared (52) which strongly suggests that this mutant gene (d^) 
controls the Β activity of ent-kaurene synthetase (Figure 8"J. 
In cell-free systems obtained from normal and dwarf seedlings, 
normals were found to synthesize ent-kaurene from radio-labeled 
feeds of MVA, CPP and GGPP; in contrast the dwarfs synthesized 
ent-kaurene at levels one f i f t h that of the normals. Concomi
tant with this reduced level of ent-kaurene synthesis i s the 
production by the dwarf system of relatively large amounts of 
the ent-kaurene isomer, ent-isokaurene. This isomer is not 
metabolized to iso-GAs, at least by the fungus G. fujikuroi 
(53). It would appear then that the absence of GA-like sub
stances in the mutant is due to a low level of ent-kaurene bio
synthesis. Since the native GAs of maize have recently been 
identified (GA53, GAl^, GA19, GA17, GA2o> B.O. Phinney, 
P. Hedden, J. MacMillan, unpublished information), the stage is 
now set for the quantification of GA levels in normal and 
dwarf-5 plants. 

In conclusion i t can be said that the most significant 
contributions on the role of GAs in growth and development are 
yet to be made, especially at the chemical and biochemical level. 
It i s clear that there is s t i l l only limited information from 
higher plants on the detailed steps of GA biosynthesis beyond 
G A12~aldehyde and i t is not really known whether one or more GAs 
are physiologically active per se. The significance of compart-
mentalization in GA biosynthesis and release has yet to be 
clarified, and while there is some information on the transport 
of GA-like substances in the plant (1,2) virtually nothing is 
known about this subject at the chemical level. Finally * as is 
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Figure 8. The ent-kaurene synthetase system and the d5 lesion of maize, Zea 
mays. Apparently the d 5 lesion favors the loss of the proton from carbon-15 
rather than from carhon-17 as is the case for normal maize. Compounds in paren
theses are hypothetical intermediates. The GA's identified by GC-MS were 

obtained from young maize tassels (57). 
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also true for the other classes of plant hormones (5J+) the 
mechanism of action of GAs remains enigmatic. 

^Abbreviations. CPP (copalyl pyrophosphate), DMAPP (dimethyl-
allylpyrophosphate), FPP (farnesylpyrophosphate, GA(s) (gib-
berellin(s)), GAX ( g i b b e r e l l i n s ^ , individual gibberellins 
named as GAi_ x), GC-MS (combined gas-liquid chromâtography-mass 
spectrometry), GC-RC (combined gas-liquid chromâtography-radiο 
counting), GGPP (geranylgeranyl pyrophosphate), GPP (geranyl-
pyrophosphate), GC (gas-liquid chromatography), IPP (isopentenyl 
pyrophosphate), MVA (mevalonic acid), TLC (thin-layer chromatog
raphy) . 
2 
Gibberellin-producing strain

associated with a rice
(literally translated, rice foolish-seedling disease). Among 
the pathological effects of this disease was an excessive elon
gation of the shoots of seedlings and young plants. The result 
was either death of the seedlings or the absence of fruit in the 
mature plants. The early studies that led to the discovery of 
GAs by the Japanese were motivated by the need for a better 
understanding of this disease which, in fact, could reduce the 
rice yield by kCff0 or more. It was a plant pathologist, Kuro
sawa, who f i r s t coined the name gibberellin in 1933 for a puri
fied fraction of the fungus that would greatly stimulate shoot 
elongation in rice seedlings. Gibberellins were f i r s t isolated 
by Yabuta in 1933; the chemical identification of gibberellic 
acid (GA^) was f i r s t accomplished by Cross et a l . in 1958. 
An interesting historical account of the discovery of GAs has 
been published by Stodola (55 ) . 
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Anticytokinins as Probes of Cytokinin Utilization 

SIDNEY M. HECHT1 

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139 

The term cytokinin refers to substances that promote cell 
division and growth in certain plant tissues, and that are in
volved in the cell differentiation phenomenon and numerous other 
physiological events in plants, including regulation of organ 
formation, enhancement of flowering and seed germination and re
sistance to aging (1,2,3). Although the existence of a cell di
vision factor was first postulated many years ago (4), the chemi
cal nature of such species was unknown until 1955 when Miller 
et al (5,6,7) isolated kinetin from both old and autoclaved (pH 
4.3, 120°, 30 min) preparations of DΝΑ. The factor was identified 
as 6-furfurylaminopurine (1), which had presumably arisen by de
hydration and rearrangement of deoxyadenosine moieties in the DNA 
(8,9). While the formation of kinetin from DΝΑ is of uncertain 
physiological significance, its structural identification prompted 
the preparation of a remarkable variety of analogs, which served 
to define the structural requirements for cytokinin activity (10, 
11,12,13). Among these was 6-benzylaminopurine (2) (14,15,16), a 
compound that has found wide utility in studies of cytokinin ac
tivity, and 6-(3-methyl-2-butenylamino)purine (3) (17), which was 
subsequently isolated as a growth factor from the plant pathogens 
Corynebacterium fascians (18,19) and Agrobacterium tumefaciens 
(20). Additionally isolated from Corynebacterium were several 
other cytokinin-active species, including cis and trans 6-(4-hy-
droxy-3-methyl-2-butenylamino)purine (21,22), the trans isomer of 
which (4) had been isolated earlier from young sweet corn (Zea 
mays) and named zeatin (23,24,25,26). Zeatin has also been found 
to occur in plums (27) and in the fungus Rhizopogan roseolus (28); 
its (-)-dihydro derivative is present in the immature seeds of 
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Lupinus luteus (29_,30). Cytokinins also occur naturally at the 
ribonucleoside and ribonucleoside phosphate levels (31,32,33) and 
exogenous ly applied cytokinins have been shown to undergo metab
olism to glucosyl derivatives (34,35,36,J7,38). 

Cytokinin-Active Nucleosides are Components of Transfer ΕΝΑ1 s 

In 1966, Zachau and his coworkers reported the sequences of 
tENA]^ and tENA 2

e r frcm brewer's yeast; these tENA's were both 
found to contain the cytokinin-active nucleoside N5-(3-methyl-2-
butenyl) adenosine (5) in the positions adjacent to the 3-Lend of 
the anticodon triplet (39,40). Intensive investigation of the 
cytokinin content of a variety of tENA's frcm plants, animals and 
microorganisms revealed that virtually every one contained at 
least one type of cytokinin-active nucleoside (2). Chemically, 
the species isolated include
(5) (39,40,41) and N6-(4-hydroxy-3-methyl-2-butenyl)adenosin
trans isomer shewn) (42,43,44) as well as the corresponding 2
methylthio derivatives of these species (7 and 8) (4!5,4^,42,48). 
For 6 and 8, both geometrical isomers have been shewn to occur as 
tENA~constïtuents (49,50). It is interesting that the tENA' s frcm 
seme natural sources, such as yeast (42), irtmature corn kernels 
(43) and human liver (44), contain only a single cytoJdjiin-active 
nucleoside while multiple species have been detected in the tENA's 
from other sources (^,50,51,52). As was true for yeast tENA r' s 
(39,40) / a l l of sequenced tENA' s containing cytokinins have these 
species in the anticodon-adjacent position. Additionally, i t may 
be noted that cytokinins occur exclusively in those tENA1 s that 
respond to codons beginning with uridine. A possible function for 
these nucleosides in protein biosynthesis has been suggested (53), 
although i t i s not clear that their presence in tENA1s i s related 
to their grewth-praroting properties in plants. 

Tobacco Expiants are Used for the Bioassay of (^okinins 

Cytokinin activity can be assayed conveniently with several 
plant tissues, including soybean (54) and tobacco (55/56) callus, 
radish leaf discs (11/12) and lettuce seed (57). The f i r s t two of 
these are probably the most useful since they are not excessively 
sensitive to light or temperature (58,59) and reflect both c e l l 
enlargement and division (60). 

Bioassay of our test compounds has been carried out by Pro
fessor Folke Skoog at the University of Wisconsin. Aqueous solu
tions of the compounds to be tested are f i l t e r sterilized or 
treated with dinethylsulfoxide, and added at several concentra
tions to replicate cultures, each containing three pieces of to
bacco callus grown on agar; the synthetic medium contains a l l es
sential nutrients including the auxin indole-3-acetic acid (61,62, 
63). The cultures are allowed to grow in continuous, diffuse 
light at about 28° for five weeks and then harvested and used to 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



4. H E C H T Anticytokinins 81 

5 R=H 6 R^H 

7 R = S C H 3 8 R = S C H 3 
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record fresh weight yields. The results of individual experiments 
are expressed as plots of fresh weight yields vs the logarithm of 
cytokinin concentration (see, e.g. ref. 13, Fig. 3). Also, since 
a nearly linear relationship is obtained starting essentially at 
the concentration at which activity i s f i r s t detectable and con
tinuing nearly to the point of maximum yield, this linear range 
may be determined from several experiments and the average values 
presented as a bar graph. 

Probing the Cytokinin Receptor Site(s) 

Shortly after the identification of kinetin as 6-furfuryl-
aminopurine, Strong (10) demonstrated that the activity was lim
ited to 6-substituted purines and this finding was confirmed in
dependently (11,12). Investigation by Skoog et a l of about 70 
potential cytokinins revealed that th  length f th  Ν6-substitu
ent was important; activit
ing a substituent with  (13)  Replacemen
exocyclic N-atom with 0,S or C generally afforded analogs having 
somewhat lower cytokinin activity (13,64), \diile alterations 
within the heterocyclic nucleus typically resulted in drastically 
lower activity (13/65). Substitution at C-2 or C-8 had relatively 
l i t t l e effect on cytokinin activity (66̂ , 67). Substituents at the 
N6-, 7- or 9-positions tended to lower activity and those at N-l 
and N-3 greatly lowered activity (13). 

Unsaturation in the Ν6-substituent was found to greatly en
hance cytokinin activity, the most striking example being that of 
6- ( 3-methyl-2-butmylanuno) purine which was not only much more ac
tive than i t s saturated derivative, 6-isopentylairdnopurine, but 
also ten times as active as kinetin in the region of highest sen
s i t i v i t y (13,60^,68). Even more remarkable was the observation 
that geometrical isomers had markedly different cytokinin activi
ties (69,70). 6-(4-Hydroxy-3-msthyl-trans-2-butenylamino)purine 
(4), for example, was found to be about 50 times more active than 
the cis-iscmer (70), consistent with the results obtained earlier 
for the corresponding ribosylated derivatives (71,72). Moreover, 
Matsubara et a l (73) found that while R-(+) and S- (-) -dihydrozea-
tins (9 and 10, respectively) had quite similar activities in the 
tobacco bioassay, the former was substantially more active in pro
moting lettuce seed gemination and an increase in the fresh 
weight yield of excised radish cotyledons, as well as inhibiting 
the degradation of chlorophyll in senescing radish cotyledons. 
Differences in cytokinin activities were also observed for several 
enantiomeric N-(purin-6-yl)amino acid methyl esters (74). 

A Rationale for the Preparation of Specific Anticytokinins 

The observations that cytokinins have activity i n the tobacco 
bioassay detectable at concentrations as low as 10" 1 1 M, and that 
the promotion of such activity can depend on structural parameters 
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as subtle as geometrical and absolute configuration, suggested 
that there must be one or more cellular receptor sites for such 
molecules. On the additional assumption that the activity of in
dividual cytokinins is not proportional to their affinity for the 
receptor site(s), i t seemed reasonable to attempt to prepare con-
pounds with l i t t l e or no cytokinin activity per se, but having a 
high enough affinity for the postulated receptor site(s) to block 
the binding of active cytokinins, and hence the expression of cy
tokinin activity. It was anticipated that the design of such in
hibitors would bear at least formal analogy to the preparation of 
inhibitors of other biochemical processes, such as enzymatic 
transformations. In this context i t was of interest that, e.g., 
allopurinol (4-hydroxypyrazolo[3,4-d]pyr^ was found to in
hibit oxidation of the isomeric compound hypoxanthine by xanthine 
oxidase (75,76) and that incorporation of ATP into polydeoxynu-
cleotides by ENA-dependent ΚΝΆ polymeras  inhibited b  th
isomeric formycin (7-amino-3-(g-EHribo
pyriinidine) 51 -triphosphat  (77)  hypothesi
that similar structural alterations of cytokinins night afford 
species that inhibited cytokinin utilization was the finding, dis
cussed above, that changes in the heterocyclic nucleus of Ν -sub
stituted purines greatly lowered their activity as cytokinins (13, 
65). 

Substituted Pyrazolo [4,3-d] pyrinddines as Potential Anticytokinins 

Four substituted pyrazolo [4,3-d] pyrimidines (11-14) were pre
pared for testing as cytokinins and anticytokinins. By analogy 
with results obtained in the purine series i t was anticipated that 
the compounds having the isopentenyl substituent (11,12) would be 
more active as cytokinins than the respective compounds with iso-
pentyl substituents and that the presence of an additional methyl 
substituent (12,14) would also diminish activity. These conpounds 
were assayed for "cytokinin activity in the tobacco bioassay and 
the results are indicated in Fig. 1. As shewn in the Figure, 7-
(3-rnethyl-2-butenylamino) pyrazolo [4,3-d] pyrimidine (11) was the 
most active of the four compounds tested, eliciting maximal growth 
response at 2 uM concentration. As expected on the basis of the 
10-fold lower activity obtained upon formal saturation of the sub
stituent in 3, the isopentyl analog of 11 (13) produced maximal 
growth response only at 20 uM concentration. Similarly, the meth
ylated analog of 11 (12) was several-fold less active than the 
parent compound, as also was observed for analogous substitutions 
in the purine series. Compound 14, having both 7-isopentyl and 3-
methyl substituents, lacked detectable cytokinin activity. Thus 
the order of cytokinin activities among the substituted pyrazolo-
[4,3-d] pyrimidines was precisely as predicted based on structure-
activity relationships in the purine series (although 11-14 were 
about 200-fold less active than the corresponding purines), con
sistent with the postulated interaction of a l l compounds 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



84 P L A N T G R O W T H SUBSTANCES 

at the same cellular receptor site(s). 
Compound 14, having the structural and grcwt±i-prcoDting 

characteristics"expected of a potential anticytokinin, was tested 
for i t s ability to block the promotion of c e l l division and 
growth by other compounds having significant cytokinin activity. 
As shown in Fig. 2, when added to replicate cultures of tobacco 
callus grown on 6-benzylaminopurine (BAP), compound 14 diminished 
the fresh weight yield of callus obtained after a growth period of 
five weeks (78,79). For the cultures containing optimal (2.7-
8.1 χ 10-2 μΜ) 6-benzylamincpurine, application of compound 14 in 
approximately 100-fold molar excess completely inhibited the"" 
growth of the tobacco callus. Similar results were obtained using 
6- (3-methyl-2-butenylamino) purine (3), although slightly greater 
concentrations of 14 were required to inhibit this more potent cy
tokinin. Consistent with the hypothesis that 14 acts as a speci
f i c cytoldjiin antagonist  the inhibition caused by this compound 
was found to be reversibl
Figure, e.g., at concentration  6-benzylaminopurin
afforded incomplete inhibition of growth, the addition of a 
greater concentration of the cytokinin resulted in greater net 
growth after a period of five weeks, while the addition of 14 at 
higher concentrations gave more inhibition. When pieces of to
bacco callus were transferred between media lacking or containing 
ccmpound 14 at 0.1 uM concentration (but always containing 1 χ 
10~"2 μΜ 3)7 inhibition of the rate of growth of the callus was 
also observed (80). 

Tobacco callus grown on lew concentrations of 14 could be 
transferred to a fresh growth medium at the conclusion of the 
five-week test period and grew as well as tissue never treated 
with the anticytokinin. However, tissue that had undergone marked 
growth reduction in the presence of 14 did not grew properly when 
subsequently transferred to a cytokinLi-œntaining medium. This 
was especially true of tissue grown on media containing > 1 μΜ 14, 
which darkened during the course of the i n i t i a l assay. In the be
l i e f that the antagonist might simply be interfering more gener
ally in purine metabolism when utilized at high concentrations, 
experiments were carried out to determine the effect of adenine on 
the inhibition of cytokinin-induced growth by compound 14. It was 
found that adenine, supplied at 150 uM concentration, had no 
effect on tobacco callus grown in the presence of lew concentra
tions of 14, or in i t s absence, but doubled the concentration 
range over which 3 could reverse the inhibition caused by 14 (79). 

Reversal of inhibition caused by 14 was assayed quantitively 
using compound 3, 6-benzylaminopurine and diphenylurea, the latter 
two of which are about 1/10 and 1/1000 as active as 3, respective
ly, in promoting the growth of tobacco callus (13,81). Not unex
pectedly, 6-benzylaminopurine was only about 1/3 as potent as 3 in 
reversing inhibition by 14 and diphenylurea was only 1/500 as ef
fective. Thus, the ability of the cytokinins to reverse inhibi
tion paralleled their activity as cytokinins, consistent with the 
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Phytochemistry 

Figure 1. Cytokinin activities in the tobacco bioassay of 6-(3-methyl-2-butenyl-
amino)purine ($), 6-isopentylaminopurine, and four (3-methyl-)7-alkylaminopyra-

zolo[4,3-d]pyrimidine (11-14) 

^ 0 

Phytochemistry 

Figure 2. The effect on the fresh weight yield of tobacco callus of 6-benzylamino
purine (2) and 3-methyl-7-(3-methylbutylamino)pyrazolo[4>3-d]pynmidine (14; 
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assertion that 14 acts by blocking cytokinin utilization. 
An additional assumption irrplicit in the preparation of 14 as 

a potential cytokinin antagonist was that the 7-substituent should 
be about the same size as those in the best cytokinins, to f a c i l i 
tate binding of the antagonist to the cytokinin receptor site(s). 
The bioassay results obtained for 14 encouraged us to prepare ad
ditional 7-substituted pyrazolo [4,3-d] pyrimidines, which permitted 
us to verify the validity of this assumption. As shewn in Table 
1, the compounds having 7-substituents with 4-7 carbon atoms were 
the most active as antagonists, in parallel with structure-acti
vity results observed for Ν6-substituted purines having intense 
cytokinin activity. Those compounds lacking an alkyl substituent 
at the 7-position were inactive as anticytokinins. 

Also investigated as potential anticytokinins were four 7-
alkylamino-3- ( 3-g-ribofuranosyl) pyrazolo [4,3-d] pyrimidines (15-18) 
(82). Compound 15 was found  b k cytokinin  havin  acti
vity in the tobacco bioassa
pounds 12 and 13. In comparison, compounds 16-18 inhibited the 
growth of callus cultured on a medium containing compound 3 and 
the inhibition could be reversed by added cytokinin. However, un
like the results obtained for the 7-substituted 3-methylpyrazolo-
[ 4,3-d] pyrimidines, testing of the analog of 16-18 lacking the 7-
substituent (formycin; 7-amino-3- (β-D-ribofuranosyl)pyrazolo [4,3-
d]pyrimidine) revealed that this species also inhibited the growth 
of tobacco tissue and that the inhibition could not be counter
acted by added cytokinin. 

Substituted Pyrrolo [2,3-d] pyrimidines as Potential Anticyto]djiins 

The apparent anticytokijiin activity of certain 7-substituted 
pyrazolo [4,3-d] pyrimidines prompted a search for other structural 
series of compounds with similar biological activity. The best 
results to date have been obtained with 2,4-disubstituted pyrrolo-
[2,3-d]pyrimdines. Skcog et al (83), for example, reported on 
the preparation and testing for cytokijiin and anticytokinin acti
vity of a number of (2-methylthio-) 4-alkylaru\nopyrrolo[2,3-d]-
pyrimidines. Compounds 19 and 20, lacking a 2-substituent, were 
found to be weak cytokinins, while a nurrtoer of related analogs 
(e.g., 21-24) containing a 2-methylthio group lacked activity as 
cytokinins in the tobacco bioassay but were found to be potent 
anticytokinins. The best of these was 4-cyclopentyl-2-methylthio-
pyrrolo [2,3-d]pyrimidine (23) which gave detectable inhibition of 
tobacco callus grown on 3 x"l0" 3 μΜ 3 when applied to the cultures 
in three-fold molar excess relative to that cytokinin (i.e., at 
9 χ 10""̂  μΜ concentration). Virtually complete inhibition of cy-
tokinin-prcmoted growth was achieved using 23 at 2.4 χ 10"2 μΜ 
concentration. Efficient reversal of the inhibition obtained with 
23 could be achieved with cytokinin 3 for concentrations of the 
antagonist as high as 2.2 μΜ; at any given concentration of 23, 
increasing amounts of 3 increasingly counteracted growth inhibi-
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tion. Importantly, growth inhibition (by antagonist 24) was shown 
not to be reversed by indole-3-acetic acid or by gibberellic acid 
and the pyrrolo [2,3-d] pyriinidine lacking the 4-alkyl group (4-
anunc^2-iiiethyltMopyrrolo [2,3-d] pyriinidine) was completely inac
tive as a cytokinin or anticytokinin. 

Recently, Iwamura et al (84) have prepared a number of 4-
al^lamijio-2-methylpyrrolo [2 , 3-d] pyrimidines and studied their ac
ti v i t i e s in three bioassay systems. As was true for each of the 
structural series of potential antagonists studied previously, 
some of the analogs (e.g. 25 and 26) had weak cytokinin activity 
in the tobacco callus bioassay while others (e.g. 27-29) inhibited 
cytokinin-induced growth. The most potent anticytokinins in this 
assay were 4-cyclcbutylanino- and 4-cyclopentylamino-2-methylpyr-
rolo [2,3-d]pyrimidines (27 and 28), which caused 50% inhibition of 
the fresh weight yield of tobacco callus grown on 5 χ 10~2 uM 
kinetin when utilized a  6  10*"2

spectively (Table 2). Th
seed germination assay and for their ability to affect the produc
tion of betacyanin in expiants of Amaranthus caudatus. Compounds 
25 and 26 were the most active of the analogs tested in promoting 
betacyanin synthesis, although several other compounds (including 
four that were anticytokinins in the tobacco assay) also had a 
stimulatory effect in this assay. Interestingly, 4-hydroxyethyl-
2-methylpyrrolo [2,3-d] pyrimidine, which had l i t t l e activity in the 
tobacco bioassay, was fairly effective in suppressing betacyanin 
synthesis elicited by compound 3. In the lettuce seed germination 
assay, compounds 25 and 26 had a strongly stimulatory effect, as 
did compound 29. 

The accumulated assay results obtained with the 4-alkyl-2-
methylpyrrolo [2,3-d]pyriniidines are of special interest. Com
pounds 25 and 26 exhibited significant cytokinin activity in a l l 
assays utilized. On the other hand, compound 27 was a potent an
tagonist in the tobacco bioassay but had l i t t l e ~ a c t i v i t y in the 
other two assay systems, while 29 acted as an anticytokinin in the 
tobacco bioassay and a cytokinin in the lettuce seed germination 
assay, but was without activity in the Amaranthus test system. 
This illustrates a principle noted previously (83), namely that 
there would seem to be distinct cytokinin sites for individual cy-
tokinin-mediated functions, the cytokinin requirements of which 
(in structural terms) are related but not identical. In a practi
cal sense, i t i s not unreasonable to anticipate that compounds can 
be prepared which are capable of promoting or antagonizing single 
cytokijiin-dependent functions. 

In addition to the substituted pyrrolo [2,3-d] pyrimidines dis
cussed above, several 4-substituted-7-(β-D-ribofuranosyl)pyrrolo-
[2,3-d]pyrimidines were also prepared and tested in the tobacco 
bioassay (85,86) ; most of the analogs inhibited the growth of to
bacco callus cultured on kinetin. It i s not clear from the pub
lished data, however, to what extent inhibition could be reversed 
by higher concentrations of kinetin. In addition, the analog 
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lacking the 4-substituent (tubercidin) was found to be essentially 
equally as inhibitory in the test system utilized (see, however, 
ref. 82), although i t may be noted that 4-methylanuno-7- (β-D-ribo-
furanosyl) pyrrolo [2,3-d] pyrimj dine was without inhibitory acti
vity. 

Anticytokijiins E l i c i t Responses in Several Plant Bioassays 

Aside from their activities in the systems used to screen for 
anticytokinins, the analogs described above have been found to 
promote certain other physiological responses. For example, an
tagonist 14 was shewn to inhibit the growth of a cytokinin-auton-
omous strain of tobacco callus in the same fashion as the cyto-
kinin-dependent strain utilized routinely in the tobacco bioassay 
and the observed inhibition was also reversed by added cytokinin. 
Although without significant effect d germination  th
compound inhibited roo
and radish seedlings, a  cuttings
noted that similar effects were also obtained with compounds 2 and 
3 (79). 

Cytokinins are known to retard senescence and i t was of spe
c i a l interest to determine the ability of the antagonists to 
counteract this property. Tomato seedlings grown on a nutrient 
medium containing 14 (12-120 μΜ) underwent severe wilting; while 
young tomato and tobacco plants were generally unaffected by 
spraying with solutions of 14, there was one instance in which 
some yellowing of lower leaves (typical of senescence) was ob
served (79). Also, while intact sweetcorn plants were not af
fected by the antagonist (R. M. Bock, personal communication), ex
cised discs frcm the mature leaves of such plants occasionally ex
hibited enhanced senescence when placed in contact with a solution 
of 14 (79). Compounds 1 and 3 are known to decrease ethylene pro
duction in avocado and apple slices and the antagonist was found 
to oppose this effect of the cytokinins in apple slices (M. 
Lieberman, personal communication). 

As discussed above, the potential anticytokijiins prepared for 
study may be regarded as structural analogs of cytokinins, a con
cept reinforced by the weak cytokinin activity of many of the syn
thesized compounds. Not surprisingly, seme of the compounds found 
to oppose the action of the cytokinins in the promotion of c e l l 
division and growth in the tobacco bioassay were actually found to 
reinforce the cytokinins in other senses. For example, compounds 
23 and 24 enhanced cytokinin-promoted budding of tobacco callus in 
the presence of ccmpound 3 and two weak cytokijiins in the 4-alkyl-
2-methylpyrrolo [2,3-d] pyrimidine series gave analogous results in 
the absence of any other exogenous cytokinin (84). 
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Chemical and Biological Aspects of Abscisic Acid 

JAN A. D. ZEEVAART 

MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing, MI 48824 

Historical Background 

Among the plant hormone
growth inhibitor abscisic acid is the most recently discovered 
one. Work in the 1950s and early 1960s by three groups, work
ing on apparently unrelated problems, ultimately resulted in 
the isolation and identification of abscisic acid in each case 
(see reviews 1, 2, 3, 4): (a) The search for an abscission
-promoting hormone by Addicott and associates at the University 
of California at Davis led to the isolation in crystalline form 
of an active compound, called abscisin II, from young cotton 
fruits (5, 6) for which in 1965 the correct structural formula 
was proposed (7). Abscisic acid (ABA) was later proposed as 
the t r iv ia l chemical name for abscisin II (8). (b) Wareing and 
coworkers at the University of Aberystwyth in Wales were at
tempting to isolate a dormancy-inducing substance from trees 
(9); the active chemical, isolated from leaves of Acer pseudo-
platanus, turned out to be identical to ABA (10). (c) Rothwell 
and Wain (11) at Wye College in Kent, U. Κ., following earlier 
work by van Steveninck in New Zealand, had as objective the 
identification of a substance which stimulated flower and fruit 
drop in yellow lupin. This lupin-abscission factor was identi
fied as ABA in 1966 in three different laboratories (12, 13, 
14). 

Other evidence suggesting the existence of growth inhibi
tors in plants came from analyses of acidic plant extracts by 
bioassay. This work indicated the presence of a zone in chro-
matograms with growth-inhibitory activity which was designated 
as i n h i b i t o r 3. The most active component of inh ib i tor 3 was 
l a t e r shown to be ABA (15). 

Although ABA was o r i g i n a l l y discovered as an absc iss ion-
accelerat ing and dormancy-inducing substance, i t soon became 
c l ear that i t has many other physiological effects in plants . 
When synthetic (+)-ABA became widely ava i l ab l e , i t was estab
l i shed that ABA is a potent inh ib i tor in various bioassays and 
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counteracts the effects of growth-promoting hormones (auxin, 
g i b b e r e l l i n , cytokinin) to which a part i cu lar organ or tissue 
responds (16). However, to what extent endogenous ABA func
t ions as an i n h i b i t o r in intact plants i s s t i l l not c l e a r . 
More recent work indicates that ABA plays an important role in 
plants as a stress hormone (17, 18). 

Properties of Absc i s i c Acid 

ABA i s a carboxylic acid which at pH 3.0 par t i t i ons r e a d i 
l y into organic solvents such as d i e thy l ether and ethyl ace
tate . The molecule has one asymmetric carbon atom at C - l f and 
exhibi ts therefore opt i ca l a c t i v i t y . The natura l ly occurring 
enantiomer is dextrorotatory and has a s i n i s t e r (S) configura
t ion (Figure 1). 

ABA absorbs in the u l t r a v i o l e t  the maximum varying some
what with the pH of th
a maximum absorption a

ABA shows exceptionally high opt i ca l a c t i v i t y with extrema 
at 289 and 246 nm ([a]289 nm = + 2 4 , 0 0 0 ° ; [ a]246 nm = - 6 9 , 0 0 0 ° ) . 
This property has been used to quant i tat ive ly measure the 
amounts of ABA present in puri f ied plant extracts (15; see also 
Table 1). 

In the side chain around C-2 the configuration can be 
e i ther c i s or trans . By convention 2-cis-ABA is simply ca l led 
ABA (81). The isomer with the trans configuration is ca l led 
2-trans-ABA (t-ABA) (Figure 1). In solut ion l ight catalyzes 
the isomerization of the 2-cis double bond to establ ish a 1:1 
r a t i o of ABA and £-ABA. Consequently, samples should be kept 
i n darkness as much as possible during extract ion and p u r i f i c a 
t i on to avoid anomalous re su l t s . 

In several growth i n h i b i t i o n assays the unnatural (-)-en
antiomer was as act ive as (+)-ABA. However, (-)-ABA was much 
less act ive than (+)-ABA in c los ing stomata of detached barley 
leaves (see 3) . When assayed in darkness (to avoid photoiso-
merization) t_-ABA was completely inact ive (2). 

Methods for Detection and Measurement of Absc i s i c Acid 

A var ie ty of methods has been employed to detect and quan
t i f y ABA. During the early i s o l a t i o n procedures invest igators 
were guided by measuring absciss ion-accelerat ing effects in the 
cotton expiant absciss ion assay or growth i n h i b i t i o n in the 
wheat co leopt i l e or r i ce seedling assay (Table I ) . More sensi 
t ive bioassays such as i n h i b i t i o n of frond m u l t i p l i c a t i o n in 
Lemna grown under aseptic conditions (24), or stomatal closure 
i n Commelina epidermal s tr ips (25) have been developed more 
recent ly . The drawback of a l l bioassays is that they are 
laborious and time-consuming. Moreover, i d e n t i f i c a t i o n of ABA 
i n bioassays i s only tentat ive . Many other chemicals, besides 
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Table I . Various Methods Employed for Detection and Measurement 
of Abscis ic Acid 

Methods Detection l imi t s References 

Bioassays: 

Cotton expiant abscission 5-10 ng per 
abscission zone 

(5, 6, 19) 

Wheat co leopt i l e growt

Rice seedling: growth of 
second leaf sheath 

80 ng/ml (23) 

Lemna growth 0,02-0.03 ng/ f lask (24) 

Commelina stomatal aperture 0.02-0.1 ng/ml (25) 

Spectropolarimetry 200-500 ng/ml (15, 26) 

Gas chromatography* with 
flame ion izat ion detector 

5-50 ng per i n j e c 
t ion 

(27, 
30) 

28., 

* 
Gas chromatography with 
e lectron capture detector 

0.005-0.05 ng per 
in jec t ion 

(27, 
33) 

!!> 

Combined gas chromatography*-
mass spectrometry 

10-30 ng per i n j e c 
t ion 

(20, 
34) 

29, 

High-performance l i q u i d 
chromatography 

1-2 ng per in jec 
t ion 

(35, 3(6, 

Rad i o immunoa s say 0.1-0.3 ng per 
sample 

(38, 29) 

ABA methylated or tr imethy ls i ly la ted 
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ABA, when present in s u f f i c i e n t l y high concentrations, can also 
cause (non-specif ic) i n h i b i t i o n of growth. Nowadays ABA is 
therefore preferably detected and measured by one of several 
methods which make use of certa in unique properties of the ABA 
molecule. Spectropolarimetry i s based on the large speci f ic 
ro ta t ion in the u l t r a v i o l e t (see above). This method i s 
spec i f i c for ABA, but not very sensit ive (Table I ) . 

For gas chromatography v o l a t i l e derivat ives such as the 
methyl ester of ABA (27, 29, 30) or t r i i re thy l s i l y la ted ABA (20, 
28) must be prepared. ABA is a molecule with a high electron 
a f f i n i t y so that the methyl ester can be measured with a gas 
chromatograph equipped with an electron capture detector. In
ject ions of as l i t t l e as 5 pg of Me-ABA cause a detector r e 
sponse (27). Metabolites of ABA such as phaseic and dihydro-
phaseic acid can also be measured by this method (33). 

The most conclusiv  method t  ident i f  ABA i  b  combined 
gas chromatography-mas
a l . (34) monitored th  singl
the base peak, m/e 190, in the mass spectrum of Me-ABA, for 
quanti tat ive determinations of ABA i n the cambium of Picea 
s i t chens i s . However, few laboratories are able to carry out 
analyses by this method on a routine bas is . 

The use of high performance l i q u i d chromatography for 
measuring ABA has been reported by several workers (Table I ) . 
However, in view of the many substances in plant extracts that 
absorb in the u l t r a v i o l e t region of the spectrum, this method 
cannot be considered as conclusive. 

A radioimmunoassay which i s highly spec i f i c for ABA, has 
been developed recently (38, 39). This method appears very 
a t t r a c t i v e when large numbers of samples have to be analyzed 
rout ine ly for ABA content. 

It i s obvious that unequivocal i d e n t i f i c a t i o n of small 
quant i t ies of ABA can only be accomplished by combined gas 
chromatography-mass spectrometry. However, once this has been 
accomplished in a part icu lar system, routine measurements w i l l 
i n the future probably mostly re ly on gas chromatography with 
e lectron capture detector and on radioimmunoassay. 

Occurrence 

ABA i s ubiquitous in higher plants . It has also been 
i d e n t i f i e d in gymnosperms, ferns , h o r s e t a i l s , lycopods and 
mosses, but not i n l iverworts (_3> 39). In the l a t t e r group 
l u n u l a r i c acid appears to take the place of ABA as a growth 
i n h i b i t o r (3). 

In a recent report ABA was ident i f i ed as a metabolite of 
the fungus Cercospora ros i co la (40). This observation has been 
confirmed in our laboratory (Zeevaart, unpublished r e s u l t s ) . 
The a v a i l a b i l i t y of a microorganism that produces ABA, offers 
unique opportunities for biosynthetic and genetic studies of 
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ABA formation that cannot be readi ly conducted with higher 
p lants . Similar studies with the fungus Gibberel la f u j i k u r o i , 
which produces g i b b e r e l l i n s , have greatly advanced our know
ledge of this group of hormones as reported by Phinney in this 
Symposium. 

ABA has been detected in a l l organs of higher plants , as 
wel l as in phloem and xylem sap (3). However, the concentra
tions of ABA can greatly vary from organ to organ. F r u i t s , 
young seeds and buds usually have a high ABA content. In 
leaves the ABA content per unit weight is highest in the young
est leaves; i t declines as the leaves expand (Figure 2) . 

Biosynthesis of Absc i s i c Acid 

The incorporation of labe l from mevalonate into ABA, a 
sesquiterpenoid, has bee
plants (e._g. 41). Thi
throughout the plant . In addit ion to the d irect incorporation 
of three isoprene uni t s , derived from mevalonate, into ABA, an 
ind irec t biosynthetic pathway v ia carotenoids has been propos
ed. This idea stems from the f inding that xanthophylls , in 
par t i cu lar v io laxanthin, can either photochemically or enzyma-
t i c a l l y be converted to the neutral i n h i b i t o r xanthoxin (42) 
(Figure 3) . When labeled xanthoxin was fed in the t ransp ira 
t ion stream to bean or tomato shoots, ca . 10% was converted to 
ABA over an 8-hr period (43). However, the importance of the 
biosynthet ic route to ABA v ia xanthophylls and xanthoxin in 
normal metabolism remains to be establ ished, and most of the 
evidence favors the d irect synthesis route via a precursor 
(see 2). 

So f a r , only one i n v i t r o system for ABA biosynthesis has 
been described (44). In this study chloroplasts i solated from 
ripening avocado f r u i t s incorporated mevalonate into ABA. Upon 
lys ing the c e l l - f r e e system in d i lute buffer , incorporation of 
l a b e l into ABA increased considerably, ind icat ing that the 
chloroplast membrane was a major barr ier to the penetration of 
mevalonate. Although these preliminary resul ts demonstrate 
that ABA can be synthesized within the ch loroplas t , the poss i 
b i l i t y that synthesis can also take place outside the chloro
p l a s t s , can by no means be ruled out. 

Metabolism of Absc i s i c Acid 

ABA i s metabolized via the unstable intermediate 6 f - h y -
droxymethyl-ABA, more recently ca l l ed hydroxyabscisic acid 
(HOABA) by H i r a i ejt a l . (45), to phaseic acid (PA). In certain 
plants the l a t t e r compound is further converted to 4 f - d i h y d r o -
phaseic acid (DPA) which accumulates as the end product. The 
ABA-> PA DPA pathway (Figure 4) operates in beans (46), in 
pea seedlings (47), in ash seeds (48), in castor bean (49), and 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



P L A N T G R O W T H SUBSTANCES 

( + )-Abscisic acid 2-trans-obscisic acid 

Figure 1. Structures of (+)-abscisic acid (ABA) and of 2-tra.ns-abscisic acid 
(t-ABA) 

/ 

Leaf Size 

Plant Physiology 

Figure 2A. Change in abscisic acid content of Xanthium leaves with age. Fresh 
and dry weight and abscisic acid content of 10 leaves of different ages (51). 
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ι ι r 
Β 

L e a f Size 

Plant Physiology 

Figure 2B. Change in abscisic acid content of Xanthium leaves with age. Abscisic 
acid content of leaves of different ages expressed per unit fresh and dry weight (51) 

Figure 3. Structures of cis,tYans-xanthoxin and trans,trans-xanthoxin 
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Figure 4. Metabolic pathway of abscisic 
acid (ABA) via the unstable intermediate 
6f-hydroxymethyl-ABA to FA and DP A DPA 
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in the endosperm of immature Echinocystis f r u i t s (50). From 
th i s l a t t e r material a c e l l - f r e e system has been prepared which 
converted ABA to PA and DPA. The enzyme preparation was 
separated by centr i fugat ion into a part iculate f rac t ion with 
ABA-hydroxylating a c t i v i t y and a soluble Ρ Α - r e d u c i n g a c t i v i t y 
(30). 

Ins igni f icant amounts of DPA were detected in leaves of 
Xanthium strumarium (51)* This raises the p o s s i b i l i t y that in 
some plants conversion of PA to DPA i s not the pr inc ipa l meta
bo l i c route for PA degradation. 

When racemic ABA was fed to plants , only the (+)-enantio-
mer was metabolized to PA and DPA (2, 33). In addi t ion , a con
jugate with glucose, abscisyl-3-D-glucopyranoside was formed, 
i d e n t i c a l to the glucose ester of ABA isolated from the f r u i t s 
of yellow lup in (52). However, the natural glucose ester 
yielded exclus ively (+)-ABA on hydro lys i s  whereas the glucose 
ester produced after feedin
(-)-ABA (2, 33). Thus
and conjugated with glucose, whereas (-)-ABA i s only conjuga
ted. Likewise, _t-ABA i s only conjugated into the glucose ester 
(2, 53). Another conjugate of ABA, v i z . 3 -hydroxy-3~methy1-
glutarylhydroxyabscis ic acid (HMG-HOABA) has recently been i s o 
lated from seeds of Robinia pseudoacacia (45). 

Phys io log ica l Roles of Absc i s i c Acid 

As discussed above, ABA was discovered as a substance that 
promotes absciss ion and as a substance associated with the on
set of dormancy in woody perennials . Since then i t has become 
c lear that ABA i s widely d i s tr ibuted in higher plants , but 
l i t t l e evidence has accumulated that ABA, as an endogenous 
hormone, i s involved in the regulation of either abscission or 
dormancy (see 16, 54, 55). ABA is usually c l a s s i f i e d as an 
i n h i b i t o r that counteracts the effects of growth-promoting sub
stances ( 16). While this appears to be true for growth sub
stances applied to excised parts , i t i s not evident that this 
also pertains to the endogenous hormones in whole plants . For 
example, despite a very high ABA content (Figure 2), young 
leaves expand rapidly which argues against a role for ABA as an 
endogenous i n h i b i t o r . It i s poss ible , of course, that in the 
absence of any ABA young leaves would expand more rapidly than 
they normally do, but without spec i f ic inh ib i tors for ABA syn
thes i s , or ABA-deficient mutants, this idea cannot be tested at 
present. 

In a recent review ( 16) of i t s phys io logical functions, 
evidence was presented that ABA plays a role in the geotropic 
response of roots and in tuber formation. It may have a role 
i n other growth and developmental processes as we l l , but so far 
the evidence is inconclus ive . 

A most interest ing development in work on ABA has been the 
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discovery that ABA plays an important role in stomatal closure 
and thus in reducing the loss of water from plants under 
s tress . Consequently, ABA has been assigned a role as a stress 
hormone (17). 

The Role of Absc i s i c Ac id as a Stress Hormone. The role 
of ABA i n water stress has been studied most extensively, a l 
though there i s also evidence for involvement of ABA in other 
stresses such as s a l i n i t y , mineral def ic iency, high osmotic 
concentration, and water-logging. A review on the role of ABA 
i n stress phenomena has appeared recently (18). 

There are two basic observations with respect to the role 
of ABA in water stress: 

(a) Exogenously applied (+)-ABA causes closure of the sto-
mata in many plants , thus reducing transp irat ion . The response 
of detached leaves to (+)-ABA supplied vi  th  transpirat io
stream was very rap id ,
to close 3 to 10 minute
gation water (56, 57, 58). Stomatal closure in bean, corn and 
rose leaves started when the ABA l e v e l reached approximately 
twice the normal endogenous concentration (57), but in Xanthium 
an increase in the ABA of the whole leaf by only 1-2% was suf
f i c i e n t to cause a stomatal response (58). Upon withdrawal of 
the (+)-ABA so lu t ion , the stomata started to open within 5 
minutes (56). Thus, the response of stomata to (+)-ABA is both 
rapid and revers ib le . An effect on stomatal aperture can also 
be observed in i so lated epidermal s tr ips that are f loat ing on a 
buffer so lut ion; th i s phenomenon has been used as a very sens i 
t ive bioassay for ABA (Table I ) . When ABA was added to the 
so lu t ion , the stomatal aperture started to decline within a few 
minutes, due to the loss of K + ions from the guard c e l l s , r e 
su l t ing in a decreased turgor in these c e l l s (59). 

(b) When plants start to w i l t , there is a large accumula
t ion of ABA i n the leaves and also in other organs such as 
stems, apices , f lowers, f r u i t s , seeds, and roots ( β . ] | . 18, 41, 
60). An example of ABA accumulation in detached and wilted 
Xanthium leaves i s given in Figure 5. Following wi l t ing the 
ABA content increased over a 6-hr period from 200 to 1350 ng 
ABA per g fresh weight, and then leveled of f . A 50% increase 
was discernable after 30 minutes. In bean seedlings a 1.5-fold 
increase in ABA has been observed 10 minutes after the onset of 
stress (61) which was correlated with increased leaf resistance 
(1 .β_ . decreased stomatal aperture). However, such correlat ions 
have not always been found, and Walton et_ al. (62) have sugges
ted that i t i s not the to ta l ABA content that counts in deter
mining stomatal aperture, but rather the rate of ABA synthesis . 

Drought-induced ABA accumulation is common in mesophytes; i t 
i s less pronounced in hygrophytes, p a r t i c u l a r l y in submerged 
leaves (18, 41). The rapid increase in ABA following stress 
occurs presumably by de novo synthesis , and not through release 
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from a conjugated form of ABA (26, 41). 
A number of workers (63, 64, 65) have suggested that there 

i s a c r i t i c a l » t h r e s h o l d leaf water potent ial in the -10 to -12 
bar range at which the ABA leve l s of leaves start to increase. 
However, more recent evidence indicates that zero turgor is the 
c r i t i c a l parameter at which the ABA content starts to increase 
(66, 67_). 

Following recovery from water stress the ABA leve l s of 
leaves decl ine rapidly ( £ . £ . 61, 63, 68). This i s i l l u s t r a t e d 
i n Figure 6 for Xanthium leaves. After detached leaves had 
been in the wilted state for 5 hours, the ABA content had i n 
creased to 3000 ng per g fresh weight. Upon submerging such 
wi l ted leaves in d i s t i l l e d water for 5 minutes to regain t u r 
gor, a s ign i f i cant drop in the ABA l e v e l was observed after 2 
hours and after 4 hours i t had essent ia l ly returned to the pre-
stress value. This indicate  that rapid ABA synthesi
as soon as turgor is regaine
tinues u n t i l the exces
ABA i s accompanied by a transient increase in PA as demonstra
ted in leaves of grapevine (69) and Xanthium (Zeevaart, unpub
l i shed r e s u l t s ) . Thus, following a period of drought rewater-
ing w i l l resul t in a rapid disappearance of the excess ABA. 
However, the stomata do not open for several more days and 
photosynthesis remains reduced (70). This so-cal led a f t er 
effect of moisture stress was thought to be due to i n h i b i t i o n 
of photosynthesis by the accumulated PA (69), but this hypothe
s i s has been disproven recently (see next sect ion) . 

Research on ABA has p r a c t i c a l implications for Agriculture 
since water is a l imi t ing factor for crop production in many 
areas of the world. On an experimental scale ABA and certa in 
der ivat ives have been applied to crop plants as "ant i transpir -
ants" (71, 72). In short-term experiments transpirat ion was 
considerably reduced without much effect on the rate of photo
synthesis . Thus, applied ABA increased the water-use e f f i c i e n 
cy of plants . 

Another development which may be useful i s the f inding 
that a drought-tolerant corn variety produced more ABA upon 
w i l t i n g than did two sensit ive cu l t ivars (73). The enhanced 
a b i l i t y to accumulate ABA might be used as a marker for breed
ing drought-tolerant plants . 

Roles of Metabolites of Absc i s i c A c i d . Nothing is known 
about the physio logical role of PA and DPA in plants , although 
these two metabolites of ABA have been tested in several bioas
says recent ly . In the cotton expiant absciss ion assay PA had 
one-tenth of the a c t i v i t y of ABA (19). PA and DPA were equally 
e f fec t ive in i n h i b i t i n g α - a m y l a s e secretion by barley aleurone 
layers treated with g i b b e r e l l i n A3; DPA had approximately 
one-tenth of the a c t i v i t y of ABA in this system (74). The 
effect of PA on growth of bean embryos was neg l ig ib le (75). 
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Figure 5. Accumulation of abscisic acid 
in detached mature leaves of Xanthium 
strumarium after the fresh weight had 

been reduced by 10% 
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Figure 6. Decrease in abscisic acid con
tent of wilted leaves of Xanthium after 
stress was relieved. Detached leaves 
were wilted by reducing the fresh weight 
by 10%. Stress was relieved after 5 hr 
by submerging leaves into distilled water ο 4 8 12 

for 5 min. Hours 
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DPA did not cause stomatal closure in any of the species 
tested, while the effect of PA ranged from a response as rapid 
as that caused by ABA i n Commelina, to a less rapid closure 
than after ABA treatment in Amaranthus, Hordeum, Xanthium, and 
Zea, to no response at a l l in V i c i a (76). 

Kriedemann et_ a l . (69) have proposed that endogenous PA 
functions as an inh ib i tor of photosynthesis following r e l i e f of 
water stress when this metabolite accumulates. This proposal 
was based on the observation that plant extracts containing PA 
strongly inh ib i ted photosynthesis in detached leaves of several 
species (69). However, subsequent work with c r y s t a l l i z e d PA 
has shown that i t was not PA that inhibi ted photosynthesis, but 
rather impurit ies that were present in the solvents used (76). 
Thus, the phys io logical role of PA, i f any, remains to be 
determined. 

Concluding Remarks 

Although much has been learned about the chemistry and 
physiology of ABA since i t s discovery in 1965, many unsolved 
problems remain. Degradation of ABA has been f a i r l y well 
worked out, but biosynthesis i s s t i l l poorly understood. Of 
p a r t i c u l a r importance would be to discover the sensing mechan
ism for stress-induced ABA accumulation. If turgor is the c r u 
c i a l fac tor , the plasma membrane might be involved, since at 
zero turgor this organelle i s no longer pressed against the 
c e l l w a l l . On the other hand a certa in amount of ABA i s always 
produced in f u l l y turgid c e l l s , thus suggesting that there may 
be two di f ferent mechanisms for ABA synthesis: one that oper
ates in turgid c e l l s , and another one which becomes activated 
only in c e l l s under stress condit ions . 

One further problem is the large overshoot in ABA produc
t ion in wilted leaves. With applied ABA a doubling of the ABA 
content of the leaf i s usually adequate for stomatal c losure , 
while increases up to 40-fold have been reported in wilted 
leaves. However, extractions of whole leaves do not take into 
account the locat ion of ABA within the l ea f . Perhaps much of 
the hormone is sequestered in a compartment that has no access 
to the guard c e l l s . Thus, i t would be of much importance to 
determine the d i s t r i b u t i o n of ABA at the tissue l eve l as well 
as i t s i n t r a c e l l u l a r loca t ion . Since ABA i s a small water-
soluble molecule, conventional fract ionat ion techniques may not 
be sui table to determine i t s d i s t r i b u t i o n in various organ
e l l e s . A highly spec i f ic immunological method for detection of 
ABA has recently been developed (38, 39). It is conceivable 
that this technique could be further developed for determining 
the c e l l u l a r l o c a l i z a t i o n of ABA as has already been done for 
the photoreceptor phytochrome (77, 78). 
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Role of Ethylene in Plant Growth, Development, and 

Senescence 

MORRIS LIEBERMAN 
Post Harvest Plant Physiology Laboratory, Beltsville Agricultural Research Center, USDA, 
Beltsville, MD 20705 

The simplest unsaturated carbon compound, ethylene, exerts 
a major influence on man
development. Although
temperatures and pressures, it is now recognized as a plant 
hormone because it is a natural product of metabolism, acts in 
trace amounts and is neither a substrate nor cofactor in re
actions which are associated with major developmental plant proc
esses. Whether or not ethylene meets all the standard criteria 
established for hormones, there is no question that this gas is a 
powerful natural regulating substance in plant metabolism, and 
that it acts and interacts with other recognized plant hormones. 
With the advent of gas chromatography, ethylene has become the 
simplest plant hormone to assay since it is evolved from the 
tissues and requires no extraction or purification prior to 
analysis. 

An important advance in understanding ethylene action was 
realized with the rediscovery that auxin influences ethylene 
biosynthesis in juvenile tissues (1,2,3). These studies have led 
to an appreciation of the general nature of the hormonal action 
of ethylene, an action which extends beyond fruit ripening and 
senescence (its classical role) to seed germination (4),seedling 
growth (5), root growth (6), stress phenomena (7) and other phys
iological processes (8) that may be considered to be under hor
monal control. Ethylene is therefore an important component in 
the mix of hormones that control plant metabolism. 

Ethylene Biosynthesis 

Methionine i s the major precursor i n the biochemical path
way to ethylene (9). Ethylene i s formed from carbons 3 and 4 of 
methionine which i s degraded i n reactions poss ibly involving free 
rad ica l s and oxygen (9). Recently Adams and Yang (10,11) i d e n t i 
f ied S-adenosylmethionine (SAM) and 1-aminocyclopropane-l-
carboxylic acid (ACC) as intermediates i n the pathway from 
methionine to ethylene. The sequence of reactions i n the pathway 
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from methionine to ethylene, including intermediates, i s shown 
i n F i g . 1. 

Recognition of SAM as an intermediate indicates that ATP i s 
involved i n ethylene biosynthesis . ATP may thus provide a locus 
for regulatory contro l . Inhibi tors are known for every step i n 
the pathway from methionine to ethylene. The react ion from 
methionine to SAM i s inh ib i ted by L-2-amino-4-hexynoic ac id 
(AHA) or L-2-amino-4-trans-hexenoic ac id and related methionine 
analogues (13), and the step from SAM to ACC i s inh ib i ted by 
aminoethoxy v iny lg lyc ine (AVG) and canaline (12,14). The f i n a l 
step from ACC to ethylene probably involves oxygen, perhaps i n 
a f r e e - r a d i c a l chain react ion , because i t i s inh ib i ted by 
anaerobiosis as wel l as a number of antioxidant radical-quench
ing agents, such as η - p r o p y l ga l la te and 3 ,4 ,5 - tr ich lorophenol . 

Some of the enzymes involved i n th is react ion pathway have 
been i d e n t i f i e d . The enzym f th  f i r s  i  th  react io
pathway, SAM synthetase
The enzyme converting SA
tissues (14) and appears to be a pyridoxal phosphate-mediated 
enzyme. However, the enzyme converting ACC to ethylene has not 
been i so lated as yet , although indicat ions are that i t reacts 
with oxygen by a complex mechanism, perhaps to form f r e e - r a d i c a l 
intermediates. 

Adams and Yang (10) have suggested that the S atom of 
methionine i s recycled i n the ethylene react ion pathway, as 
shown i n F i g . 2. In th is scheme, 5 1 -methylthioadenosine, the 
res idual molecule which derives from the react ion converting 
SAM to ACC, i s further metabolized to 5 f -methyl thior ibose , which 
then transfers the S-methyl group to homoserine to form 
methionine. This scheme i s hypothet ica l , and the enzymes neces
sary for a l l these reactions have not as yet been demonstrated. 

Knowledge of the complete react ion pathway for ethylene 
production and the charac ter i s t i c s of the enzymes systems i n 
volved, should shed l i g h t on the control and regulat ion of 
ethylene production and perhaps also i t s re la t ionship to other 
hormones. 

Ethylene Act ion 

Act ion of ethylene i n r ipening and senescence. H i s t o r i c a l 
l y the act ion of ethylene i s associated with r ipening f r u i t . 
Ethylene production i n mature f r u i t coincides with the onset of 
the r ipening process and the c l imacter ic r i s e i n r e s p i r a t i o n . 
Exogenously applied ethylene can induce mature unripe f r u i t to 
r ipen and senesce as they would n a t u r a l l y , but at an accelerated 
rate . Ethylene was therefore considered a ripening or aging hor
mone associated espec ia l ly with senescent f r u i t metabolism. How
ever other plant hormones also play a ro le i n f r u i t r ipening and 
senescence. For example cytokinins can suppress ethylene pro
duction i n s l i c e s of r ipe avocado f r u i t suggesting an in terac t ion 
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ΜΕΊΉΙΟΝΙΝΕ- ATP SAM- PP ACC-

AHA AVG PG 

AHA= L~ 2-Amino- 4-hexynoic acid 
PP= Pyridoxal phosphate 
AVG= Aminoethoxy vinylglycine 
PG= Propyl gallate 

Figure 1. Reactions from methionine to ethylene showing intermediates and 
inhibitors of each step in the pathway and the possible direct conversion of 

methionine to ethylene 
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Figure 2. Proposed pathway from methionine to ethylene indicating recycling of 
the S atom according to Adams and Yang (10) 
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of cytokinins with the ethylene-forming system (Fig* 3) (16) . 
The production and act ion of ethylene are , however, not 

confined to mature f r u i t and senescent metabolism* Ethylene also 
influences many facets of plant growth and development,. The 
influence of ethylene on growth of young t issues i s observed 
v i v i d l y i n i t s effect on e t io la ted pea seedlings to cause the 
well-known t r i p l e response—stunting, subapical swelling and 
diageotropism—which involves a l l aspects of growth* Evidence of 
the t r i p l e response to exogenously applied ethylene suggest 
interact ions of the gas with the t o t a l spectrum of plant hormones, 
and i t i s these interact ions that require e luc ida t ion . 

Ethylene and auxin. The i n t e r - r e l a t i o n s h i p between auxin 
and ethylene was suggested by the discovery that supraoptimal 
l eve l s of auxin (10~"*-10"~%) stimulated ethylene production i n a 
number of plant t issue
production i n subapica
after a lag period of about 1 to 3 hours, requires continuous 
presence of auxin and i s inh ib i t ed by i n h i b i t o r s of RNA and 
protein synthesis (F ig . 4) (20,21). These data suggest that the 
ethylene-forming system i s induced by high l eve l s of auxin and 
may involve RNA to prote in synthesis . In some t issues auxin can 
act ivate ethylene production i n 15 minutes or less (22), which 
i s too short a time span for prote in synthesis . Pea root t i p s 
also appear to have an ethylene-forming system which can respond 
to low leve l s of IAA (1 μΜ) without a lag per iod, and th i s system 
i s not inh ib i ted by cycloheximide (23). However, higher l e v e l s 
of IAA-induced ethylene production by pea root t ips (10-100 uM) 
involves a lag period, i s inh ib i ted by cycloheximide and probably 
requires protein synthesis . 

The induction of ethylene i n plant t issues by supraoptimal 
concentrations of auxin i s wel l establ ished, but the reverse 
e f fect , that i s , the influence of ethylene on auxin concentration 
i s less wel l known. There are reports which indicate that l eve l s 
of exogenous ethylene (10-36 ppm) cause s ign i f i cant reductions 
i n endogenous leve l s of IAA (Table I) (24,J25,26) . These i n 
fluences of auxin on ethylene production and ethylene on auxin 
l eve l s suggest feedback re lat ionships between these hormones 
which regulate the leve ls of auxins and ethylene to cause spe
c i f i c growth phenomena (27) as, for example, the regulat ion of 
c e l l shape and s ize (28). Goldwin and Wain (29) showed that 
auxin-induced ethylene production was re lated exponentially to 
growth, and i s a consequence of c e l l u l a r growth processes induced 
by auxin. Th ir ty - four compounds which were considered to be 
analogues of auxin were tested for the ir a b i l i t y to induce 
ethylene production. Only those compounds which promoted con
siderable extension growth were e f fect ive inducers.. This f inding 
suggests a r e l a t i o n between growth rate and ethylene p r o d u c t i o n » 
Perhaps v i a a feedback mechanism ethylene serves to slow down 
excessive growth i n plants excessively stimulated by high con-
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Figure 3. Influence of IAA and cytokinins on ethylene production by post
climacteric avocado tissue slices (16) 
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HOURS 
Plant Physiology 

Figure 4. Effect of inhibitors of RNA and protein synthesis on IAA-induced 
ethylene production in subhook sections of etiolated pea seedlings. Arrows indi

cate time inhibitors were applied (20). 
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centrations of growth substances. The ultimate s ize and shape 
of c e l l s , t issues and organs of a plant may represent the resu l t 
of in teract ion of ethylene, as the modulating or braking regula 
tor , with the mix of growth-accelerating hormones, such as auxins, 
g ibbere l l ins and cytokinins . 

Ethylene and GA. Scott and Leopold (30) noted the opposing 
actions of GA^ and ethylene i n the let tuce hypocotyl elongation 
assay for GA^, i n the α - a m y l a s e induction assay for GA, and i n 
induction of invertase i n sugar beet t i ssue . The opposing 
actions of GA3 and ethylene i n the subhook region of e t io la ted 
pea seedlings were also observed. This region, where c e l l 
elongation occurs most r a p i d l y , elongates abnormally when treated 
GA3 (10~5M) but thickens and does not elongate when treated with 
1 ppm ethylene. Pretreatment of seedlings with GA3 before 
treatment with ethylen
sub-apical stem t issue
c e l l s i n the subapical region of pea seedlings treated with GA3, 
ethylene, and a combination of GA3 and ethylene (F ig . 5). 
Treatment with GA3 elongated the c e l l s excessively, and treatment 
with ethylene caused the development of isodiametric swollen 
c e l l s . When treated with both GA3 and ethylene, the c e l l s were 
very s imi lar to control c e l l s i n s ize and shape. These data 
i l l u s t r a t e the interact ions between GA3 and ethylene i n deter
mining s ize and shape of c e l l s . 

Cytokinins and ethylene. Cytokinins can synergize IAA-
induced ethylene production (32) i n e t io la ted pea seedlings, 
probably by increasing the concentration of free IAA v i a both 
suppression of IA4 conjugation and enhancement of IAA uptake 
(33). However, the influence of cytokinins on ethylene produc
t ion cannot be so le ly re lated to preserving free IAA, because 
k ine t in (10""%) i s much more ef fect ive i n st imulating ethylene 
production i n very young pea seedlings (2-day old) than i s IAA 
(10"%) (32) « Ir-aseki et a l . (34) also noted that cytokinin can 
influence ethylene production i n the presence of IAA by some 
metabolic process unrelated to maintaining the l e v e l of free 
IAA. Although cytokinins appear to enhance ethylene production 
i n seedlings and excised segments of seedl ing, espec ia l ly i n 
conjunction with auxin, they tend to suppress ethylene production 
i n c l imacter ic and postcl imacteric apple and avocado f r u i t s (16). 
This tendency may re la te to the known act ion of cytokinins i n 
suppressing loss of ch lorophyl l and senescence i n aging leaves 
(35). 

Ethylene and ABA. Absc i s ic acid (ABA), l i k e ethylene, 
i n h i b i t s growth of e t io la ted seedlings; but the seedlings do not 
show the t r i p l e response charac ter i s t i c of ethylene-treated 
seedlings (36). ABA-inhibited pea seedlings produce less 
ethylene than seedlings not treated with ABA i n response to high 
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l eve l s of IAA (10"%) (37). Apparently, ABA and ethylene i n 
h i b i t growth and interact with auxins by d i f ferent mechanisms. 
However, ABA stimulates ethylene production i n mature f r u i t 
(16,37) and appears to act l i k e ethylene i n hastening senescence. 
There appears to be a close re la t ionship between ABA and ethylene 
i n inducing and accelerat ing the aging process i n p lants . 

Ethylene as a stimulator of growth and development. The 
most observed actions of ethylene on growing plants involves 
growth i n h i b i t i o n , or accelerat ion of senescence. These actions 
are espec ia l ly evident i n the antagonism or opposit ion of 
ethylene to auxins, g ibbere l l ins and cytokinins (27), as already 
outl ined above. Actua l ly ethylene stimulates growth i n many 
types of c e l l s , e spec ia l ly i n water plants (Table I I ) . When 
ethylene acts to stimulate c e l l elongation, as i n water p lants , 
auxins and C0 2 enhance
act ion i s the reverse o
ethylene opposes the effects of auxin, GA3 and cytokin ins . 

Considering ethylene a growth i n h i b i t o r may be inaccurate 
i n l i g h t of the natural phys io log ica l ro le of th i s gas i n growth, 
development and senescence. Whether or not ethylene acts to i n 
h i b i t growth depends on i t s concentration l e v e l , the stage of 
growth of the t issues on which i t acts , and the type of c e l l s 
and t issues to which i t i s appl ied . The tomato mutant diageo-
t r o p i c a , which i s characterized by hor izonta l growth of shoots 
and roots , assumes a normal growth habit when subjected to very 
low concentrations of ethylene, i n the order of 5 ppb, or high 
leve ls of auxin (10""%) (40,41) . These studies suggest that the 
morphological development of th is mutant may be contro l led by 
very low leve l s of endogenous ethylene production resu l t ing from 
an auxin-ethylene feedback mechanism. 

The i n h i b i t i o n of growth by ethylene i n subhook regions of 
e t io la ted pea seedlings i s large ly due to reduction i n the polar 
auxin transport system which supplies auxin to the c e l l s (42, 
43). In the presence of ethylene the subhook region of the pea 
stem does not grow i n length but does continue to grow i n 
diameter, and there i s l i t t l e difference i n increase i n fresh 
weight between the contro l and ethylene-treated seedlings i n the 
f i r s t 24 hr . During the next 2 days (72 hr af ter continuous 
treatment with ethylene), the increase i n fresh weight i s great
er for the ethylene treatment than for the control i n spite of 
the noticeable difference i n elongation of the subhook. 

Ethylene at concentrations of 1 ppm and higher inhib i ted 
root elongation i n tomato, peas and r i c e . However, s t imulat ion 
of root elongation was obtained with less than 0.02 ppm i n 
tomatoes, less than 0.15 ppm i n peas and less than 1 ppm i n r i c e 
(44). Extension of roots i n a l l three species could be i n 
creased by ethylene, but d i f ferent concentrations were required 
for each species. These data allow speculation that dynamic 
low leve l s of ethylene may be required for normal growth and 
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Table I . IAA Content of Epicoty l s from Control and Ethylene-
Treated (24 hr) Et io la ted Pea Seedlings 

Seedlings IAA Percent 
ng/seedling Difference 

'Alaska 1 

Control 6.5 + 0.7 

Ethylene-treated 
(10-20 ppm) 2 . 7 + 0 . 3 -58.5 

Sweet Eminent 

Control 1 . 4 + 0 . 2 

Ethylene-treated 
(19-36 ppm) 0 . 7 + 0 . 1 -50.0 

Table I I . Ef fect of Ethylene and Other Hormones on Growth of 
Land and Water Plants 

Plant or Tissue Auxin GA Ethylene 

Land Plants 

Pea Seedling Epicoty l s + ++ 
Pea Seedling Roots + + 

Water Plants 

Rice Seedlings 
Ranunculus Acleratus 

+ 
+ 

+ 
+ 

+ 
+ 
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development of roots . 

Wound or stress ethylene production. The s igni f icance of 
ethylene i n plant metabolism may be indicated by the changes i n 
ethylene production that occur when t issue i s wounded or placed 
under s tress . Tissue which normally evolve l i t t l e or no ethylene 
show a surge i n ethylene production 3 to 10 times the basal l e v e l 
upon phys ica l wounding (45), bruis ing (46), freezing (47), 
i r r a d i a t i o n (48), attack by microorganisms (49) and other 
stresses. The p r o f i l e of the surge i n ethylene production, af ter 
a short l a g , i s shown i n F i g . 6 and suggests a dampened o s c i l 
l a t i o n , perhaps re lated to a negative feedback system i n the 
t issues (50,51). 

Plants under water stress are known to produce increased 
amounts of ethylene, show a r i s e i n ABA and a decl ine i n endo
genous cytokinins (52,53)  Othe
ably involved i n the respons
and wounding act ions . The surge of ethylene production upon 
stress may therefore represent a response to a disturbance of 
the hormonal balance i n t i ssues . The dampened o s c i l l a t i o n curve 
for wound ethylene production may r e f l e c t the dynamic return of 
the disturbed hormonal system to a proper hormonal balance under 
the new t issue condit ions , and thus may also r e f l e c t a healing 
phenomenon. 

Ethylene receptors and regulatory c o n t r o l . The mode of 
act ion of ethylene at the molecular l e v e l i s unknown. Some 
attempts, however, have been made to determine the receptor s i tes 
for ethylene (54) as wel l as the ir charac ter i s t i c s (55). There 
appears to be very l i t t l e incorporation of ethylene applied to 
t issues (only about 0.05%). The ethylene incorporated into 
pea seedling t issues which responded phys io log ica l ly to the gas 
was metabolized to CO2 and water-soluble metabolites (55). 
Metabolism of the incorporated -^C ethylene by pea seedlings and 
other t issues was inh ib i ted by high leve ls of CO2 (7-10%) and 
Ag+ ions (10-500 ppm) (56). A g + ions prevented the incorporation 
of l^C ethylene into water-soluble t issue metabolites and 
counteracted the phys io log ica l effects of ethylene i n retarding 
ep icoty l growth i n pea seedlings, absciss ion i n cotton and 
senescence of orchids (57). A g + ions had l i t t l e effect on the 
metabolism of ethylene to - ^ C 0 2 . On the other hand, high 
l eve l s of C0 2 (7-10%) inh ib i ted the oxidation of ethylene to 
"^C0 2 without af fect ing incorporation of -^C 2H4 into water-
soluble labeled compounds i n the same t i s sue . These resu l t s 
suggest two s i tes at which ethylene may be metabolized. One site 
i s blocked by A g + ions and the other by C0 2. High l eve l s of 
ethylene could overcome the i n h i b i t i o n due to Ag ions and C 0 2 . 

The influence of A g + and CO^ on ethylene act ion was ob
served i n senescing tobacco leaf disks i n which loss of 
ch lorophyl l was taken as an index of senescence (F ig . 7). 
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Plant Physiology 

Figure 5. Subapical cells in cortical region of etiolated pea seedlings held for 24 
hr in water exposed to air (water-air) (4), GA-air (5), GA-ethylene (6), and 

ethylene (7) from Stewart et al. (SI) 
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Plant Physiology 

Figure 6. Profile of ethylene production by wounded stems of etiolated pea 
seedlings. The profile shows kinetic changes suggesting dampened oscillation 

(from Saltveit and Dilley (50)) 
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Carbon dioxide and A g + ions c l e a r l y suppressed senescence, as 
determined by chlorophyl l l o s s . Aminoethoxy v iny lg lyc ine (AVG}, 
the i n h i b i t o r of ethylene biosynthesis , also s i g n i f i c a n t l y 
suppressed senescence, as determined by preservation of 
chlorophyl l i n the leaf disks aging i n the dark.Combinations of 
C0 2, Ag ions and AVG were espec ia l ly e f fect ive on preserving 
ch lorophy l l , presumably by suppressing both ethylene b iosyn
thesis and act ion at the two receptor s i t e s . After 6 days* 
aging at 2 5 ° i n the dark, the controls contained only 7% of the 
ch lorophyl l present at the s t a r t , whereas 84% of the ch lorophyl l 
was retained by the leaf disks treated with a combination of C0«, 
Ag and AVG. 1 

Leaf disks which had been treated with Ag (10 ppm) and 
C0 2 (10%) to prevent ethylene act ion , ac tua l ly showed consider
able increase i n ethylene production ( F i g . 8) . In the absence 
of auxin or cytokinins
ethylene biosynthesis increase
5-15% CO2 and pretreatment with 10 ppm o £ Ag ions. On the 
addi t ion of IAA or IAA and k ine t in to Ag and C0 2 - treated 
leaf d isks , ethylene production increased 8 to 9 times. This 
observation suggests the p o s s i b i l i t y that the biosynthesis of 
ethylene depends on i t s u t i l i z a t i o n , perhaps through some 
negative feedback s igna l . Presumably the binding of ethylene 
to i t s receptor or the metabolism of ethylene tends to dampen 
i t s biosynthesis . Auxin and combinations of auxin and + 

cytokinins considerably augment ethylene production i n Ag and 
CO - treated leaves. Once again this points out the in teract ion 
between auxins, cytokinins and ethylene. Production of 
ethylene appears to be dependent on auxin and also on the de
gree to which ethylene i s metabolized. 

L o c a l i z a t i o n of the ethylene forming system. The 
ethylene-forming system i n plants has never been i so lated i n 
v i t r o because i t does not survive destruction of the c e l l . 
In recent studies protoplasts prepared from apple t issue did not 
produce ethylene. The loss of ethylene-producing a b i l i t y by 
t issue s l i c e s incubated i n c e l l wal l -d igest ing enzymes during 
preparation of protoplasts i s shown i n F i g . 9. Methionine, 
the precursor of ethylene, delayed the loss of ethylene pro
duction somewhat during preparation of the protoplasts . 
Ethylene production was restored to some extent when the proto
plasts were cultured for 3 or more days (F ig . 10) (58). 
Restoration of ethylene producing a b i l i t y by cu l tur ing was 
correlated with regeneration of some c e l l - w a l l mater ia l , as 
shown by incorporation of myoinositol i n the ethanol- insoluble 
f rac t ion of the protoplasts and by increased fluorescence with 
calcaf luor-white (58). Regeneration of c e l l - w a l l material was 
correlated with ethylene production i n response to methionine 
added to the cultured protoplasts . Production of ethylene by 
these cultured protoplasts was not only dependent on addit ion of 
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Figure 9. Loss of ethylene-producing ability in apple slices treated with a 
mixture of cell-wall-digesting enzymes in presence and absence of methionine 

(58): (Ο,Φ), preclimacteric; (A, A), climacteric. 
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TIME IN CULTURE (HOURS) 

Plant Physiology 

Figure 10. Evidence for restoring ethylene-producing ability in cultured proto
plasts, as correlated with myoinositol incorporation and increased fluorescence of 

EIS components of cultured protoplasts (58) 
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methionine but was also inh ib i ted by AVG and η - p r o p y l g a l l a t e , 
the i n h i b i t o r s of ethylene biosynthesis . 

A more recently used technique of i s o l a t i n g protoplasts 
from apple f r u i t i s less dras t i c and involves the use of 
c e l l u l y s i n . The protoplasts so i so lated appear to have the ir 
plasma membrane intact and produce ethylene from methionine and 
1-amino-cyclopropane-l-carboxylic ac id (ACC), without p r i o r 
c u l t u r i n g . These protoplasts are very sens i t ive to osmotic 
shock and suggest the importance of intact membrane structure 
for ethylene biosynthesis . Once the membrane system i s damaged, 
the ethylene-synthesizing capab i l i t y i s l o s t . It therefore 
appears that the system for ethylene biosynthesis , and perhaps 
also the receptor s i tes for ethylene, i s l oca l i zed i n membranes, 
poss ibly the plasma membrane. This could account for a w e l l -
integrated highly structured system l i n k i n g production to act ion 
and to other hormonal systems  whose receptor s i tes have also 
been associated with membrane

Conclusions 

Advances i n ethylene biochemistry and physiology have 
preceded along a number of fronts . F i r s t l y the biosynthet ic 
pathway from methionine to ethylene has been further c l a r i f i e d 
and intermediates i d e n t i f i e d . Secondly some progress has been 
made i n recognising two possible receptor s i tes which are 
inh ib i ted by Ag ions and CO , respect ive ly . T h i r d l y the 
l o c a l i z a t i o n of ethylene production has been shown to be 
associated with membranes i n studies with protoplasts . 

There also have been c lear indicat ions that interact ions 
of ethylene with auxins, cytokinins , g ibbere l l ins and ABA are 
involved i n both ethylene production and ac t ion . Generally the 
effects of ethylene tend to antagonize those of auxins, cyto
kin ins and g i b b e r e l l i n s , and tend to re inforce those of ABA, 
depending, however, on t issue systems involved. Reinforcement 
of ethylene by ABA and v ice versa occurs more frequently i n 
senescence. 

Although ethylene has been recognized mostly as an i n h i b i t o r 
of growth, espec ia l ly of young t i ssues , there are examples that 
i t acts i n conjunction with auxins and g ibbere l l ins to enhance 
growth, espec ia l ly i n water plants . Some, other experiments 
suggest that ethylene regulates morphogenesis at extremely low 
concentrations, i n the ppb range, which may i n fact be the 
natural phys io log ica l concentrations i n many t i ssues . At 
higher concentrations, i n the ppm range, ethylene appears to be 
i n h i b i t o r y . Because ethylene can e i ther i n h i b i t or stimulate 
growth and development, depending on the t issue type (18) 
and concentration, I suggest that ethylene modulates the act ion 
of the so-cal led growth hormones—auxins, g ibbere l l in s and 
cytokinins . Conversely auxins, g ibbere l l ins and cytokinins 
appear to influence ethylene production and ac t ion . These 
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observations, which are for the most part only at the 
descr ipt ive l e v e l of sophis t i ca t ion , indicate that an under
standing of integrated interact ions between a l l hormones at the 
molecular l e v e l i s necessary i f the growth and development of 
crops i s to be f u l l y contro l l ed . 
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Natural Products in Plant Growth Regulation 
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Institute, Plant Hormone and Regulators Laboratory, Beltsville, MD 20705 

The literature documents several hundred plant products that 
appear to exhibit growth-regulatin
ring plant growth substance
types. The first type includes growth substances such as auxins, 
gibberellins, cytokinins, the inhibitor abscisic acid (ABA) and 
ethylene. These are commonly referred to as plant hormones. They 
appear to be present in very minute quantities in a l l plant 
species, particularly in higher plants whose growth and develop
ment are controlled by these hormones. The second group of 
natural products, commonly referred to as secondary plant growth 
substances, about which we are concerned in this article, includes 
compounds such as phenols, aliphatic and aromatic carboxylic 
acids and their derivatives, steroids, terpenoids, amino acids, 
and lipids. Some of these compounds are produced by plants in 
abundant quantities, but lack growth specificity; others are 
present in minute quantities, but show high specificity. Based 
on this information, natural products produced by animals, plants, 
fungi, and bacteria may broadly be categorized into: (I) those 
compounds that are widely distributed and are present in abundance 
but lack specificity. Examples in this category are phenolic 
compounds (including coumarins and flavonoids), lipids and amino 
acids (including polypeptides). (II) those compounds that have 
limited distribution (sometimes, species-specific) and are pro
duced in small quantities, but with some specific activity. 
Examples are simple unsaturated lactones, terpenoids, steroids, 
and alkaloids. Although there is a clear distinction between the 
two categories, this conventional approach was avoided in this 
review. A novel approach followed here that will Hake into 
account both categories (specific and nonspecific growth sub
stances) is based on their biosynthetic origin. 

According to Robinson (1) , Whittaker and Feany (2), and 
Rice (3), a great majority of secondary plant products are b i o -
synthesized from acetate and shikimic acid as shown i n F i g u r é 1, 
which describes the formation of 15 groups of natura l products. 

This chapter not subject to U.S. copyright. 
Published 1979 American Chemical Society 
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7. MANDAVA Natural Products in Plant Growth Regulation 137 

Tannins and l ignins are also derived from these pathways but are 
not included in Table 1. To make the l i s t as simple as poss ible , 
a l l compounds of aromatic nature, v i z . , simple phenols, benzoic 
and cinnamic ac id d é r i v â t e s , coumarins, flavonoids and quinones 
are condensed into one group - aromatic compounds. Thus I w i l l 
attempt to cover systematically the secondary plant growth sub
stances that f a l l into 11 major groups as shown in Table 1. 

Interest ingly , several natural products, besides the ir role 
as a n t i b i o t i c s and phytotoxins, exhibit plant growth responses 
(mainly i n h i b i t i o n ) . In order to keep the ir ident i ty as such, 
these were l i s t e d under miscellaneous natural products (Table 1). 
Furthermore, compounds which have s t ruc tura l features s imi lar to 
those present in hormones (g ibbere l l ins and ABA) and which exhibi t 
s imi lar growth responses are also l i s t e d under miscellaneous 
natural products (Table 1). 

This review also include
stances from the Unite
section on the mode of act ion of the secondary plant growth 
substances is included. A c lose ly re lated subject which is now 
rece iv ing considerable at tent ion is the biochemical interactions 
of natural compounds from plants with other plants in the natural 
habitat (al lelopathy) and th is topic is included i n this review. 
It is not my intention to make an exhaustive survey of the 
l i t era ture on a l l compounds reported to be b i o l o g i c a l l y ac t ive . 
Instead, l imited but pertinent information on a few selected 
groups of compounds w i l l be provided. In reviewing these com
pounds, the b i o l o g i c a l a c t i v i t y information is c i ted only to 
indicate the ir importance. 

Natural Products Orig inat ing from Acetate and Shikimic Ac id 
Pathways 

A l i p h a t i c Compounds. 
There are numerous reports indicat ing that many v o l a t i l e 

substances such as methanol, ethanol, n-propanol and n-butanol 
produced by fungi2and yeast (4) i n h i b i t the growth of r i c e and 
sugar cane at 10 - 10 M. Further, ethanol inh ib i t s the seed 
germination of lettuce (Lepidium sativum) (4). 3-Methyl 
b u t a n o l - l - o l and hexa-1,3,5-tryne also produced by s o i l micro
organisms and culture gases act as inh ib i tors of seed germination 
(4, 5). Certain simple a l i p h a t i c acids have also been reported 
as plant growth regulators (Table 2) . For instance, formic, 
ace t i c , propionic and butyr ic acids produced by s o i l organisms 
showed strong inh ib i tory effect on r i c e seedling growth (6). The 
a c t i v i t y of carboxylic acids decreased in the following order: 
s tear ic > caprin ic > capry l i c > i s o - v a l e r i c > caproic > butyr ic 
> pa lmi t i c > propionic > formic > acet ic > pyruvic . Another 
example is γ - a m i n o b u t y r i c a c i d , found in a crown-gall tumor in 
wi l ted bean leaves, which stimulates tumor growth (7). C i t r i c 
ac id from orange juice induces growth promotion in t issue 
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138 P L A N T G R O W T H SUBSTANCES 

TABLE 1. 

Major Groups of Natural Products Originating From Acetate and Shikimic 

Acid Pathways 

1. A l i p h a t i c compounds 

2 . Simple unsaturated lactones 

3 . Fats and other l i p i d s 

4 . Aromatic compound

a) Phenols, aldehydes, benzoic and cinnamic acid derivatives 

b) Coumarins 

c) Flavonoids 

d) Other aromatic compounds 

5. Terpenoids 

6. Steroids 

7. Alkaloids and N-heterocycles 

8. Amino acids and polypeptides 

9. Purines and nucleosides 

10. Sulfur compounds 

11. Miscellaneous natural products 

a) A n t i b i o t i c s 

b) Phytotoxins 

c) Lichens 

d) Others ( S t r u c t u r e - a c t i v i t y r e l a t i o n s h i p and other growth 
i n h i b i t o r s ) 
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7. MANDAVA Natural Products in Plant Growth Regulation 139 

cultures (8). 
In the 1930's, Bonner and his group investigated the effects 

of several a l i p h a t i c compounds on plant growth. A c l a s s i c 
example is traumatin, a lso referred to as the wound hormone, 
which was i so lated from bean pods and ident i f i ed as 1-decene-l, 
10-dicarboxylic ac id (9̂ , 10). This substance is capable of 
inducing renewed c e l l d i v i s i o n and c e l l extension a c t i v i t y in the 
parenchymatous c e l l s of the bean pod mesocarp. It is also 
capable of inducing wound periderm formation in washed disks of 
potato tuber and therefore functions as a wound hormone of the 
potato. Further, i t was shown to be capable of p a r t i a l l y re
placing the juice of tomato f r u i t for revers ib ly i n h i b i t i n g the 
germination of tomato seeds (11, 12, 13). 

A long-chain dihydroxy compound, i so lated from Avocado 
mesocarp, inh ib i ted soybean ca l lus growth and induced elongation 
of wheat co leopt i l e s . Thi d  ident i f i ed  1-acetoxy
2,4-dihydroxy-n-heptadeca-16-ene
i n h i b i t o r (14). 

Radiclonic ac id and i t s 0-acety l and 12-hydroxy derivat ives 
were i so lated from the culture f i l t r a t e of a PenciIl ium sp. fun
gus. These compounds promoted root elongation in many types of 
seedlings, the maximum a c t i v i t y was about 25 ppm for Chinese 
cabbage seedlings; for r i ce seedlings, i t was inh ib i tory above 
100 ppm and stimulatory below this concentration (15, 16). 

Unsaturated Lactones. 
This group represents compounds that include some analogs 

of 2-pyrones which constitute an important subgroup of the 
acetogenins having plant growth regulat ing properties (Table 3). 
Pesta l o t i n , found in Pestalot ia cryptorne r ia c ο 1 a , was reported to 
be a g i b b e r e l l i n synergist (17, 18). The leaves of Lindera 
obtusiloba contain obtusilactone which is the main component 
showing growth-inhibit ing properties (19). 

Protoanemonin, an a n t i b i o t i c i so lated from Ranunculacea sp . , 
is a potent growth inh ib i tor (20) of seed germination and many 
bac ter ia . This aglycone can be obtained by the hydrolys is of i t s 
glycoside, ranunculin which is produced by several species of 
Ranunculaceae (21). Parasorbic ac id which is 6-methyl-5,6-
dihydro-2-oxo-2H-pyran was ident i f i ed from the unripe berry 
f r u i t s of Sorbus aucuparia (22) and is very inh ib i tory to seed 
germination and seedling growth, and is a lso a n t i b a c t e r i a l (21). 
Another δ - l a c t o n e , massoilactone (6-n-amyl-5,6-dihydro-2-oxo-2H-
pyran), found in the bark of Massvia aromatica also i n h i b i t s the 
germination of seeds (23). P s i l o t i n which is 6(4-P-D-glucopy-
ranosyloxyphenyl)-5,6-Dihydro-2-oxo-2H-pyran and i t s aglycone, 
p s i l o t i n i n were ident i f i ed from Psilotum nudum L . (24) as we l l as 
from Tmesipteris tannensis (25). P s i l o t i n showed an inh ib i tory 
effect on seedling growth of turnip , onion and let tuce . These 
inh ib i tory effects of p s i l o t i n were overcome by glutathione and 
other t h i o l s , and a lso be g i b b e r e l l i n A3 (26, 27). 
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The a n t i b i o t i c , pa tu l in (Table 3) shows a strong inhibitory-
effect on higher plants . At 10 μ g / m l this compound completely 
inh ib i t s the germination and growth of seedlings on certa in 
cu l t ivated plant species (28, 29). It is produced by a number 
of fungal species (PenciIlium sp.) and is sometimes referred to 
by such names as ca lv i formin, c lavac in , c lavat in and expansine. 
Bergel e_t aJL. (30) reported the i s o l a t i o n of p a t u l i n , the syn
thesis of which was later accomplished by Woodward and Singh 
(31, 32). 

A l t e r n a r i a so lani (33) contains an unsaturated lactone 
moiety with a side chain (C15) and this lactone, termed a l t e r -
nar ic a c i d , exhibits inh ib i tory properties in seedling growth 
of test plants . Some of the unsaturated lactones described 
above are summarized in Table 3. 

Fatty Acids and Othe
L i p i d s have long bee

regulating a c t i v i t y and in fact , the oldest known growth 
substance is a l i p i d , namely o l ive o i l , which was used by the 
ancient Egyptians in the t h i r d century B . C . to hasten the 
ripening of f igs (34). Hirata and his coworkers in Japan (35) 
and Stowe's group in the U . S . A . (36), conducted a systematic 
study on therole of l i p i d s in plant growth regulation and found 
that several classes of l i p i d s including fatty acids and the ir 
esters , fat ty alcohols and di f ferent glycerides stimulate the 
enlargement and ripening of f igs and auxin-induced elongation of 
pea stems. Stowe concluded that a group of long chain (20 R.) 
l i p i d s , termed oleamins (37), stimulate c e l l enlargement, 
re sp ira t ion and ethylene formation, and they often act syner
g i s t i c a l l y with auxins to induce these responses. Vitamins also 
appear to e l i c i t plant growth regulating e f fects . For example, 
α - t o c o p h e r o l (vitamin E) (38) showed d i f f e r e n t i a t i o n of a near 
primordium i n winter rye (Secale c é r é a l e L . ) and vitamins H and 
Κ. (39, 40) alone or with IAA or NAA cause growth effects i n root 
formation in pea stem, bean and Datura plants . Although s terols 
belong to the l i p i d s c lass , they w i l l be described later in a 
separate sect ion. Several long chain and short chain fatty acids 
and the ir esters and alcohols have been reported to exhibit such 
growth responses as (a) i n h i b i t i n g seed germination (41) and 
b a c t e r i a l growth (42), (b) i n h i b i t i n g the tobacco a u x i l i a r y bud 
growth (sucker control chemicals) (43, 44, 45), (c) k i l l i n g 
meristamatic t issues in ornamentals (chemical pruning agents) 
(46, 47), (d) i n h i b i t i n g the growth of roots and other plant 
organs (48), (e) st imulating auxin-type induced growth of roots 
and other plant organs (48), (e) st imulating auxin-type induced 
growth (49, 50), and (f) st imulating the o v e r a l l growth and 
y ie lds of some crop plants (51). Essent ia ls of these results are 
summarized in Table 4. 
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Aromatic Compounds. 
As mentioned e a r l i e r , th is group of compounds occurs widely 

i n nature and appears to be non-speci f ic i n e l i c i t i n g a c t i v i t y . 
Although the chemistry of these compounds has been wel l def ined, 
the endogenous ro le of these substances i s not. Several of 
them appear to be inh ib i tor s of seed germination. Since this 
subject was extensively reviewed by several workers (21, 56, 60), 
only a minimum of information with a few examples i s presented 
here. 

(a) Phenols, Aldehydes, Carboxylic Acids and Quinones; Many 
a c i d i c growth inh ib i tor s have been iso lated from various sources 
and i d e n t i f i e d as substituted benzoic and cinnamic acids (e.g. , 
f u r u l i c and caf fe i c ac ids ) . These aromatic acids i n h i b i t the 
growth of seedlings and seed germination. The same effects are 
caused by cer ta in benzaldehyde derivat ives which were also 
i so lated from plant source
benzaldehyde present i
i n h i b i t o r of tomato and other plants (52, 53). Some representa
t ive examples of phenols, aldehydes, carboxyl ic acids ( p a r t i 
cu lar ly benzoic and cinnamic acid derivat ives) and quinones are 
shown i n Figure 2. 

(b) Coumarins: Coumarin and several of i t s derivat ives 
(Figure 3) were reported to i n h i b i t seed germination and seedling 
growth i n many test systems. Scopoletin was i so lated from several 
plant species inc luding 5-day-old oat (Avena sativa) seedlings 
(54). It i n h i b i t s the growth of roots at 10-5M. Se i s in was 
obtained from c i t rus roots (56) and i n h i b i t s growth i n the Avena 
co leopt i l e bioassay. Psora l in was found in the seeds of Psoralea 
subacaulis and other members of _P. c o r y l i f o l i a , j P . drupacea and 
several species of Psoralea. This substance i n h i b i t s seed 
germination and root growth of l e t t u c e , radish and cucumber 
plants (55). The b i o l o g i c a l ro le of coumarins has been reviewed 
by Evenari (21) , and Mayer and Poljakoff-Mayer (56). 

Coumarin derivat ives (mostly i n the form of the ir glycosides) 
are of wide occurrence i n the plant kingdom and hydrolysis y ie lds 
the corresponding aglycones. Published reports indicate that 
coumarins i n h i b i t potato sprouting, root growth, a b o l i t i o n of 
a p i c a l dominance i n sugar cane, as wel l as other growth effects 
i n ch icory , barley and other plants (56). Coumarin also i n h i b i t s 
the IAA-induced growth of co leopt i les but th i s effect could be 
reversed by 1,2-dimercaptopropane (BAL). Besides i t s inh ib i tory 
act ion (at 10"3M) , coumarin was shown to stimulate seedling 
growth and seed germination at low concentrations (10"" ? to 1 0 - 1 % ) . 
G i b b e r e l l i c acid A^ reverses the i n h i b i t i o n of germination caused 
by coumarin. This reversal i s a function of GA^ and coumarin 
concentration (55). It may be possible that coumarin i n some way 
affects the metabolism of the endogenous hormones (GA^ and IAA). 

Decursinol and decursin (Figure 3) were obtained from 
Umbelliferous plants (57). At 10 ppm, both compounds inh ib i ted 
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Figure 2. Phenoh, aldehydes, carboxylic acids, and other aromatic compounds 
with growth-regulating activity 
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Coumarin Umbelliferone R-Ht Aesculetin 

^~ch3J Scopolet i η 

R=p-D-Glucose} 

Aesculin 

Limeltin Daphnetin R-H} Psora/in 

R - C H 5 j Bergap+in 

Xanthotoxin Ρ impi nellin Ayapin 

RO 
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R=OCCHO(CH3)2 } Decursin 

Figure 3. Coumarins in plant growth regulation 
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the growth of Avena coleopt i les sect ions. They also inhib i ted 
the germination of l e t tuce , tomato, cucumber, Chinese cabbage 
and wheat seeds at 100 ppm. Furthermore, they promoted the 
adventitious root formation i n bean (Phaseolus vulgar i s ) plants 
(58, 59). 

(c) Flavonoids; These are another group of aromatic com
pounds that have widespread occurrence i n both higher and lower 
p lants . The effects of compounds such as kaempferol and 
quercetin (Figure 4) on plant growth have been extensively 
studied, espec ia l ly the effect of l i g h t i n l ea f experiments. 
They have been implicated i n interference with IAA oxidation at 
cer ta in concentrations (60). Some of the flavonoids also play 
an important ro le i n plant growth and development. For example, 
sayanedine exhibits a cytokinin-type a c t i v i t y i n cultures of 
tobacco p i t h t issue (61). Another example i s naringenin which 
is reported to be a dormanc
s i l y d i a n i n and s i l y c h r i s t i n
of the milk t h i s t l e (Silybum marianum L» Gaertn.) strongly 
stimulate the oxygen uptake of plant t i s sues . Since oxygen 
uptake (a physical effect) can affect growth, they are considered 
as potent growth substances. This effect manifests i t s e l f i n the 
intens i ty of re sp ira t ion and the time course of oxygen consump
t ion (63). 

(d) Other Aromatic Compounds: Several aromatic compounds 
(Figure 5) other than those described above have been reported 
to possess growth-regulating propert ies . A "lettuce cotyledon 
factor" i d e n t i f i e d as d ihydroconiferyl alcohol was found to be 
a synergist of g ibbere l l ins and auxin i n inducing hypocotyl 
elongation of le t tuce and cucumber, respect ively (64). This 
phenyl propenoid compound i s now thought to be ubiquitous i n 
nature, since the same compound i s present i n several plants 
such as pea, cucumber and Jerusalem artichoke (64). Z i n n i o l , a 
toxic metabolite of A l t e r n a r i a z inniae , i n h i b i t s seed germination 
and also has weak a c t i v i t y against fungi and bacter ia (65). 

An isocoumarin, hydrangenol from Hydrangea opulaides 
antagonizes g i b b e r e l l i n act ion s imi lar to that of naringenin 
(62, 66). An endogenous growth i n h i b i t o r of l iverwort , Lunalar ia 
cruc iata L . , was ident i f i ed as l u n a l a r i c acid which i s a dihydro-
st i lbene carboxyl ic acid (67, 68). This substance occurs i n a l l 
l iverworts and algae examined thus far and appears to f u l f i l l 
the same growth-regulating function i n lower plants that ABA does 
i n higher plants (69, 70, 71). Further, th i s acid at 10-30 ppm 
i n h i b i t s the auxin-induced elongation of Avena co leopt i l e 
segments. 

Dormancy i n yam bulbs (Dioscorea batatas) was found to be 
induced by three i n h i b i t o r s , batatasins I , I I , and III (72, 73). 
The structures for batatasins I and III were assigned recent ly . 
Batatasin I i s 6-hydroxy-2,4,7-trimethoxyphenanthrene and 
batatasin III i s 3,3-dihydroxy-5-methoxy-bibenzyl. Biogenet i -
c a l l y , hydrangenol, l u n a l a r i c acid and batatasin III appear to 
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Kiempferol 

Figure 4. Flavonoids with growth-regulating properties 
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be derived from phenyl propanoids through an acetate pathway (70). 
A group of 5 compounds, namely, s c l e r i n , s c l e r o l i d e , 

isosclerone and sc l ero t in ins A and B, from S c l e r o t i n i a s p . , was 
shown to stimulate the growth of several types of plants i n 
cluding r i c e , castor bean and mung bean seedlings. Although this 
group (Figure 5) has s t ruc tura l s i m i l a r i t i e s with other phenolic 
compounds, they e l i c i t only growth-promoting effects (74, 75, 76, 
77). Pigments such as b ikaverin and norbikaverin , also i so lated 
from a fungal source (Fusarium s p . ) , affect the development of 
marginal hyphae, namely, the extension growth ceases and vacuola-
t ion and other morphological symptoms of aging ( normally 
ind ica t ive of senescence). The red pigment, b ikaver in , was act ive 
when tested i n 30 species of fungi (78). 

Some lignans whose biosynthetic o r i g i n i s from cinnamic 
acid (by oxidative phenolic coupling) have been shown to exhibit 
plant growth-inhibit in
l i d e (MEL) (79) and i t
ovata L . Similar epoxylignolides such as sesamin and kobusin 
were found i n Magnolia kobus (81), but they are reported only as 
strong inh ib i tor s to silkworm larvae . 

Phenylacetic acid and i t s hydroxy isomers (ortho, meta, and 
para) have been i so lated from many plants and microorganisms 
(82) and have been reported to have plant growth a c t i v i t y . 
Other compounds such as 2-(4-hydroxybenzyl) maleic a c i d , a 
germination i n h i b i t o r from Pestalostemon ga l tener i (83), and 
L-3-phenyl lac t ic a c i d , a root growth promoter and t y r o s o l , a 
let tuce seed germination i n h i b i t o r from Gleosporium l a c t i c o l o r 
are of great interest because of the ir growth regulating 
properties (84). 

Terpenoids. 
Several terpenoids, p a r t i c u l a r l y those with a lactone 

moiety, have been examined for plant growth-regulating a c t i v i t y . 
Inc identa l ly , several of these compounds exhibit anti-tumor and 
i n s e c t i c i d a l a c t i v i t y . They are c l a s s i f i e d into mono-(C^o)> 
sesqui-(Ci5) , d i - ^ n ) * t r i ~ ( c 3 o ) a n d tetraterpenes (C40). Some 
representative candidates among these classes possessing b i o 
l o g i c a l a c t i v i t y are as follows: 

( i ) Monoterpenoids or terpenes: S t r i c t l y speaking, the 
term "terpene" refers to a hydrocarbon of the composition C-^QH^^. 
In prac t i ce , however, th is term applies to a l l C^Q compounds 
that also contain oxygen, e . g . , alcohols and ketones. Mono-
terpenoids are the major constituents of steam-volati le essent ia l 
o i l s of plants (1, 22, 85). Evenari (22) suggested that the 
inh ib i tory a c t i v i t i e s of essent ia l o i l s on seed germination were 
ch ie f ly due to the monoterpenic compounds. V o l a t i l e terpenes 
such as camphene, camphor, c ineole , dipentene, and a- and 
3-pinenes (Figure 6) have been found i n the shrubs, (Salvia 
leucophyl la , J3. apiana, m e l l i f e r a and Artemisia C a l i f o r n i a 
(86) and show growth i n h i b i t i o n . The most inh ib i tory ones are 
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camphor and c ineole . Eucalyptus camaldulensis (87) and J E . micro-
theca (88) produce c ineo le , a- and β - p i n e n e s . In a study re lated 
to the s t r u c t u r e / a c t i v i t y , Asplund (89) found that the compounds 
with funct ional (keto) groups [pulegone and (+)- and (-)-camphors] 
showed more i n h i b i t i o n of radish seed germination than other 
monoterpenes (Figure 6). The least inh ib i tory was 3-pinene 
followed by 1 ,8-cineole , and others showed s imi lar a c t i v i t y . 

( i i ) Sesquiterpenes: B iogenet i ca l ly , these compounds are 
originated by uni t ing 3 isoprene un i t s . They were, found i n 
several plants as wel l as i n many essent ia l o i l s . The simplest 
member of th is group that follows the isoprene ru le i s farnesol 
(Figure 7) which was i so lated from Sorghum Sudanese (Piper) Stapf 
and was shown to induce stomatal closure i n Commelina communis. 
This endogenous ant i transpirant i s more act ive than ABA i n 
stomatal closure (90, 91). 

Sesquiterpenes suc
chamazulene found i n Artemisi
growth-inhibit ing a c t i v i t y (92). Other artemisia species 
(A. ps i lastachya and A. acanticarpa) produce several sesqui
terpenes , some of which may also be growth inh ib i tors (93 , 94). 

Methyl jasmonate was found i n the essent ia l o i l s of 
Jasminium grandiflorum (95) and Rosmarinus o f f i c i n a l i s (96), 
while the free acid was i so lated from culture f i l t r a t e s of 
Las iod ip lod ia theobromae (97). The acid inhib i ted the growth 
of green plants . Cuautemone (Figure 7) was i so lated from the 
nonsaponifiable port ion from the a e r i a l part of Pluchea odorato 
(Compositae, the Mexican shrub, "Cuauhtenati") and exhibits 
growth i n h i b i t i o n when tested i n corn and bean plants (98). A 
sesquiterpene-l ike compound, ascochit ine, was found i n culture 
f i l t r a t e of Ascochyta fabae and th i s toxin causes brown necrot ic 
spots when applied to cotyledons of broad bean (99). A plant 
growth i n h i b i t o r belonging to a germacrane-type sesquiterpene, 
he l iangine , was i so lated from Helianthus tuberosus L . This 
compound exhibited an inh ib i tory effect on the Avena co leopt i l e 
curvature and s tra ight growth (100, 101, 102). 

Several of the sesquiterpenes examined, p a r t i c u l a r l y those 
with an a-methylene-y-butyrolactone moiety, were found to be 
act ive i n e l i c i t i n g growth-regulating a c t i v i t y . A few examples 
are i l l u s t r a t e d here. Vernolepin (a sesquiterpene di lactone from 
Veronia hymenolepis) i n h i b i t s extension growth of wheat coleop
t i l e sections (103, 104). Pyrethros in , from Chrysanthemum 
s inerariaefo l ium, exhibits a s imi lar growth i n h i b i t i o n (105, 106). 
On the other hand, Chrysartemins A and Β belonging to the guaino-
l i d e family were i so lated from the leaves of £ . morifolium and 
£.. parthenium and promoted root i n i t i a t i o n i n s t r ing bean 
cutt ings . They also showed a synergis t ic effect with IAA (107) 
i n root i n i t i a t i o n test . When compared to heliangine and 
pyrethrosin, which also contain a-methylene-y-butyrolactone, the 
two chrysartemins A were reported to be more act ive i n promoting 
root i n i t i a t i o n and less act ive as auxin inh ib i tor s i n the Avena 
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growth test (106, 107). Chrysartemin was also found i n Artemisia 
mexicana and A. klotschiana (108). Alantolactone, found i n 
several species of Compositae, i s a potent i n h i b i t o r of seed 
germination and seedling growth of several species of bean seeds 
(109, 110, 111). Xanth in in , i so lated from the leaves of Xanthium 
pennsylvanicum (cocklebur), acts as an auxin antagonist i n the 
Avena co leopt i l e bioassay (112, 113, 114). Parthenin was 
i so lated from bitterweed, Parthenium hysterophorus, and exhibited 
growth-inhibit ing a c t i v i t y when tested at 50 ppm on r a d i c a l 
growth, hypocotyl elongation and adventitious root formation 
(115, 116); a c h i l l i n i so lated from A c h i l l e a lanulosa (117, 118) 
also exhibited s imi lar growth-inhibit ing a c t i v i t y . Parthenine 
and achyl l ine also inhib i ted r a d i c a l development i n germinating 
seeds and embryos of several plants cultured i n v i t r o . Growth 
was also inh ib i ted when plants were grown i n Hoagland's so lut ion 
and re sp ira t ion was depressed
d i v i s i o n and not on c e l
found i n costus (saussurea lappa) roots , showed growth promotion 
i n the mung bean hypocotyl bioassay (119, 120). Among the 
cross-conjugated terpenoid ketones examined, zerumbone and i t s 
oxide, and santonmin induced root formation i n the mung bean 
bioassay and were claimed to be more act ive than IAA at 10-30 ppm 
i n this test (121). 

( i i i ) Diterpenes: Several compounds possessing plant growth-
regulating a c t i v i t y are reported i n th is c l a s s i f i c a t i o n of t e r 
penoids which are b iogenet ica l ly derived from 4 isoprene units . 
They are produced by higher plants as wel l as by microorganisms. 

A diterpene glucoside with an opiobolane skeleton from 
Fusicoccum amygdali, termed fus icocc in (Figure 8) , was shown to 
e l i c i t a remarkable st imulation of growth of c e l l enlargement i n 
i so lated plant segments. This substance induces a magnified 
response, an auxin- l ike growth i n pea stem sect ions , cy tok in in-
l i k e a c t i v i t y i n squash and radish cotyledons, c e l l enlargement 
i n l eaf fragments and germination i n dormant wheat, let tuce and 
radish seeds (122, 123, 124). 

P o r t u l a l (Figure 8) i s a novel diterpene containing a 
perhydroazulene nucleus and was i so lated from Portulaca grandi-
f l o r a Hook. It i n h i b i t s the elongation of Avena co leopt i l e 
sections induced by IAA. It also accelerates adventitious root 
formation of Azukia ep icoty l cutt ings . 

A group of 8 diterpenes containing a common but novel 
ophiobolane skeleton (Figure 8) was i so lated from the culture 
f i l t r a t e of a fungal s t r a i n , Cladosporium sp. They were termed 
cotylenins and are leaf growth-regulating substances. Cotylenin A 
i s a growth promoter and showed the same b i o l o g i c a l a c t i v i t i e s as 
that of fus icocc in i n a series of assays, except the w i l t ing 
a c t i v i t y of tomato cutt ings . Cotylenins A and C are rare fungal 
glycosides containing unusual sugars. From a biosynthetic point 
of view, cotylenins Ε and C could be the possible precursors for 
the p r i n c i p a l metabolite, cotylenin A. Furthermore, cotylenins Β 
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Fusicoccin 

a) R-Hj Cotylenol 

Γ ^CH2OMe 
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Figure 8. Diterpenoids with growth-regulating activity 
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and D might have been formed from cotylenin A i n the culture 
condit ions, Cotylenins C, E , F and G showed about the same 
a c t i v i t y as that of the p r i n c i p a l metabolite, cotylenin A, i n a 
cucumber cotyledon assay (125, 126, 127, 128, 129). 

Higher plants and some microorganisms produce a number of 
diterpene lactones such as podolactones A - E , ponolactones A and 
i t s glucoside, inumakilactones A, i t s glucoside, Β and E , nag i -
latone C, momilactones A - C , and sel lowin A, many of which are 
inh ib i tory to the growth of plants (Table 5) . 

( iv) Triterpenes: A few compounds i n th is category have 
been reported to possess growth-regulating a c t i v i t y . A group of 
tr i terpenoids termed "cucurbitacins" (Figure 9) has been found 
mainly i n the Cucurbitacea family (cucumbers, gourds, melons, 
pumpkins and squashes are c o l l o q u i a l l y known as cucurbi t s ) . To 
date, 17 cucurbitacins have been i so lated from 6 plant sources and 
some of them were reporte
(146). Guha and Sen (147
and Κ play a ro le as a n t i g i b b e r e l l i n s . For example, cucurbitacin 
Β reduced the growth effect of GA3 when applied to 7-day-old r i c e 
seedlings (9 yg of the compound reduced the growth effect of 5 yg 
GA 3 per plant by 50%). Similar growth effects were observed with 
other cucurbitacins . We have evaluated several of them i n the 
bean second internode bioassay and found that they i n h i b i t c e l l 
elongation (148). Three t e t r a c y c l i c tr i terpenes , f a sc i cu lo l s 
(Figure 9), containing a lanostane skeleton have growth-regulating 
a c t i v i t y and were recently i so lated from the f r u i t of Nematoloma 
f a s i c u l a r e . Also found were the corresponding depsipeptides. 
A l l of these compounds, namely f a s c i c u l o l s A - F , inh ib i ted elonga
t ion of Chinese cabbage seedlings (149, 150). 

(v) Tetraterpenes: Carotenes and other pigments belong to 
this group. Although there i s no evidence concerning the growth-
regulating a c t i v i t y of carotenoids, the photodegradation of these 
compounds appears to exhibit b i o l o g i c a l propert ies , e . g . , v i o -
laxanthin. Absc i s i c acid and other inh ib i tor s have been impl i ca 
ted to have arisen from the breakdown of these pigments. 

Steroids . 
Several steroids including s t e r o l s , the ir glycosides , sex 

hormones and saponins have been implicated i n plant growth 
regulat ion . Many of these compounds, p a r t i c u l a r l y s terols and 
sex hormones (Table 6) , show several growth-regulating properties 
(mainly stimulation) of several plant organs (151). For example, 
s i t o s t e r o l stimulates the growth of 6-day-old dwarf pea ( 1 5 2 ) » 
Moreover, s i t o s t e r o l and lanostero l i n i t i a t e flower buds i n 
several species of Chrysanthemum (153). Ergosterol and choles
t e r o l , on the other hand, i n h i b i t root growth i n excised pea 
embryos (154). The natura l ly occurring sterylglycoses derived 
from st igmasterol , s i t o s t e r o l , lanosterol and cholesterol exhibit 
auxin- l ike a c t i v i t y i n the Avena co leopt i l e bioassay (155). 
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Cucurbiticin J *nd K 

(Epimmric *t C-24) 

Ri^r H ; fV C H5 ; F A S C l a j U ) L A ^ 
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Figure 9. Triterpenoids in plant growth regulation 
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The least understood of plant growth developmental processes 
i s the flowering phenomenon and sex expression as influenced by-
plant growth substances. From a l imi ted study, some steroids 
appear to exert influence on f lowering. The sex hormones, 
estrone, e s t rad io l and e s t r i o l , found i n the seeds and pol len of 
date palm (Phoenix dacty l i f era) and pomegranate seeds, increase 
i n the number of flowers of Ecballium elaterium and influence 
vegetative growth. They also appear to influence the sex 
expression i n several plants (156). Testosterone, detected i n 
the pol len of Pinus s y l v e s t r i s , decreases the stem growth of 
excised Pisum sativum sections (154). Several cor t i cos t ero ids , 
including cortisone and C o r t i s o l (11-hydroxycortisone), have 
been implicated i n th is growth phenomenon. For example, c o r t i 
sone increases the number of flowers of IS. elatum (157) while 
the female animal sex hormone, progesterone, i so lated from 
Holarrihena florebunda
(E. elatum) (157). Ahdrosteron
to the androgens, cause a s l i g h t increase i n the number of 
flower buds and change the sex r a t i o toward maleness (157). 

Several saponins, such as d ig i togenin ,diosgenin , d i g i t o x i -
genin, tigogenin and hecogenin, also have been reported to 
influence i n many ways the growth process of several types of 
plants (160, 161, 162, 163) as shown i n Table 7. From the 
foregoing d i scuss ion , i t i s apparent that the steroids produced 
by plants are involved i n e l i c i t i n g many growth responses, a 
s i tuat ion which warrants a more detai led study i n order to f u l l y 
understand the ir r o l e i n plant growth regulat ion . 

Alkalo ids and N-Heterocycles. 
According to Swain (164) , a lkalo ids (4500) const i tute about 

one-half of the low molecular weight secondary metabolites 
(10,000) i n higher plants and fungi . Very few of them have been 
tested for plant growth-regulating a c t i v i t y (Table 8) . Tomatine, 
a tr i terpene a l k a l o i d , has been shown to be a potent growth 
i n h i b i t o r (165). Tomatine and i t s aglycone, tomatidine, were 
i so lated from several Lycopersicum species (166, 167). N a r c i -
c lass ine and narciprimene, found i n several species of d a f f o d i l s , 
possessed ant imitot ic a c t i v i t y (168, 169) , while l y c o r i c i d i n o l 
and l y c o r i c i d i n e , i so lated from the bulbs of Lycor i s radiata Herb . , 
showed growth-inhibit ing a c t i v i t y on Avena co leopt i l e sections 
and r i c e seedling tests (170). These two compounds exhibit 
marked inh ib i tory act ion on c e l l d i v i s i o n i n tobacco t issue 
culture and have been shown to have carc inos ta t i c a c t i v i t y . A l l 
four of these compounds are c lose ly re lated to many Amaryl l ida-
ceae a l k a l o i d s , the biosynthetic scheme of which i s s imi lar to 
that of these compounds. Interest ingly enough, narc ic las s ine 
and l y c o r i c i d i n o l d i f f e r only i n the locat ion of a double bond 
and hydroxyl groups i n r ing C , and as Okamoto et a l . (170) have 
pointed out, these two compounds are l i k e l y to have the same 
s tructure . 
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Delcosine and ajaconine are diterpene a lkalo ids that belong 
to the lycoctonine and a t i s ine types, respect ive ly , and were 
i so lated from the seeds of common larkspur, Delphinium ajac i s 
(171). In a pea cambium growth bioassay on phloem and xylem 
t i s sue , delcosine showed strong growth i n h i b i t i o n (GA^ promotes 
growth response at 10""̂  - 10~^M i n th i s test system) , whereas 
ajaconine was devoid of a c t i v i t y at any concentration. 

Several n i trogen-heterocycl ic compounds, which can also be 
c l a s s i f i e d as alkaloids^ have been shown to possess growth-
regulating propert ies . Some representative compounds i n th is 
group are shown i n Table 9. 

Amino Acids and Peptides. 
The effects of various plant amino acids on le t tuce seed 

germination and seedling (hypocotyl and rad ic le ) growth were 
reported recently (176)
markedly than seed germinatio
Further , i t was shown that the non-protein amino acids were more 
e f fect ive i n h i b i t o r s of germination and seedling growth than 
were the prote in amino ac ids . 

Hoffinger et a l . (177) showed that the natura l ly occurring 
betaines such as hypaphorine and oxyneurine induce growth pro
motion at low concentrations i n the l e n t i l root t i p bioassay 
which i s an auxin test system. The same compounds turned out to 
be inh ib i tors at higher concentrations. 

A group of compounds that cause growth abnormalities was 
i so lated from Aspergi l lus niger and termed "malformins." 
Malformin A was i d e n t i f i e d by the Curt i s group (178) and was 
l a t e r synthesized by Bondansky and Stahl (179). This substance 
caused curvature on corn roots , showed i n h i b i t i o n of adventit ious 
root formation i n Phaseolus v u l g a r i s , and also stimulated the 
growth of e t io lated bean cutt ings . Malformin C, also i so lated 
from an A. niger source, was synthesized by Anderegg et a l . (180) 
to confirm the s tructure . B i o l o g i c a l l y , i t i s s imi lar to 
Malformin A (Figure 10). 

Three metabolites , C y l - 1 , C y l - 2 , C y l - 3 , were found i n the 
culture f i l t r a t e of Cylindrocladium scoparium (181, 182). Cyl-1 
and Cyl-2 showed i n h i b i t i o n of root growth, whereas Cyl-3 
promoted the growth of l e t tuce seedlings. The structure ( cyc l i c 
peptide) was e luciated only for Cyl-2 (182) as shown i n Figure 10. 

Purines and Nucleosides. 
Purines are best known, of course, as constituents of nucle ic 

acids such as RNA and DNA i n which purine and guanine are i n 
volved. If a monosaccharide sugar such as glucose i s attached to 
purines , the re su l t ing compounds are c a l l e d nucleosides. An 
important c lass of compounds that belong to th i s group are 
cytokinins , a l l of which are derived from adenine (6-aminopurine) 
or adenosine (adenine g lucoside) . Cytokinins , belonging to a 
group of primary growth substances, are outside the scope of th is 
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review with the exception of one example which i s discadenin, 
i so la ted from a c e l l u l a r slime mould, Dictyostal ium discaideum 
(183, 184). Besides i t s potent spore germination i n h i b i t i n g 
a c t i v i t y , discadenine exhibits cytokinin a c t i v i t y (about 2/3 the 
l eve l of k i n e t i n at 2.3 χ 10~?M) i n the tobacco p i th test (185). 

Caffeine i s one more example of compounds belonging to the 
purines. Evenari (21) has reported that i t i s one of the potent 
i n h i b i t o r s of seed germination. Several substituted purines and 
nucleosides produced by microorganisms are ef fect ive a n t i b i o t i c s 
(see the Section 11). They include nebularine, cordycepin and 
nucleocidine which may also possess growth-inhibit ing propert ies , 
as i s the case with other a n t i b i o t i c s (Figure 10). 

Sulfur Compounds. 
Recent reports indicat  that  su l fu  compound  exhibit 

growth-regulating propert ies
some substances which stimulat  pyruvat  asparagu
i t s e l f as wel l as i n Streptococcus faeca l i s 10C1. These sub
stances (Table 11) were i d e n t i f i e d as asparagusic, 
dihydroasparagusic and S-acetyldihydroasparagusic acids (186, 
187). Asparagusic ac id S-oxide, which exists i n syn and ant i 
forms, was also found i n asparagus shoots. These compounds 
showed i n h i b i t o r y act ion with various kinds of p lants , inc luding 
seed germination. With the exception of the S-oxides of 
asparagusic a c i d , these compounds showed complete i n h i b i t i o n of 
growth of root and hypocotyl of let tuce seedlings at 6.09 χ 10~^M 
(186, 187, 188, 189). 

Brug iero l , i sobrug iero l , brugine and i t s hydroxy derivat ive 
were i so lated from the stem and bark of Brugiera c y l i n d r i c a and 
they are s t r u c t u r a l l y re lated to asparagusic acids (190, 191, 192, 
193). 

Papaya seeds contain a growth i n h i b i t o r , c a r i c a c i n , which 
was shown to be N-benzyl-thiono-carbamic acid methyl ester (194). 
This compound (Table 11) i n h i b i t s the elongation of mung bean 
seedlings. A l l i c i n , an essent ia l ingredient of g a r l i c , com
ple te ly arrests b a c t e r i a l growth (195). 

Miscellaneous Natural Products. 
Apart from the foregoing 10 major groups of organic compounds 

that appear to have originated from the two metabolic pathways 
(Figure 1), several other natural products could also be c l a s s i 
f i ed into those groups. Compounds such as a n t i b i o t i c s and 
phytotoxins were de l iberate ly eliminated from the discussion 
because of the ir established ident i ty and spec i f i c function i n 
animals, plants and microorganisms. The plant growth regulatory 
ro le of these two classes w i l l be covered here. Other compounds 
that are included i n this sect ion are some substances from 
lichens which have been examined recently for growth-regulating 
ef fects . A sect ion on s t r u c t u r a l analogs of hormones i s 
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included here, even though many of them belong to terpenoids. 
Such a c lear d i s t i n c t i o n seems necessary to bring i t to the 
attention of chemists who might plan on synthesizing simple 
analogs or modified compounds; th is could prove to be a p r a c t i c a l 
and f r u i t f u l area of research, as was found to be the case with 
s tero id hormone research ( p a r t i c u l a r l y for contraceptives) . 

(a) A n t i b i o t i c s : These are mainly a group of natural 
products produced by microorganisms and have strong effects on 
other microorganisms. Several of them are potent i n h i b i t o r s of 
plant growth, and some have growth-stimulating properties (196) 
as shown i n Table 12. Wright (197) has compared the a c t i v i t y of 
a n t i b i o t i c s i n seed germination and subsequent root growth with 
the a c t i v i t i e s of coumarin and IAA. He concluded that a n t i b i o 
t i c s had l i t t l e effect on percentage germination; most were less 
toxic than IAA and more toxic than coumarin to root extension
The most toxic a n t i b i o t i c
g lut inos in and mycophenoli
gr i s eo fu lv in , p e n c i l l i n and streptomycin. 

(b) Phytotoxins : These are a group of natural products 
produced by microorganisms and have deleterious effects on plants . 
They exhibit growth i n h i b i t i o n at very low concentrations. As 
Lynch (198) has pointed out, phytotoxic i ty can be expressed as 
the i n h i b i t i o n of seed germination as wel l as the i n h i b i t i o n of 
subsequent root or shoot growth. Strobel (199) has c l a s s i f i e d 
phytototoxins into 4 categories, namely ( i ) glycoside phyto-
toxins , ( i i ) terpenoid phytotoxins, ( i i i ) amino acid-derived 
phytotoxins, and (iv) miscellaneous toxins (shown i n Table 13). 
Several of the toxins tested showed growth i n h i b i t i o n i n several 
bioassays (200). 

(c) Lichen Substances: Symbiotic organisms consist ing of 
fungi and algae (Lichens) produce charac ter i s t i c metabolites of 
d i f ferent chemical s tructures , ca l l ed "Lichen Substances." A 
few compounds of this group, e .g. ( - ) -usnic ac id , have been 
reported to possess growth-regulating properties i n let tuce seed 
germination (201) and dwarf maize growth (202). In a recent 
survey of l i chen substances, Huneck (203) claimed that among 14 
compounds tested i n cress root growth, oat and pea seedling 
growth, and wheat co leopt i l e bioassays, mesoerythritol , planaic 
ac id , usnic ac id and lepranic acid showed growth promotion at 
10"^ - 10~^M; other substances such as caperatic a c i d , evernic 
a c i d , fumarprotocetraric a c i d , psoromic ac id and l eprapin ic ac id 
were strong i n h i b i t o r s (10~^ and 10"^M). Since usnic a c i d , 
widely d i s tr ibuted i n l i chen genera, i s a potent i n h i b i t o r of 
a l g a l growth, this compound can be regarded as a spec ia l growth 
regulator of l ichens (203). 

(d) S truc ture -Act iv i ty Relat ionship: 
I . Natural products E l i c i t i n g GA^-Type A c t i v i t y : The 

term "GA-like a c t i v i t y " was f i r s t adopted by Phinney and West 
(204) for defining the b i o l o g i c a l a c t i v i t y of unknown compounds 
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Table 12. Effect of Some Antibiotics On Plant Growth (196) 

ANTIBIOTIC EFFECT ON PLANT GROWTH 

1. Actidione, (Cycloheximide) 

2. Albidin 

3. Bacillomycin A (=fungocin) 

4. Betracin 

5. Chloramphenical ("Chloromycetin) 

6. Chlorotetracycline (=Aureomycin

7. Citrinin 

8. Gladiolic acid 

9. Gliotoxin 

10. lutinosin 

11. Gramicidin 

12. Griseofulvin 

13. Mycophenolic acid 

14. Neomycin 

15. Oxytetracycline (=Terramycin) 

16. Penicill in 

17. Polymyxin 

18. Stemphylone 

19. Streptomycin 

20. Thiolutin 

21. Viridin 

Inhibits roots, seed germination 
and foilage toxicity 

Inhibits seed germination and root 
growth 

Inhibits seed germination and 
stimulate Ronuiex Cissae growth 

Inhibits root growth 

Inhibits root and shoot growth 

growth 

Inhibits seed germination and root 
growth 

Inhibits seed germination and root 
growth 

Inhibits seed germination and root 
growth 

Inhibits seed germination and shoot 
growth 

Inhibits seed germination, root and 
shoot growth, and foliage toxicity 

Inhibits seed germination and root 
growth 

Inhibits root and shoot growth 

Inhibits root and shoot growth and 
also stimulates growth in Reuiexiin 

Inhibits root and shoot growth and 
stimulator in Renuiex taamie 

Inhibi tβ root growth 

Inhibits seed germination and root 
growth and stimulate Renieux time 
growth 

Inhibits seed germination, root 
growth, shoot growth and foliage 
toxicity 

Inhibits root growth and stimulates 
Ruaexacelosa 

Inhibits seed germination and root 
growth 
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obtained from plant extracts . The same approach was followed to 
define the a c t i v i t y of other hormonal responses (e .g . , ABA-l ike 
and IAA- l ike compounds). Consequently, the l i t e r a t u r e was flooded 
with numerous reports that resulted i n a complete uncertainty as 
to whether such hormone-like compounds are r e a l l y plant hormones, 
p a r t i c u l a r l y when a t t r i b u t i n g them to the mode of act ion of 
hormones. The present discussion i s not confined to th is subject 
area. 

Some natural products, because of e i ther a close s t r u c t u r a l 
s i m i l a r i t y or a ske le ta l resemblance ( e .g . , a port ion of the 
molecule with the required sterochemistry or funct ional groups) 
essent ia l for a c t i v i t y , appear to produce the same or s imi lar 
a c t i v i t y as that e l i c i t e d by a plant hormone, such as GA3. In 
other words, to exhibit b i o l o g i c a l a c t i v i t y , the ent ire molecule 
(such as the t e t r a c y c l i c ent-gibberel lane nucleus) may not be 
required and only a port io
proper configuration o
would produce the same or enhanced GA-l ike a c t i v i t y . A few 
examples to i l l u s t r a t e such a s i tuat ion are the metabolites, 
helminthosporol, helminthosporal, the corresponding g l y c o l , 
helminthosporic ac id and dihydrohelminthosporic ac id (Figure 11), 
a l l of which were obtained from the fungus, Helminthosporium 
sativum (204). A l l of these products showed st imulation s imi lar 
to that of GA3 when tested i n the lettuce hypocotyl and other 
bioassays (205, 206, 207, 208, 209). Because of close s t r u c t u r a l 
s i m i l a r i t i e s i n the C/D r ing system of both types of compounds, 
i t has been assumed that such a r ing system (C/D) i s essent ia l 
for exhibi t ing b i o l o g i c a l a c t i v i t y (210). Another re lated com
pound with a fused b i c y c l i c r ing system, such as the one present 
i n the above examples, i s c i s - s a t i v e n e d i o l , which was i so la ted 
from a pathogenic fungus, Colchiobolus s e t a r i a l and also from 
H. sativum. This substance (Figure 11) promoted the elongation of 
r i c e seedlings and i t s a c t i v i t y i s very s imi lar to that of GA3 
(210). S t e v i o l , an aglycone obtained by enzymatic hydrolysis of 
a sweetner, s tev ios ide , from the leaves of Stevia rebaudiana (211), 
showed GA^-type a c t i v i t y i n le t tuce and cucumber hypocotyl elonga
t ion tests and also i n the growth of bean plants (212, 213). The 
foregoing examples suggest that some such s t r u c t u r a l features 
common to GA3 as to r ing s i z e , r ing junct ion sterochemistry, 
absolute configuration and funct ional groups such as hydroxyl and 
exomethylene groups must be required to exhibit the desired 
b i o l o g i c a l a c t i v i t y . 

Gibbane (ent-gibberellane) type compounds were previously 
thought to occur only i n the fungus Gibberel lan f u j i k u r o i and i n 
higher p lants . Recent work indicates that such compounds may 
also be produced by other organisms such as ferns. Antheridiogen 
(A^ n ) , from antheridium-inducing f ern , Avenia p h y l l i t i d i s , i s an 
example of a compound which has GA^-type a c t i v i t y , but to a 
lesser degree (214, 215). 
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I I . ABA-Type Compounds : Several metabolites of ABA and many 
analogous compounds bearing some s t r u c t u r a l features (3-ionone 
moiety) were recently found i n d i f ferent plant sources. For 
example, c i s , trans-xanthoxin, a photooxidation product of a 
carotenoid, v io laxanthin , i s a potent i n h i b i t o r of germination 
and i t s a c t i v i t y i s comparable to that of ABA (216). I t has been 
postulated that xanthoxin must have been converted into ABA i n 
the tested plant t issues to exhibit Α Β Α - l i k e a c t i v i t y (216). 
Vomifo l io l (Blumenol A) was also as act ive as ABA i n stomatal 
c losure, but was inact ive i n senescence and absciss ion tests 
(217). Queisone (5-isobutyroxy-3~ionone (Figure 12) was i so la ted 
from infected tobacco (Nicotiana tabacum) plants (218, 219) and 
inh ib i t ed the germination of Peronospora tabacina at 0.001 ppm 
(220, 221). Although the b i o l o g i c a l data on several other 
compounds such as theaspirone  blumenol  Β d C  damascon d 
damascanone were not read i l
least some of them posses y
s truc tura l s i m i l a r i t i e s (common 3-ionone moiety) to ABA. 

(e) Other Inh ib i tors : Sugar beet f r u i t s contain c i s - 4 -
cyclohexene-l,2-dicarboxyimide which i n h i b i t s let tuce seed 
germination (222). Crow et a l . (223) i so la ted from Eucalyptus 
grandis, three i n h i b i t o r s ( G ^ , G2 and G3) the structures of which 
were determined by chemical and X-ray crysta l lographic methods. 
A few of the compounds containing a 5-membered r ing system such 
as jasmonic acid (224) and cucurbic ac id (225) were reported to 
possess growth-regulating propert ies . These acids are s t ruc 
t u r a l l y re lated to prostaglandins which are yet to be detected 
i n the plant kingdom (Figure 12). 

New Plant Growth Regulators From USDA Laboratories 

To understand the ro le of secondary plant products i n plant 
growth and development and also to explore the ir potent ia l use 
i n crop improvement and protect ion , several USDA laboratories 
have been carrying out invest igat ions to i so la t e and ident i fy 
new growth substances, some of which are described here. A 
germination stimulant for the root paras i te , witchweed (Str iga 
lutea Lour . ) was i d e n t i f i e d as s t r i g o l (226) (Figure 13). This 
compound i s act ive at hormonal l e v e l s , causing germination at 
concentrations less than 10~% (226, 227) . The structure for 
s t r i g o l was confirmed recently by synthesis independently by 
American (228) and B r i t i s h groups (229, 230). S t r i g y l acetate, 
also i so la ted from the same source, was found to be as act ive as 
s t r i g o l (226, 227). 

A phytotoxin from the nodules produced by Rhizobium 
japonicum on the roots of soybean (Glycine max (L.) Merr.)> 
termed rhizobi tox ine , was i d e n t i f i e d by Owens et a l . (231, 232, 
233) as 2-amino,4-(2-amino-3-hydroxypropyl)-trans-but-3-enoic 
a c i d . Another c lose ly re lated analog of rh izobi tox ine , 
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dihydrohizobitoxine which i s 0-(2-amino-3-hydroxypropyl) 
homoserine, was also found from the same source (234). In 
addition to phytotoxic properties, rhizobitoxine i n h i b i t s the 
production of ethylene, a process mediated through methionine 
(235). It also i n h i b i t s the chlorophyl synthesis and root 
growth i n mus tard (Brassica japonica L.) plants (236). 

Chemical control of tobacco bud growth i s of considerable 
economic importance. However, because of the health hazards 
implicated by the use of some synthetic chemicals such as maleic 
hydrazide presently being used to control the a x i l l a r y and 
l a t e r a l bud growth, a search has been conducted for possible 
natural substitutes. Cutler and his associates (237, 238, 239) 
successfully isolated a growth i n h i b i t o r from Hicks variety 
tobacco and i d e n t i f i e d i t as 4,8-13-duvatriene-l,3-diol (Figure 
13) which belongs to the cambrene family. This d i o l exists i n 
two forms (A and B) an

Several diterpene
by Cutler (240) for growth-régulating a c t i v i t y i n wheat coleop
t i l e bioassays. Except for isodihydroabienol and β-levantenolide, 
a l l of the endogenous tobacco diterpenes showed growth i n h i b i t i o n 
of the wheat coleoptiles at concentrations of 10""̂ M or less 
(Table 14). 

Cantharidin (Figure 13), isolated from Spanish f l y (Lylta 
v e s i c a t o r i a L.), i n h i b i t s the growth of very young lupin (Lupinus 
albus L.) seedlings, Medico sativa L., Raphanus sativus L. and 
Brassica napus L. and Brassica napus L. seed germination at 
20 ppm. I t also i n h i b i t s the growth of wheat coleoptiles, corn, 
tobacco and bean plants (241, 242). 

A novel fungal metabolite, hydroxyterphenyllin (242) from 
Aspergillus candidus found i n unbleached flour was shown to be 
an active i n h i b i t i n g ingredient when tested i n wheat coleoptile 
bioassays at 10"3 _ 10"5M. Terphenyllin (244, 245) was also 
i d e n t i f i e d from the same source but was less active (at 10~^M). 
The new compound (243) was shown to be a potent growth i n h i b i t o r 
by C u t l e r 1 s group. 

One of the metabolites of the trichothecene family of 
mycotoxins, termed "neosolanoil" (246) was isolated from Florunner 
peanuts and i d e n t i f i e d as 3a-hydroxy-43, 8a-15-triacetoxy-12,13-
epoxytrichothec-9-ene. This toxin was shown to be a potent 
plant growth i n h i b i t o r active to 10~^M i n the wheat coleoptile 
bioassay. 

Cutler and his group (247) have also isolated cytochalasin H 
(or paspalin PI) from a parasite fungus, (Phomopsis sp. (Diaporthe 
i s the perfect state of the fungus) which i s often associated 
with leaf spot and diebark conditions of certain plants. This 
compound showed marked i n h i b i t i o n of growth and f l o r a l development 
of tobacco plants at concentrations of 10"^ and 10~^M. 

Other USDA research on natural products i n r e l a t i o n to plant 
growth and development includes the development of tobacco 
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sucker control agents (43, 44, 44a) and chemical pruning agents 
(45, 46) using short-chain f a t t y acids and their esters and fatty 
alcohols which have been described previously (Table 4). 

In a search for safer biodegradable plant growth substances 
that may have potential uses i n agriculture, p a r t i c u l a r l y for 
crop production, our laboratory has developed some new bioassay 
systems to screen various plants for growth-regulating a c t i v i t y . 
Our screening efforts resulted i n the discovery of both growth 
promoters and i n h i b i t o r s . 

A new plant growth promoter, termed brassinolide (Figure 14) 
was found i n rape (Brassica napus L.) pollen. The pu r i f i e d 
pollen extract, termed "brassins" (248) after the genus Brassica, 
i s composed of a complex mixture of l i p i d s and caused c e l l 
elongation and c e l l d i v i s i o n i n the treated internodes of bean 
plants. The active component, brassinolide, causes s p l i t t i n g of 
the bean internodes, enhance
hypocotyl sections (249)
epicotyl elongation of mung bean seedlings (250). Similar 
b i o l o g i c a l responses due to brassin treatment were reported by 
Yopp and co-workers (251). A concentrated team e f f o r t by chemists 
at B e l t s v i l l e A g r i c u l t u r a l Research Center, Eastern Regional 
Research Center and Northern Regional Research Center led to the 
f i n a l i d e n t i f i c a t i o n of the active component, brassinolide, by 
extracting 500 lbs. of rape pollen (252). Brassinolide has now 
been i d e n t i f i e d as a novel s t e r o i d a l lactone by a combination of 
several spectroscopic methods and X-ray crystallography (253). 
This compound, present at ppb levels i n the pollen, has not yet 
been found i n any other plant part. It appears to be unique both 
i n chemical structure and i n b i o l o g i c a l a c t i v i t y . 

Among the compounds that have been isolated from the brassins 
were a new group of glucosyl esters of fatty acids, the struc
tures of which were established by spectral methods (254, 255) as 
well as by chemical and biochemical synthesis (256, 257, 258). 
Although these esters were much less active than brassinolide i n 
the bean second internode bioassay, t h e i r presence may be 
essential for seed germination since the enzymatic synthesis of 
these esters was correlated to germination (257, 258). 

A growth i n h i b i t o r , i d e n t i f i e d as N,N-dimethyl-tryptophan 
(259) was found i n j e q u i r i t y bean (Abrus precatorius L.) seeds 
(260) and this substance inhibited the seedling growth of lettuce 
and many other plants. I t also inhibited auxin-induced responses 
i n several test systems, but not i n pea stem sections (261). As 
shown e a r l i e r , phenylacetic acid and i t s derivatives exhibit 
plant growth-regulating a c t i v i t y . We have found that a patho
genic fungus, Rhizoctonia solani, contains m-hydroxy- and 
m-methoxyphenyl acetic acids (Figure 13) as phytotoxins that 
cause elongation i n bean second internodes and also i n h i b i t the 
hypocotyl growth of the lettuce seedlings (262). 

As discussed elsewhere, several long-chain f a t t y alcohols 
show growth-regulating properties. We have isolated docosanol 
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H O 

Brassinolide 

CH20R 
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^COOH 
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R = Hj m~ Hydroxyphenylacetic Acid 
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I - Oocosanol 
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R = OC H s, 10 -M*thoxyc*mptoth*cin 

Figure 14. New growth substances from authors laboratory 
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TABLE 14. INHIBITORY ACTIVITIES OF Sore TOBACCO 

COMPOUND STRUCTURE INHIBIT ACTIVITY AT CONCENTRATION 

1, OS-ABIENOL 

2. ISODIHYDROABIENOL 

3. (13-E) LABDA-1 ,12-

ENE-SM5-DI0L O H ) 

4. 2-HYDROXYMANOOL 

5. SCLAREOL 

1 0 " 3 - 1 0 " ^ 

10"3 - 10Λ1 

ί ο - 3 - 10Λ1 

ίο - 3 - ιοΛι 

6. EPI-SCLAREOL 1 0 " 3 - ΙΟΛΊ 
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DITERPENES IN WHEAT COLEOPTILE BIOASSAY 

COMPOUND STRUCTURE INHIBIT ACTIVITY AT CONCENTRATION 

7. ftwooL 

8. PhNOYL OXIDE 

9. O-LEVANTENOLIDE 

10. B-LEVANTENOLIDE 

U . LABDANEDIOL 
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from the cotton f ibers (263). 1-Docosanol was act ive i n auxin 
bioassays and the same compound was also reported to be present 
i n tobacco (264). 

Our Laboratory i s also involved i n evaluating the plant 
products of medicinal interest for plant growth-regulating 
a c t i v i t y . Our main source of mater ia l i s a worldwide plant 
c o l l e c t i o n obtained i n conjunction with a search conducted by 
the National Cancer Inst i tute for unique chemicals po ten t ia l l y 
useful i n cancer treatment. It has been found that camptothecin, 
an a l k a l o i d (267) tested i n c l i n i c a l t r i a l s i n cancer study, i s 
a se lect ive growth i n h i b i t o r (265» 266). This compound i n h i b i t s 
tobacco a x i l l a r y bud growth, root i n i t i a t i o n i n mung bean and 
also the growth of several vegetable plants such as tomato and 
potato. 

A new growth i n h i b i t o r  harringtonol id  (Figur  14) with 
tropone and lactone moieties
of Cephalotaxus harringtoni  assigne y 
spectroscopic analysis and X-ray crystal lography (268). This 
compound inh ib i t ed the a x i l l a r y bud growth i n tobacco at 10"*% 
and was also an ef fect ive growth i n h i b i t o r when tested i n the 
bean second internode bioassay. 

Growth Substances Involved i n Biochemical Interactions between 
Plants i n Natural Habitat - Al le lopathy 

It has long been recognized that when di f ferent species of 
plants grow together i n a natural habi tat , some plants influence 
(antagonize) the growth of other plants i n the surrounding 
environment. The phenomenon (269) of such an influence under 
natural conditions and exerted by biochemical means other than 
n u t r i t i o n a l ones, has been ca l l ed "al le lopathy." The o r i g i n a l 
d e f i n i t i o n of a l le lopathy by Molisch (270) as being the benef i 
c i a l as wel l as the detrimental biochemical interact ions between 
a l l types of plants ( including microorganisms) has large ly been 
applied to higher plants by Rice (271) who uses th i s term as 
follows: "any d irec t or i n d i r e c t harmful effect of one plant 
( including microorganisms) on another through the production of 
chemical compounds that escape into environment." 

In 1907, Livingstone (272) and other workers (273) i n the 
United States Department of Agr icu l ture reported that the water 
extracts of s o i l s , where certa in crops had been grown con
t inuously, inh ib i t ed the growth of wheat and other crop seedlings. 
At that time no explanation was offered for this observation. 
Later , several workers demonstrated the toxic effects of root 
exudates, l eaf leachates, and s o i l extracts on seed germination, 
seedling growth, and other plant growth phenomena. We now know 
that several growth i n h i b i t o r s are responsible for the a l l e l o -
pathic e f fects . Audus (274) divides such i n h i b i t o r s into 4 
groups (Table 15) based on the ir source of i s o l a t i o n as shown 
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Table 15. Growth Inhibitors in Allelopathy (274) 

Inhibitors in 

Root Exudates Leaf Leachates 
Volatile 

Inhibitors 
Sick Soil 
Toxicants 

1. A l l i c in 

2. Chlorogenic 
acid 

3. Mel i l ot ic acid 

1. 3-Acetyl-6
methoxybenzaldehyde 

2. Genistic acid 

products of 
amygdalin (e.g. 
HCN) 

2. 6-Pinene 2. Phlorizin 

3. Dihydroxy-stearic 3. Camphene 3. Phloretin 
acid 

4. Gallic acid 4. Protocatechuic acid 4. Cineole 

5. o-Coumaric acid 5. Caffeic acid 

6. Pi peric acid 6. Syringic acid 

7. 2-Furanacrylic 
acid 

8. Juglone 
(β-hydroxy-
naphthoquinone) 

9. p-Hydroxy-
benzaldehyde 

10. Phenylpropianic 
acid 

7. p-Hydroxy-
benzoic acid 
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below: 
(1) Root exudates: A wide var ie ty of chemicals such as 

sugars, amino ac ids , and aromatics, i s excreted by roots of 
p lants . Very l i t t l e information i s avai lable on the a l l e l o p a t h i c 
in terac t ion of root exudates with the higher p lants , except for 
the i d e n t i f i c a t i o n of a few products i n i so la ted cases. 

(2) Leaf leachates and decomposition products: Inhibi tors 
from leaves may be washed into the s o i l or compounds from 
leachates further decompose into toxic products which i n h i b i t 
seed germination and prevent seedling establishment. 

(3) V o l a t i l e toxicants: A great many v o l a t i l e substances, 
inc luding gaseous compounds and v o l a t i l e terpenoids, are involved 
i n a l le lopathy . 

(4) "Sick s o i l " toxicants: Accumulation of toxicants from 
previous inhabitants evidently results i n growth i n h i b i t i o n of 
roots and seedling establishment

Although much of th
deals with the toxic effects of compounds, i t i s also poss ible 
that some of the secondary plant products released into the 
environment possess growth-promoting propert ies , thereby stimu
l a t i n g the growth of p lants . They may help to control weeds, 
plant diseases, and many pests . It i s estimated that i n the 
United States alone the losses caused by weeds, diseases, and 
pests are about 30% of the po tent ia l a g r i c u l t u r a l production. 
When translated into d o l l a r values, the losses amount to more 
than $20 b i l l i o n each year. Proper understanding of a l l e l o p a t h i c 
processes, p a r t i c u l a r l y for plant growth, could lead to several 
b e n e f i c i a l effects (for example, biochemically control of weeds) 
on a g r i c u l t u r a l production. 

Mechanism of Act ion 

When one observes that a certa in secondary plant product 
exerts a growth-regulating a c t i v i t y , obviously the f i r s t question 
that concerns the phys io logis t i s i t s mode of ac t ion . From the 
foregoing discuss ion, we know that several d i v e r s i f i e d organic 
compounds exhibi t d i f ferent growth phenomena i n i so la ted or 
intact plant systems. But i t i s d i f f i c u l t to discuss the 
mechanism of act ion of these natural products because of: 

1) Complications i n separating the secondary effects from 
the primary causes, 

2) The uncertainty i n t rans la t ing the observed effects i n 
i so la ted enzyme and other biochemical systems to intact plant 
systems, 

3) The lack of understanding of the effect of these sub
stances on whole plant photosynthetic processes (e.g. changes i n 
stomatal opening, membrane permeabi l i ty , water content, or many 
other processes that affect the o v e r a l l photosynthetic process) . 
However, from the avai lable information, an attempt has been 
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made here to br ing some general izat ions concerning the mode of 
act ion of natural products. A l s o , i t must be pointed out that 
the mode of act ion of most secondary growth substances i s i m p l i 
cated through the mediation of plant hormones. 

1) C e l l D i v i s i o n and C e l l Elongation. 
The main c r i t e r i a used i n determining the effectiveness of 

the use of natural products are the changes i n weight and s i ze 
of the test organisms. Appreciable increases i n e i ther of these 
require c e l l elongation and c e l l d i v i s i o n . Evidence presented 
on the plant test organisms with the natural products indicates 
e i ther an increase or a decrease i n the c e l l elongation or c e l l 
d i v i s i o n . For example, coumarin blocks a l l mitosis (prevents the 
entry of c e l l s into mitosis) i n onions and l i l y roots s imi lar to 
those effects observed with co lch ic in  (275)  S i m i l a r l y
parasorbic ac id prevent
cinnamic acid and juglon
root c e l l s of peas (Pisum sativum) and th i s decrease may be 
interpreted as an effect on the mi to t i c a c t i v i t y . Other examples 
c i t ed e a r l i e r , namely scopolet in , and several terpenoid com
pounds, prevent mitosis i n roots and other test organs. 

Several compounds tested i n our laboratory showed e i ther 
marked increase or decrease i n c e l l elongation and c e l l d i v i s i o n . 
For example, brass inol ide enhances c e l l enlargement and c e l l 
p r o l i f e r a t i o n , whereas camptothecin completely i n h i b i t s the 
growth of the test organs, apparently blocking a l l mitos is . 

2) Ef fect on G i b b e r e l l i n or Auxin-Induced Growth. 
Considerable work has been done on many natural products 

af fect ing the g i b b e r e l l i n - or auxin-induced growth i n many test 
systems. P a r t i c u l a r l y , the mode of act ion of non-speci f ic growth 
substances such as the phenolic compounds ( e . g . , subst i tuted 
benzoic and cinnamic ac ids , coumarins and flavonoids) has been 
implicated with the IAA-oxidation system. These compounds 
(Tables 2-4) appear to act as substrates on the IAA-oxidase-
peroxidase enzyme system, thereby increasing or decreasing the 
ox id iz ing (decarboxylating) a c t i v i t y of IAA. For example, 
p-hydroxybenzoic ac id decreases the growth of segments i n IAA 
(277) and at the same time increases the rate of decarboxylation 
of IAA (278, 279). Polyphenols ( including methyl ethers) such 
as guaicol and p y r o g a l l o l , on the other hand, were reported to 
i n h i b i t the a c t i v i t y of the IAA oxidation system (280, 281). 
These polyphenols also show synergis t ic effects with IAA (growth 
promotion), at least i n the Avena curvature bioassay (282) . In 
other words, monophenols are act ive i n promoting the oxidation of 
IAA, whereas d i - and polyphenols show the i n h i b i t o r y effects on 
IAA oxidation system. Putting i t i n a d i f ferent perspective, 
monophenols tend to destroy IAA i n plant t i s sue , while the l a t t e r 
groups protect IAA ( i . e . , they maintain the IAA leve ls in tac t i n 
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the t i s sue ) . Coumarin and i t s derivat ives appear to f i t the same 
explanation described for phenols. Monophenols such as umbeli-
ferone promote the IAA oxidation system, while polyphenols 
( including methyl ethers) such as scopolet in i n h i b i t i t . The 
mode of act ion for other nonspecif ic growth substances may follow 
the same patterns as i n phenols. p-Quinones may be considered 
as p-diphenols (converted by the photosynthetic chain) and certa in 
amino acids (tyrosine and dihydroxyphenylamine, DOPA) are mono-
and o-diphenols. Tannins are also phenolic i n th i s context. The 
flavonoids also f a l l under mono-, d i - and tr iphenols . Amines may 
function l i k e phenols and act also as e i ther promoters or i n h i b i 
tors of IAA oxidation system. For example, benzidine i s a potent 
i n h i b i t o r of IAA-oxidation i n t issue culture (283). 

Several of the secondary growth substances such as phenolics , 
a n t i b i o t i c s , and a lkalo ids (narcotics) not only affect the 
IAA-induced growth but
t ion (284). Many natura
were s p e c i f i c a l l y a t tr ibuted to the GA-induced growth responses 
(285), s ince i t has been elegantly demonstrated that the 
g ibbere l l ins (e.g. GA^) are responsible for the germination of 
seeds inc luding cereals such as barley which on GA treatment 
synthesize de novo a host of hydro ly t i c enzymes ( α - a m y l a s e , 
proteanase, ribonuclease, and endo-3-gluconase) (285). A s imi lar 
mechanism of GA-induced enzyme a c t i v i t y (286) was shown i n 
several plant t issues (increased invertase a c t i v i t y i n Avena 
sativum, Zea mays, Jerusalem art ichoke, sugar cane, and beet root) 
and changes i n nucle ic ac id metabolism were also a t tr ibuted to 
GA i n t e r a c t i o n . Corcoran (287) has found that the growth sub
stances from Carob (Ceratonia s i l iqua) i n h i b i t only GA3~induced 
growth, but not that of the IAA-induced growth. Cucurbitacins 
also i n h i b i t only GA^-induced growth i n r i c e seedlings (288). 
Several tannins and a number of phenolic compounds i n h i b i t only 
GA-induced growth i n cucumber and dwarf pea seedlings (289). 

3) Effect on Sulfhydryl Enzymes. 
One possible explanation for the mode of unsaturated lactones 

such as coumarin, protoanemonin, and v-pyrone-2 ,6-dicarboxyl ic 
ac id i s to i n h i b i t the act ion of su l fhydry l enzymes essent ia l for 
growth. This occurs as a resul t of a chemical react ion between 
the v-lactone and cysteine. The growth-inhibit ing effects of 
these lactones are prevented by 1,2-dimercaptopropane (an - SH 
contributor) known as BAL (290). This was proven for s p l i t pea 
stem curvature and also for co leopt i l e growth (290). The 
presence of auxin appears to sh i f t the range of i n h i b i t i n g con
centration to higher l e v e l s , as shown with chel idonic ac id or 
v-pyrone-2 ,6-dicarboxyl ic acid on the growth of pea stem segments. 
With coumarin, the i n h i b i t i o n i s reversed by BAL. In substi tuted 
coumarins, addi t iona l effects as shown e a r l i e r (phenolics on IAA 
oxidation system) were also involved. 
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Terpenoid lactones appear to follow the same mechanism of 
act ion . For example, the effect of heliangine on root growth was 
also due to the unsaturated lactone moiety act ing as a su l fhydryl 
i n h i b i t o r ( l ike coumarin). 

4) Ef fect on Ethylene Production. 
Release of ethylene has been implicated with the response of 

some growth substances. Phenylalanine ammonia-lyase (PAL) has 

been reported to be an ethylene-releasing enzyme that appears to 
be involved i n the formation of cinnamic acid from phenylalanine. 
Thus, there i s a close re lat ionship between ethylene and possible 
growth regulatory ef fect . The induction of PAL i n c i t rus f r u i t 
peel i s control led by ethylene (291). Fuchs (292) has substantia
ted the PAL hypothesis by demonstrating that various phenol 
derivat ives stimulate ethylene production i n orange f r u i t pee l . 
It was further shown by Morgan and Powell (293) that phenolic 
compounds such as coumarin stimulate ethylene production i n other 
test systems such as an e t io la ted bean hypocotyl hook bioassay. 
According to H a g and Curt i s (294) who investigated ethylene 
production i n 228 species of fungi , release of ethylene i s a 
common factor for fungi , thus suggesting further that ethylene i s 
involved i n the growth phenomena of a l l p lants . The resul ts of 
Owens ej: a l . (295) with rhizobitoxine indicate that the i n h i b i t i o n 
of ethylene production by th is toxin i n sorghum and apple t issues 
i s mediated through methionine and not from the synthesis of 
methionine. Further work i s needed to gain ins ight of ethylene 
involvement i n growth regulat ion. 

From the foregoing discuss ion, i t i s evident that we have 
explored only few parameters af fect ing plant growth processes. 
There are several others that may have e i ther d irec t or ind i rec t 
influence on growth and development. These include: 1) mineral 
uptake, 2) photosynthesis and r e s p i r a t i o n , 3) stomatal opening 
4) prote in synthesis and changes i n l i p i d and organic ac id meta
bolism, 5) hemoglobin synthesis , 6) membrane permeabil i ty , 
7) spec i f i c enzymes such as c e l l u l a s e , catalase, peroxidase, 
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phosphorylase, pec to ly t i c and other enzymes, 8) flowering and 
9) miscellaneous in teract ions . So far we have very l imi ted 
knowledge avai lable on natural products and hope that the future 
w i l l uncover the implications of these substances i n the ir 
mechanism of ac t ion , thereby allowing f u l l e r appreciat ion of 
o v e r a l l growth phenomena. 

Problems and Prospects 

When one considers the diverse occurrence of several thou
sand natural products from animal and plant sources and when some 
of these have shown great po tent ia l i n paint growth regulat ion , 
a few questions that often ar i se are: 

1. What s ign i f i cant ro le do these natural products play i n 
the metabolism of plant
plants)? 

2. Are the secondary substances that exhibi t growth-
regulat ing properties ac tua l ly involved i n contro l l ing the growth 
and developmental processes of the host plants? 

3. What are the control mechanisms involved i n growth for 
these substances? 

4. How can one make use of these substances i n improving 
the qua l i ty of crops and the environment i n which we l ive? What 
research approach seems the most l og ica l? 

It seems d i f f i c u l t to answer these and many other re lated 
questions at this time because the f i e l d of plant growth sub
stances i s s t i l l i n the stage of infancy. In the past , the 
foremost problem that had to be confronted i n this f i e l d was the 
lack of sui table methods for i s o l a t i o n and character izat ion of 
the growth substances that were present i n minute quant i t i es , 
although the potent ia l for such substances has long been recog
nized. As a r e s u l t , progress i n this f i e l d was great ly hampered. 
With recent developments of sens i t ive a n a l y t i c a l methods and the 
introduct ion of new instrumentation for the character izat ion of 
organic compounds i n trace amounts (at ppm and ppb l e v e l s ) , the 
future looks promising. We need a continued strong research 
e f for t i n new detection systems. P a r t i c u l a r at tent ion should be 
given to developing new or modifying the ex is t ing plant bioassays 
i n conjunction with spec i f i c a n a l y t i c a l techniques. The new 
a n a l y t i c a l methods w i l l lead to the detection of many new sub
stances, and w i l l also enable us to learn more about the 
metabolic processes i n the l i v i n g intact systems. There i s also 
a need for a continued e f for t i n screening for growth-regulating 
a c t i v i t y among the several thousands of known secondary compounds 
which may reveal the presence of potent ia l ly useful growth 
substances. 

Although the present guidelines are use fu l , our current 
tendency to explain a l l the known or yet-to-be discovered 
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secondary compounds through the 5 groups of primary growth sub
stances, has to be revised as we discover many new natural 
products. However strong the foundations that were l a i d i n the 
past 40 years i n this f i e l d may be, our knowledge of fundamental 
interact ions of the many biochemical processes at the molecular 
l e v e l that modify or regulate growth i s meager indeed. In 
summary, there may be several other groups of primary growth 
substances and many more secondary compounds about which we yet 
have no knowledge. 

The avai lable information suggests that minor modifications 
or changes (sterochemical and configurational) i n structure w i l l 
e i ther enhance or decrease 'b io logica l a c t i v i t y . But we lack 
knowledge of how such changes i n structure through a synthetic 
approach may modify a c t i v i t y . Another problem i s that many of 
the growth substances s
i n d e t a i l . Many example
i n only a s ingle i so lated bioassay; neither has the ir broad 
spectrum of a c t i v i t y been establ ished, nor the ir mode of act ion 
studied. As a r e s u l t , no basic knowledge on how they act endo-
genously i s ava i lab le , so that we have l i t t l e information on how 
they can be useful to agr icu l ture and the pub l i c . 

Several biochemical processes involv ing secondary growth 
substances have to be studied. A few examples are c i ted here: 

1) There have been implicat ions that the changes i n membrane 
permeability brought about by some of the growth substances 
represent an important mechanism of ac t ion . This f i e l d needs 
much more ef fort i n the future. 

2) The a b i l i t y of growth substances to modify the a c t i v i t y 
of pec to ly t i c enzymes appears to have great eco log ica l s i g n i f i 
cance. This i s p a r t i c u l a r l y true for a l l e l opa th i c compounds. 

3) It has been demonstrated that legume nodules have to 
contain hemoglobin i n order to be ef fect ive i n nitrogen f ixa t ion 
(3) and nitrogen deficiency also affects the production of 
ch lorophyl l (porphyrin synthesis) i n the primary leaves of legume 
plants . Some growth substances (e.g. s o i l toxins) i n h i b i t the 
f r e e - l i v i n g n i trogen- f ix ing bacter ia such as Azobacter, Rhizobium 
and Clostr idium s p . , resu l t ing i n s ign i f i cant decrease i n nodule 
formation. Problems concerning the effect of growth substances 
( p a r t i c u l a r l y a l l e lopath ic agents) on the synthesis of hemoglobin 
and porphyrin need to be investigated i n n i trogen- f ixat ion studies . 

4) S i m i l a r l y , evidence d i r e c t l y points to i n h i b i t i n g or 
a l t e r i n g the a c t i v i t y of other enzymes such as ce l lu lose (tannins 
slow the decomposition of hemicel lulose) , catalase and peroxidase 
(phytotoxins affect the horseradish peroxidase breakdown of IAA), 
phosphorylase (polyphenols i n h i b i t i t i n potatoes), and a host 
of other enzymes. A l l these appear to be very f e r t i l e areas for 
future research. 

5) The fact that the a c t i v i t y of i so lated respiratory enzymes, 
i so la ted mitochondria, one-cel led organs and organs of plants has 
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been shown to be adversely affected by many compounds (e.g. 
phenolics) indicates that effects on respiratory systems probably 
represent an important mechanism of act ion of at least some 
growth substances. 

6) At th is stage, i t i s not c lear how the growth substances 
affect the stomatal opening but th i s research area could be 
important with respect to water conservation. More work i s 
needed to arr ive at any de f in i t e conclusions. 

7) Growth substances evidently affect prote in synthesis and 
bring changes i n l i p i d s and organic ac id metabolism. Undoubtedly, 
this i s a f r u i t f u l area for future research. 

In view of the increasing ecologica l concern and crop pro
duction requirements, future research should be directed to 
understanding the ro le of plant growth substances i n contro l l ing 
or modifying 1) rad ia t ion e f fects  2) mineral d é f i c i e n c e s
3) s tress -re la ted phenomena
f i x a t i o n . In this respect
these natural compounds appear to have considerable potent ia l 
for contro l l ing disease, weeds, and other unwanted plants . Such 
trends could change future a g r i c u l t u r a l pract ices for increased 
e f f i c iency of crop production. 

Abbreviations 

GA3,Gibberellic ac id A3; IAA,Indole-3-acetic ac id; 
NAA,Naphthalene acet ic ac id ; ABA,Abscis ic ac id ; BAL,1,2-Dimercap-
topropane; PAL,Phenylalanine ammonia-lyase. 
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There has been substantia
for plant growth substanc
Previously, plant scientists had to primarily rely on the use of 
biological assays to determine the presence of the various com
pounds in which they were interested. Bioassays have helped in 
establishing the presence of PGS in plants. However, they have 
many inherent limitations in sensitivity and reliability. Bio
assays may be somewhat imprecise in identifying active compounds, 
due to a test tissue's ability to perhaps alter an unknown com
pound to a form that would elicit the biological response even 
though the originally added compound was inactive. Bioassays 
often lack specificity in that an observed response can be the 
net result of inhibitory and promotive substances. Bioassays 
often take days to complete. Another limitation of bioassays is 
that their response curve usually extends over a logarithmic 
range; levels must differ by a factor of at least five to ten for 
the bioassay method to detect a significant separation. 

Since many of the plant growth substances now have been 
structurally characterized, it is no longer necessary to rely on 
bioassays for PGS identification. In fact, physico-chemical 
techniques have become the methods of choice. There have been a 
number of reviews discussing some of the aspects of PGS analysis 
by physico-chemical procedures (1, 2, 3, 4, 5). This report will 
briefly survey the previous literature with special attention 
given to the advantages and disadvantages of the available ap
proaches. Special emphasis will be given to the potential uses 
of high performance liquid chromatography (HPLC). 

Qual i ta t ive vs . Quantitative Analys is . 

Qual i ta t ive Analyses. A clear d i s t i n c t i o n must be made be
tween qua l i ta t ive and quanti tat ive analyses. Qual i ta t ive analysis 
merely demonstrates the presence of a compound i n the extracted 
sample while quanti tat ive analysis determines the actual amount 
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of the s p e c i f i c compound being analyzed. B i o l o g i c a l assays per
mit an assessment of the presence of compounds with a c t i v i t y 
" l i k e " that of a given standard but for the reasons described 
above, they do not provide d e f i n i t e , qualitative or quantitative 
proof for the presence of a s p e c i f i c compound. They do provide 
proof that a compound with a c t i v i t y " l i k e " that of the class be
ing analyzed i s present. 

One of the key limitations to successful PGS analysis i s 
the inherently low le v e l of PGS found within plant tissue. 
Typical levels of many of these compounds range from 10 pg to 
10 yg per gram fresh weight of tissue, with levels most often 
less than 10 ng per gram fresh weight. The recovery of the PGS 
during sample preparation thus becomes very c r i t i c a l . 

Instrumental qualitative analysis of PGS i n the past has 
primarily been attempted by gas l i q u i d chromatography (GLC) f i t 
ted with either a flam  ionizatio  detecto  (FID)  electro
capture detector (ECD)
selective detector and  respond y  electronegativ
compounds. Thus, i n the use of GLC-FID, one t o t a l l y r e l i e s on 
prior cleanup, the gas chromatographic separation, and i d e n t i f i 
cation by co-chromatography for i d e n t i f i c a t i o n . When attempting 
to identify PGS that occur at trace le v e l s , the likelihood of 
having multiple compounds within a given observed peak is very 
great (6). However, when one couples a very selective detector 
such as a mass spectrometer (MS) to the gas chromatography then 
the likelihood of v a l i d i d e n t i f i c a t i o n of a given compound i s 
greatly enhanced. One documented example i n which peaks (pre
sumed to be gibberellins) detected by an GLC-FID proved to incor
r e c t l y estimate the quantity of a PGS has been reported by 
Williams et^ a l . (26). Their use of a GLC-MS provided substantial 
proof of the presence of GA^ and GAg when the tissue extract was 
puri f i e d by thin layer chromatography. GLC-MS has been used to 
provide unequivocal, qualitative proof of the presence of many 
of the major PGS. Examples of some of the compounds i d e n t i f i e d 
by this method are l i s t e d i n Table 1. 

Although the use of GLC-MS remains one of the best methods 
of identifying trace b i o l o g i c a l compounds, r e l a t i v e l y large 
amounts (0.1 to 1.0 kg) of tissue are required for analysis 
(Table 1) using f u l l MS scan. For GLC-MS, one would i d e a l l y de
s i r e more than 1.0 yg of compound for positive i d e n t i f i c a t i o n . 
This amount i s p a r t i c u l a r l y necessary for t r i m e t h y l s i l y l ethers 
(TMS) derivatives of zeatin, which have unstable fragmentation 
patterns (22). However, the detection l i m i t may be extended down 
to the ng range by use of multiple ion detection (MID). Detec
tion of cytokinins by MID may be further aided by permethylation 
of the compounds (22) due to the greater s t a b i l i t y of the meth
ylated cytokinins. 

Single ion detection (SID) also allows detection of PGS down 
to 10 ng or even lower (27, 28, 29, 30). However, focusing on 
one ion may introduce errors. The amount of the particular ion 
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of interest may be due to the PGS or to impuri t ies . The a p p l i 
cat ion of MID reduces the p o s s i b i l i t y of error i f one matches the 
r a t i o of in tens i ty of several ions within the standard compound 
to the unknown compound. 

Quantitative Analys i s . A number of s c i en t i s t s have claimed 
that PGS analysis by GLC-MS with SIM or MID detection f a c i l i t a t e s 
quanti tat ive analys i s . This i s only true i n the sense that one 
i s able to obtain a r e l i a b l e estimate of the quantity of the com
pound that i s ac tua l ly detected by the MS system. However, part 
of the sample may be los t during extract ion and p u r i f i c a t i o n , be
fore the sample reaches the f i n a l detector. The only apparent 
means of correct ing for such loss i s the addit ion of an in terna l 
standard to the sample at the s tart of sample preparation. 

Use of in t erna l standards  Man d Jaworski (31) reported 
that when the recovery
ple p u r i f i c a t i o n procedure
tected. Bandurski and Schulze (32) suggested the use of reverse 
isotope d i l u t i o n to help quantify the actual loss of IAA during 
sample ana lys i s . In th is procedure, one adds a trace amount of 
radio- labeled compound which i d e a l l y i s i d e n t i c a l to the compound 
being monitored. High spec i f i c a c t i v i t y i s required so that s ta
t i s t i c a l l y s ign i f i cant amounts of isotope can be detected without 
having to add an excessive quantity (mass) of in t erna l standard. 
The amount of in t erna l standard must be less than the amount of 
PGS. One may then accurately determine the recovery e f f i c iency of 
the i n t e r n a l standard and thus of the PGS (32). 

L i t t l e et̂  a l . (30) found that the recovery e f f i c iency of 
both IAA and ABA could vary up to f i v e f o l d . We have demonstrated 
the same type of v a r i a b i l i t y (Table 2). Examination of the data 
from L i t t l e et a l . (30) as wel l as from my research group (Table 
2) shows that recovery v a r i a b i l i t y for ABA i s not as great as for 
IAA. Thus when analyzing for both compounds from the same sam
p le , one needs to use two i n t e r n a l standards. 

The number of in terna l standards required when monitoring 
several compounds should be care fu l ly considered. For example, 
Cohen and Bandurski (33) demonstrated that the IAA conjugates 
are stable to oxidation by peroxidases, while free IAA i s not. 
Thus, the addit ion of {l-lkC} IAA would not adequately monitor 
recovery of IAA conjugates. Another example i s the use of k i 
net in as an in terna l standard for the estimation of zeatin r e 
covery (34). The se lect ion of k ine t in for zeatin recovery e s t i 
mation must be questioned on the basis of large differences i n 
the ir p a r t i t i o n coef f ic ients (35). Another approach has been the 
use of nonlabeled isomers of a compound such as 6-(hydroxybenzyl-
amino)-9-3-D-ribofuranosylpurine to estimate the recovery of 6-
(o-hydroxybenzylamino)-9-$-D-ribofuranosylpurine (36). Saunders 1 

group (37) has added 2-trans-ABA as a nonradioactive in t erna l 
standard. Ei ther in terna l standard must be shown to p a r t i t i o n 
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exactly l i k e the compound being followed for absolute confidence 
i n i t s use. 

What may prove to be the ultimate choice for an in terna l 
standard when using an MS (37) i s the addit ion of a PGS standard 
as a deuterated compound to the i n i t i a l sample preparation. The 
deuterated compound i s quantif ied d i r e c t l y on the MS rather than 
having to subsequently subject the sample to conventional rad io 
isotope detection methods. This procedure has been applied to 
ABA (29) and IAA. (38, 39) analyses. A high deuterium content 
(labeled at f ive or more posit ions) should be sought to avoid 
confusion with natura l ly "heavy" i sotopic compounds (39). 

As summarized i n Table 3, there are a number of examples i n 
which i n t e r n a l standards have been e f f ec t ive ly used for the quan
t i t a t i v e analysis of PGS by GLC-MS. The prime l i m i t a t i o n of th is 
approach has been the high cost of the instrumentation. As w i l l 
be discussed i n a la te  port io f thi  manuscript  othe  se lec
t ive detectors used on
choices for PGS analys i s , y  spec i f i

Use of HPLC for PGS Analys i s . 

Preparative HPLC. Most current PGS a n a l y t i c a l procedures 
have been optimized to examine a spec i f i c class of PGS. There
fore , several d i f ferent procedures must be developed to analyze 
the major classes of PGS i n a s ingle plant sample. Exceptions 
to this approach have been reported by Shindy and Smith (44) and 
by Wightmann et a l . (45) who attempted to ident i fy the four major 
classes of PGS from the same plant sample with a s ingle procedure. 
However, they offered no pos i t ive proof of puri ty of the com
pounds which were i d e n t i f i e d by GLC-FID. {Shindy and Smith con
firmed the actual presence of several PGS by GLC-MS but did not 
determine the pur i ty of the peaks (44).} The time consumed i n 
the multistep processes necessary to obtain s u f f i c i e n t l y p u r i f i e d 
extracts sui table for a n a l y t i c a l chromatographic procedures has 
been a great l i m i t a t i o n on PGS research. A des irable goal would 
be to reduce to a minimum the number of steps involved for quan
t i t a t i v e recovery of mult iple PGS from a s ingle plant sample. 
Preparative HPLC (prep-HPLC) used to this end by a number of r e 
searchers (Table 4) , greatly improves the separation and recovery 
e f f i c i ency of many PGS and substant ia l ly reduces the separation 
time compared to c l a s s i c a l procedures. 

Appl i ca t ion of Prep-HPLC to PGS Analys i s . Reverse phase 
l i q u i d chromatography has proven to be wel l suited for cleanup 
of plant extracts by prep-HPLC (4, ^6, 47, 48). When the mobile 
phase i s i n i t i a l l y an aqueous buffer at pH 2.8, a l l but the highly 
charged ( e . g . , zeatin r ibo t ide with 5 1 AMP used as a representa
t ive compound for zeatin r ibot ide) plant hormones are retained at 
the head of the column (F ig . 1). Since the PGS are retained, 
samples can be injected onto the column i n a d i l u t e form. In-
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INJECTION PREPARATIVE 
SEPARATION 

- 1 U 

Β 
SAMPLE 

CONCENTRATION 
GRADIENT 
E L U T I O N 

Figure 1. Diagram of sample concen
tration on a reverse-phase LC column 
(right) followed by separation when the 
solvent strength of the mobile phase is 
increased. Column: μ018, 10 mm X 25 
cm; solvent: 0.1N HAc to 50% ETOH 
in 0.1N HAc in 20 min; flow rate: 50 

mL/min; detector: UV 254 nm. 
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j ec t ion volumes as large as 4.0 ml are quite p r a c t i c a l because 
large quantit ies of solute may be injected without s o l u b i l i t y 
problems. In addi t ion , the transfer of solute to the column i s 
more e f f i c i en t when made i n a large i n j e c t i o n . 

The PGS are separated and eluted from the column by the ad
d i t i o n of a water-miscible organic solvent to the mobile phase. 
We have found that ethanol works wel l for this purpose. When 
microparticle-packed HPLC columns are used, the solvent change 
must be accomplished as a gradual, continuous gradient. D i s 
continuous increments (step gradients) tend to cause rapid v i s 
cos i ty and thermal changes along the column bed; these are known 
to cause destruct ion of the bed. 

The gradient p r o f i l e dramatical ly affects the separation on 
the column. A l inear gradient of 0.1 Ν aqueous acet ic acid to 
0.1 Ν acet ic acid i n 50% (v/v) ethanol/water del ivered in a 25 
minute period has been d t  separat  PGS standard  (F ig
2). Ciha et a l . (46) hav
sequence permits rapid recovery g
crude plant extracts . The recovery e f f i c iency of {2- l l +C}-ABA and 
of the endogenous plant ABA was greatest when a l l conventional 
p a r t i t i o n i n g was by-passed and the crude plant extract was i n 
jected d i r e c t l y onto the chromatograph. We have extended that 
separation technique to allow recovery of mult iple PGS from a 
s ingle sample. Now, from the same plant extract , spec i f i c f r a c 
tions containing zeat in , zeatin r ibos ide , IAA, IAA-acety l -as-
partate , ABA, phaseic acid and dihydrophaseic acid can be recov
ered . 

The reso lut ion shown i n Figure 2 was accomplished by a 
highly e f f i c i en t column which we packed with 10 ym diameter 
Bondapak ]IC\Q p a r t i c l e s (Waters Associates) . This column (10 mm 
I .D . χ 25 cm) has over 5000 theoret i ca l plates as compared to 600 
for the two 1.0 m columns packed with 35 to 75 ym diameter p a r t i 
cles previously used (46, 47). 

To protect the column from compounds that i r r e v e r s i b l y ad
here to or p a r t i t i o n into the column packing, a precolumn may be 
used. A p e l l i c u l a r packing coated with materia l ( C 1 8 C o r a s i l 
I I , Waters Associates) has proven b e n e f i c i a l , yet has a minimally 
detrimental effect on compound reso lut ion . 

Fractions are co l lected on the basis of the retent ion times 
of the respective PGS standards. The remaining portions of the 
column eff luent are diverted to waste. Figure 3 diagramatical ly 
represents the sequence of events used for prep-HPLC of PGS sam
ples . 

The addit ion of an a c i d i c buffer (0.1 Ν acetate) that serves 
as a polar modifier i n the mobile phases ( in both water and eth
anol) i s required for consistent r e s u l t s . It serves to protonate 
a l l of the PGS and helps to minimize adsorptive properties of the 
column, thereby f a c i l i t a t i n g reproducible resul ts (47). The 
buffer accomplishes this by saturating the exposed s i l i c i c ac id 
s i t e s . Ethanol , rather than methanol, i s the preferred organic 
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10 15 

T I M E ( m i n ) 

Figure 2. Separation of PGS standards on a preparative HPLC column. Note 
that the retention time of 5' AMP would be representative of cytokinin ribotides. 
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8. BRENNER Plant Growth Substance Analysis 229 

mobile phase because i t more e f fec t ive ly reduces peak t a i l i n g . 
A c e t o n i t r i l e also works wel l but much greater care must be taken 
to avoid operator exposure to toxic solvent vapors. 

After the compounds of interest are eluted from the column, 
the concentration i s l i n e a r l y increased to 0.1 Ν acet ic ac id i n 
95% (v/v) ethanol/water to remove the more nonpolar components 
retained on the column. Following an adequate e q u i l i b r a t i o n 
(greater than 10 column volumes) at maximum solvent strength 
(95% ethanol) , the solvent i s l i n e a r l y programmed to return to 
the i n i t i a l conditions of 0.1 Ν aqueous acet ic a c i d . 

Automation of Prep-HPLC. Reverse phase prep-HPLC separation 
has proven to be a very reproducible technique. For this reason, 
the process can be automated. In addit ion to the standard com
ponents of an HPLC system, the following are required for auto
mation: an autoinjecto f  inject ion  (2.0 
to 5.0 ml) , a programmabl
l e r ) , a f r a c t i o n c o l l e c t o r , and a waste valve (3-way valve) con
t r o l l e d by a solenoid (F ig . 4). The microprocessor should allow 
programming of the solvent flow rate , the sequence for solvent 
gradient formation, the time of i n j e c t i o n , advancement of the 
f rac t ion co l l ec tor (to co l l e c t spec i f i c fract ions rather than 
just uniformly incremented advancement), and control of a waste 
valve . 

Automation of the prep-HPLC system offers several advantages 
over manual operation. Time use e f f i c iency increases several 
f o l d . For example, we have been able to quadruple the number of 
samples separated per day. Greater prec i s ion i s also obtained 
due to the accurate timing of the microprocessor-control led func
t ions . The other obvious advantage i s more e f fect ive use of 
labor. However, automation without the proper controls has def
i n i t e l i m i t a t i o n s . That i s , i f one of the components of the 
system f a i l s while everything else continues to operate, then a l l 
of the samples injected while the system i s malfunctioning may be 
l o s t . From our experience the following functions must be moni
tored for unattended operation (closed-loop contro l ) : high pres
sure l i m i t (to detect a plugged l i q u i d path), low pressure l i m i t 
(to detect a l eak) , pressure pulsat ion (to monitor uniform s o l 
vent f low), sample in j ec t ion (to ver i fy sample i n j e c t i o n ) , l i q u i d 
l e v e l sensors (to ver i fy adequate reserve of solvents) , and ad
vancement of the f rac t ion co l l ec tors (to ver i fy that the f rac t ion 
co l l ec tor ac tua l ly advances and that a new tube i s ready to c o l 
l ec t the next sample). Thus, i f any of the monitored items i n d i 
cates a faul ty system, the microprocessor should either correct 
the problem or should shut the system down. 

A n a l y t i c a l HPLC of PGS. A number of reports are current ly 
avai lable on the use of HPLC for the a n a l y t i c a l i d e n t i f i c a t i o n of 
native PGS (Table 5). These techniques have pr imari ly r e l i e d on 
p u r i f i c a t i o n by p r i o r p a r t i t i o n i n g and chromatographic separation 
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on one or two HPLC columns. Ident i f i ca t ion has generally been 
accomplished with a UV detector at 254 nm. However, this method 
i s r e l a t i v e l y nonselective, since most aromatic compounds absorb 
radia t ion at 254 nm. The use of a UV detector on an HPLC system 
is only s l i g h t l y more se lect ive than a flame ion iza t ion detector 
on a GLC system. 

Select ive Detectors for A n a l y t i c a l HPLC. Sweetser and 
Swartzfager (61) demonstrated that either fluorescence or e lec
trochemical detectors are e f f i c i e n t for se lect ive i d e n t i f i c a t i o n 
of IAA. Fluorescence detection i s much more se lect ive than UV 
detection since fewer compounds fluoresce than absorb UV r a d i a 
t i o n . Electrochemical detection i s also spec i f i c because only 
compounds that may be oxidized or reduced are detected. IAA i s 
oxidized at a low voltage potent ia l (0.7 to 0.9 V) r e l a t i v e to 
other compounds. In ou  hands  thes  tw  method f detectio
appear to be quite accurate
the same quanti tat ive dat y y  quit
d i f f e ren t , using both detection method adds c r e d i b i l i t y to the 
assays. 

Future Select ive A n a l y t i c a l HPLC Methods for PGS. The IAA 
a n a l y t i c a l procedure developed by Sweeter and Swartzfager (61) i s 
an approach that should be extended to the other PGS. 

Several other se lect ive a n a l y t i c a l techniques are promising 
but s t i l l need to be proven sui table for PGS analys i s . One tech
nique i s the simultaneous monitoring of UV absorbance at several 
d i f ferent wavelengths. The r a t i o of absorbance at the respective 
wavelengths has proven to be unique for many compounds (62, 63). 
As with MID on MS, the more wavelengths that are simultaneously 
monitored, the greater i s the l ike l ihood of v a l i d i d e n t i f i c a t i o n . 
Another a n a l y t i c a l technique i s the formation of derivat ives 
which are fluorescent or absorb UV rad ia t ion at unique wave
lengths. The compound of interest may be der ivat ized and injected 
onto the HPLC system; the column separates the reactants and then 
passes them through the detector. The compound may also be de
r i v a t i z e d "post column" as done by amino acid analyzers. The d é 
r i v â t i z ing reactant i s metered to mix with the column effluent 
and i s then sent to the detector. Idea l ly , only the der ivat ized 
products should be detectable. 

Derivat ive formation i s e s sent ia l for analysis of g ibbere l 
l i n s because they only absorb rad ia t ion below 230 nm, which i s an 
extremely nonspecif ic region. Benzyl esters (49) and p - n i t r o -
benzyl esters (60) of g ibbere l l ins have successful ly been synthe
sized p r i o r to i n j e c t i o n to permit the ir detection as they elute 
from HPLC columns. Unfortunately, these derivat ives have added 
l i t t l e s e l e c t i v i t y to the a n a l y t i c a l procedure. The derivat ives 
are monitored at 254 or 265 nm which, as previously mentioned, i s 
a nonspecif ic region. 

A new method of detection of PGS by HPLC has been introduced 
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with the development of on- l ine l i q u i d s c i n t i l l a t i o n counters 
that now are commercially ava i lab le . Reeve et a l . (49) and Reeve 
and Crozier (50) described a system i n which the s c i n t i l l a t o r i s 
added to the column eluant which then passes through a l i q u i d 
s c i n t i l l a t i o n counter. This approach i s destruct ive and thus 
only a port ion of the column effluent should be diverted to the 
s c i n t i l l a t i o n counter i f further work i s to be done on a portion 
of the ef f luent . Another approach i s the use of a s c i n t i l l a t i o n 
counter with a spec ia l flow c e l l packed with s c i n t i l l a t o r beads. 
This new technology i s advantageous because i t i s nondestructive 
to the sample, yet offers detection e f f i c iency comparable with 
the conventional l i q u i d s c i n t i l l a t i o n system. For a v a l i d com
parison of e f f i c i ency , one should recognize that the system that 
adds s c i n t i l l a n t must d i l u t e the sample by a factor of 4 to 10, 
while the packed c e l l system with s o l i d s c i n t i l l a n t does not 
d i l u t e the sample. Thi  normalize  th  differenc  betwee  th
two types of s c i n t i l l a t i o
is usual ly three to fou g
system packed with a flow c e l l s c i n t i l l a t o r . 

Radio-labeled PGS can be detected i n the presence of many 
other compounds and thus can be fract ionated from crude samples 
(F ig . 4) on the basis of r a d i o a c t i v i t y of e lut ing peaks. This 
procedure i s idea l for the separation and i d e n t i f i c a t i o n of PGS 
metabolites and for analysis of PGS recovery e f f i c i ency . 

Other Select ive Detection Procedures for PGS. 

The use of GLC-EC has become a wel l accepted method for the 
analysis of ABA as described by Saunders (37). The pur i ty of ABA 
(methyl ester) detected on th is system may be confirmed by form
ing the trans-ΑΒΑ isomer methyl ester i n sunlight while i n ace
tone and rerunning the sample. We have found that prep-HPLC i s 
useful i n the p u r i f i c a t i o n of plant extracts for ABA analysis by 
GLC-ED (45). Another unique i d e n t i f i c a t i o n method takes advan
tage of the extreme cotton effect that ABA exhib i t s . The degree 
of o p t i c a l ro ta t ion can be used for quant i f i cat ion of ABA i f the 
sample i s highly p u r i f i e d (37). 

Spec i f ic monitoring of nitrogen or phosphorus containing com
pounds may be accomplished with an alkal ine-f lame ion iza t ion de
tector on a GLC with substant ia l ly greater s e n s i t i v i t y than an 
FID. The a lkal ine-FID has recently been reported (64) to detect 
IAA-raethyl esters from plant samples. 

Another a n a l y t i c a l procedure that has drawn considerable at 
tention i s the conversion of IAA to indole-a-pyrone (65, 66, 67, 
68). The l imi ta t ions of this technique are that i t i s spec i f i c 
to free IAA, the assay i s destruct ive , and the l i m i t of detection 
i s approximately 1 ng. However, for those studies that only r e 
quire quant i f i ca t ion of IAA, the procedure should be ser ious ly 
considered. As Bandurski documented i n this volume, there are 
many other forms of IAA that occur i n substant ia l amounts. The 
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indole-a-pyrone procedure would f a i l to detect these other auxins. 

Futher Refinement of PGS Analys i s . 

Select ion of Appropriate Method of Sampling. As reviewed by 
Dennis (69), the appropriate sampling of t issue represents a s i g 
n i f i c a n t challenge when attempting to re la te PGS l e v e l with func
t i on . Even i f the correct t issue (ce l l s or organelles) i s se
lected for extract ion , the problem of determining the best s o l 
vent for PGS extract ion s t i l l ex i s t s . Methanol has most commonly 
been used (1). However, natura l PGS esters can undergo trans-
e s t e r i f i c a t i o n such as the formation of methyl abscisate (70). 
When the extract ion i s done with acetone, no methyl abscisate i s 
recovered. Acetone has also been used for recovery of natural 
IAA esters (18, 32). Another approach to minimize formation of 
methyl esters has been t  extract with hot wate  (53)  Dich loro
methane has been used (71
to minimize the conversio  indole-3-pyruvi

The use of T r i t o n X-100 to disperse Tr i t i cum chloroplast 
membranes has been reported to increase the recoverable y i e l d of 
GAg by 1000 as compared with methanol extract ion . The authors 
suggest that the methanol causes i r r e v e r s i b l e binding of GA S to 
the p l a s t i d membrane (72). However, the enhanced recovery using 
T r i t o n X-100 has been disputed (73) and was not b e n e f i c i a l i n 
the extract ion of chloroplasts of Pisum. Now that physico-chem
i c a l procedures are avai lable for many of the PGS, more attent ion 
should be directed at improving the extract ion procedures for PGS. 

Minimization of Impurit ies . The presence of solvent impuri
t ies may be one of the most common sources of a n a l y t i c a l error . 
Even high puri ty solvents have been documented to contain p las -
t i c i z e r s (74) and care fu l p u r i f i c a t i o n i s required before use 
(75). The pur i ty of the solvents should be examined by the detec
t ion procedures that w i l l be used for the PGS (75). 

For reverse phase HPLC, removal of v o l a t i l e organic compounds 
from water can be espec ia l ly troublesome. The problem may be d i 
minished by f i l t e r i n g the water through act ivated charcoal . Pump
ing the aqueous mobile phase through a scrubber column (packed 
with reverse phase material) located between the pump and injector 
also has been usefu l . 

Maximization of HPLC Column E f f i c i e n c y . Many of the a v a i l 
able HPLC bonded phase column packings are sold as s ingle function 
packings, such as cat ion exchange mater ia ls . However, these pack
ings often have several types of functions. Many ion exchange 
packing materials were made by covalently attaching the ion ex
change group to the s i l i c support by means of an organic l i n k 
(F ig . 5) . The organic phase also serves to protect the s i l i c a 
support from s o l u b i l i z a t i o n by aqueous buffers . However, charged 
molecules that also are nonpolar, such as most PGS, w i l l be sep-
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Figure 5. Diagram of the dual functionality of ion exchange and liquid-liquid 
partition of HPLC column packing 
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arated both by p a r t i t i o n i n g i n the organic phase and by ion ex
change on the same column. 

We have found that the organic phase of Vydac anion exchange 
material has a higher a f f i n i t y than the anion exchange s i tes for 
IAA. Thus, at low pH which maintains IAA i n the protonated form, 
most of the IAA par t i t i ons into the column packing and resu l t s i n 
a nonlinear concentration response curve (Fig . 6). However, the 
p a r t i t i o n i n g may be minimized by increasing the pH to 6, which 
converts IAA to the charged, more polar form, resu l t ing i n a 
l inear concentration response curve (F ig . 6). Another method to 
reduce the dual separation process i s the addit ion of a misc ible 
organic solvent to the mobile phase to overcome p a r t i t i o n i n g into 
the column packing. A c e t o n i t r i l e added to the mobile phase sub
s t a n t i a l l y increases the e f f ic iency of the IAA separation even 
though i t also reduces the kT (F ig . 7). The separation may be 
optimized by decreasin  th  buffe  strength i  th f 
the a c e t o n i t r i l e . 

Similar dual funct iona l i ty exists for many of the reverse 
phase packing materials (F ig . 5). Due to s t e r i c hindrance, the 
s i l i c a support i s incompletely coated with the octadecyl mole
cules . The exposed s i l i c a groups serve as strong adsorption 
s i tes but the effect may be minimized by the addit ion of an or 
ganic acid to the mobile phase (46). 

Determination of Correct ion for Sample Loss Due to Adsorp
t i o n . Adsorption of the PGS to glassware can be a cause of s i g 
n i f i c a n t losses of samples. The problem i s p a r t i c u l a r l y pro
nounced for r e l a t i v e l y pure samples of PGS. The adsorption pro
cess described by the Langmuir isotherm indicates that , at very 
low concentrations, most material i s adsorbed to the glassware. 
As the concentration i s increased, the adsorption s i tes are sat
urated and thus, a greater percentage of sample i s recovered. 
The recovery of PGS at the nanogram l e v e l i s sens i t ive to losses 
by adsorption, while at the microgram l eve l adsorption i s i n s i g 
n i f i c a n t . This also indicates that estimation of recovery by 
use of in terna l standards requires that the standard should be 
added at levels approximating those of the sample. 

The s i l y l a t i o n of a l l glassware that contacts the plant ex
tract has proven to e f f ec t ive ly reduce adsorption losses . As 
diagrammed i n Figure 8, the hydroxy1 adsorption s i tes on the 
s i l i c a surface can be coated with dichlordimethyl s i l ane . The 
unreacted chloride groups are then displaced with methanol i n a 
subst i tut ion react ion . A secondary advantage of the s i l y a t i o n 
process i s that water w i l l not adhere to the glass surface. 
Aqueous residues bead together, which allows more e f f i c i e n t sam
ple transfers . 
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Figure 6. Effect of pH on anion exchange of IAA. Column = Vydac AX — TP 
(10μm); 3.9 mm ID χ 20 cm, flow = 2.0 cm3 min'1, mobile phase = 0.1 m, 
'ΝαΗ2ΡΟ!ι — Ήα2ΗΡΟ,( buffer. Pump = Waters Associates 6000A, solvent pro

grammer, Waters Associates 600. 
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Conclusion 

A n a l y t i c a l methods for PGS research have been greatly im
proved during this past decade. GLC-MS analysis has proven to be 
the method of choice, p a r t i c u l a r l y when appropriate in terna l stan
dards are used for accurate assessment of PGS recovery. HPLC, the 
most rapid ly developing form of separation science, should sub
s t a n t i a l l y enhance present PGS a n a l y t i c a l e f for t s . One advantage 
of HPLC i s the substant ia l p u r i f i c a t i o n obtained for PGS compounds 
from crude plant extracts . For a n a l y t i c a l i d e n t i f i c a t i o n by i n 
strumentation, scrupulous p u r i f i c a t i o n i s required, along with 
se lect ive i d e n t i f i c a t i o n of the PGS. Preferably , two d i f ferent 
a n a l y t i c a l procedures should be u t i l i z e d for pos i t ive i d e n t i f i c a 
t ion of a given compound. 

Manuscript no. 10,818 of the A g r i c u l t u r a l Experiment Stat ion , 
Univers i ty of Minnesota, Saint Paul , MN 55108. 
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Hormones are substances that  produced in  part of
organism and then transferred
influence specific physiological processes  paper, 
we consider hormones to be naturally occurring substances that 
regulate growth processes. The classic l i s t of plant hormones 
includes indole acetic acid or auxin (IAA), gibberellic acids 
(GA), cytokinins, abscisic acid (ABA), and ethylene. Some fatty 
acids, sterols, and other substances of plant origin (2) can be 
added to this list because they can also elicit growth responses 
in plants. Recent publications have reviewed the chemical and 
physiological activities of gibberellins (3, 4), auxins (5), 
cytokinins (6), abscisic acid (7), ethylene (8), fatty acids 
(9, 10), and sterols (11). For analytical procedures, the reader 
is referred to a recent monograph (12). Taylorson and Hendricks 
(13) have summarized the apparent relationships between phyto-
chrome and gibberellins. 

We say that a hormone has"physiological activity" if, when 
applied in low concentrations (10-6M to 10-12M), it induces a 
physiological response (cell division, cell elongation) in the 
cell. In plants, these responses ultimately result in organo
genesis, flowering, fruiting, senescence, and the total growth 
of the plant. In general, the latent times for growth responses 
of individual plants to hormones range from 5 to 23 minutes (14). 
Many synthetic compounds such as 2,4-dichlorophenoxy acetic acids 
(2,4-D), naphthalene acetic acids (NAA), and benzyl adenine (BA) 
elicit physiological responses comparable to those of naturally 
occurring auxins and cytokinins. For the sake of convenience, 
we have considered specific studies with synthesized hormones to 
be representative of studies with the naturally occurring 
hormones. The biosynthesis and metabolism of hormones have been 
reviewed (15, 16) and are also discussed in the other chapters of 
this monograph. 

Growth is the sum of innumerable genetically determined 
cellular and metabolic processes, each influencing the other. 
The real question in plant hormone research is which biological 
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processes are specifically under the control of which specific 
hormone. Each cell must clearly differentiate the hormones 
acting upon it. Some studies have questioned whether the bio
logically active form of a hormone is the form supplied to the 
tissue or the hormone after it is metabolized by the tissue. 
Such questions have been raised for the catabolic products of 
auxins, abscisic acid, conjugates of auxins, and gibberellin, 
and for the hormonal role of cytokinins and auxins in tRNA 
molecules, but are not reviewed in this article (17). A satis
factory answer to this question requires elucidation of the 
cellular mechanisms (discussed in this paper) that are believed 
to be primarily under hormonal regulation. 

Hormone Receptors 

The subject of receptors for plant hormones  recently 
reviewed (5_, 18) . Many
ship between a hormone  physiological activity: 
generally, growth-promoting activity depends on a stereo--specific 
interaction of the hormone and a site-specific cell constituent 
or receptor protein. Hormone receptor sites are separate from 
the sites of synthesis, transport, and catabolism of the hormones. 

With the availability of labeled hormones of high specific 
activity and the application of the principles of affinity chrom
atography, researchers were able to isolate cellular proteins 
that bind to plant hormones in_ vitro. Such proteins have been 
referred to as receptor proteins, binding proteins, or acceptor 
proteins. Tacit in the concept of hormone receptor proteins is 
the stereo-specific interaction of the hormone and the receptor 
protein (19). The resulting hormone-protein complex participates 
in growth processes that depend on new or enhanced protein 
synthesis. Advances in molecular biology and related sciences 
have enabled many researchers to study the role of receptors in 
the control of nuclear functions or other activities and to 
determine the site of primary hormonal action. 

Matthyssee and Phillips (20) isolated two nuclear proteins, 
from tobacco cells, that bound specifically to 2,4-D. Receptor 
proteins for auxins, kinetins, and GA have been found (21). Sub
cellular fractions from bean leaves were recently shown to bind 
abscisic acid (22). Preliminary experiments (22) indicated that 
maximum ABA binding activity coincides with the activities of 
membrane-bound Mg -dependent, K+-stimulated ATPase and glucan 
synthetase. Table I of Biswas and Roy (21) l i s t s hormone receptor 
proteins reported in plant tissue. For a protein to qualify as a 
receptor molecule, it should have a high stereo-specific binding 
capacity (Kd 10~6 to 10~8M) for its particular hormone. In corn 
coleoptiles, both IAA and NAA are equally effective in inducing 
cell elongation; fractions of plasma membrane and endoplasmic 
reticular membrane contain receptor proteins with Kd values of 
10'6M to 10~7M for auxins (5, 18) . When one considers procedural 
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variations between laboratories, it is remarkable that the values 
for the binding constants f i t the concept that the auxin receptors 
are membrane bound and such protein molecules possess a high 
stereo-specific binding capacity for the hormone. Reports about 
receptor proteins for other hormones are limited and do not allow 
us to generalize about the cellular site of interaction of 
hormones. The cytosol of the pea contains receptor proteins for 
2,4-D (23), GA (24, 25), and kinetin (26). Hormone receptor 
proteins isolated from various plant tissues are listed in 
Table II (21). Vends (5) summarized the micro-environmental 
properties of auxin receptor sites: a) the presence of anionic 
function (-COOH for auxin activity) and b) the availability of 
functional groups (depending on the pk values) containing one or 
more amino acids such as tyrosine, lysine, or histidine in the 
receptor molecules. Wardrop and Polya (27) purified a soluble 
auxin receptor protein with
from bean seedlings. Yoshida
molecular -weight (4000-5000 daltons) cytokinin-binding protein 
from tobacco leaves that lacks tryptophan. Unlike the hypocotyl, 
the cytosol from soybean cotyledon was shown to contain auxin-
binding protein (29) . 

Detailed information on receptor proteins is crucial for the 
elucidation of the cellular mechanisms for the actions and inter
actions of hormones. It would be valuable to know if there are 
different receptor proteins for different hormones at different 
cellular sites, at different stages of maturity, particularly in 
the genetic variants of the corn tissue. The discovery that 
exogenous application of GA to corn seedlings can overcome 
genetic "dwarfness" (30) has been the basis for studies on 
hormones and hormone receptor complexes as regulators of genome 
function(s). Continuation of investigations into organ speci
f i c i t y of hormone-receptor-chromatin interactions (31, 32) is 
highly desirable. 

Regulation of Nuclear RNA Polymerase Activity 

A large number of studies suggest that hormone-induced 
growth processes require RNA-dependent protein synthesis. In a 
recent review (33) on regulation of RNA metabolism by plant 
hormones, Jacobson concluded that "although there is much infor
mation to be obtained, the apparent uniformity of the responses 
from hormone to hormone leads one to think that the regulation 
of RNA metabolism is a specific and necessary event either for 
the initiation or for the perpetuation of all hormone responses 
although it is not necessarily the sole controlling element." 
Therefore, we will not review studies that demonstrate effects of 
hormones on general RNA metabolism, including the formation of 
polysomes. Rather, we will focus on a few studies in which 
hormone effects are evident at the level of chromatin activity 
and especially on studies that demonstrate the formation of the 
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specific mRNA for an enzyme. By restricting the scope of this 
discussion, we do not imply that the formation of a specific 
enzyme necessarily represents the primary mechanism of hormone 
action. We have also not reviewed studies that deal with the 
effect of hormones on membrane structure and their resultant pH 
effects, for there is no satisfactory information in the litera
ture (5) to relate these findings to the question of regulation 
of genome activity. We have focused on studies that relate extra-
nuclear activities to the hormone-induced formation of mRNA and 
enzymes in higher plants, so that any similarities to the effects 
of steroid on mammalian transcription (34) would be evident. 

Auxin treatment stimulates the growth of soybean hypocotyl 
essentially by cell enlargement (3JD - Auxin-induced growth 
depends on the formation of mRNA's, for researchers have found 
that growth responses are sensitive to actinomycin D and insensi
tive to 5-fluorouracil, an
ribosomal RNA1s (36) . This
finding that auxin stimulates polysome formation well before the 
increase in ribosomal RNA synthesis and growth are established 
(37) . These findings form the basis for studies (38) of the role 
of auxins in regulating the activity of nuclei/chromatin by 
limiting the number of sites that are available for transcription 
and the activity of RNA polymerases. 

The activity of polymerase I in nuclei from soybean hypocotyl 
treated jura vivo with auxin is about five to eight times the 
activity in nuclei isolated from control tissue, whereas the 
activity of polymerase II is, at most, only slightly higher in 
treated tissue (39). The ratio of the activities of the poly
merases i n vivo is consistent with the proportions of ribosomal 
and messenger RNA's synthesized in vitro by preparations of nuclei 
or chromatin (40, 41). However, auxin treatment did not result in 
any qualitative change in RNA synthesis (41, 42, 43). To 
determine whether the increase in the activity of polymerases is 
due to a) increase in the amount of the enzyme, b) activation of 
the enzyme, and/or c) increase in the number of template sites, 
workers (39, 40, 44) measured the activity of chromatin in soy
beans in the presence of excess amounts of E_. coli RNA polymerases. 
Although treatment of intact soybean hypocotyl with auxin 
increased the activity of polymerase I and slightly increased the 
activity of polymerase II in nuclei (39, 40), treatment did not 
increase the amount of polymerase I molecules actively transcrib
ing chromatin i n vitro (44). From solubilization studies (39, 42, 
43, 44), researchers concluded that the activity of polymerase I 
increased because enzyme molecules were activated, not because the 
number of template sites increased. 

Stimulatory effects of auxins on the activity of polymerases 
of lentil roots have been reported (45). Hardin's model (46), in 
which factors that "modify" RNA polymerases are released as a 
result of the auxin-plasma membrane interaction, has not been 
confirmed, but the finding that auxin action involves regulation 
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of proton extrusion strengthens the possibility that the hormone-
membrane interaction is related to cell elongation. This 
relationship was elegantly demonstrated in many plant tissues 
with fusicoccin, a fungal toxin (47) that mimics the early action 
of auxin. More recently, it was shown (48) that chromatin 
preparations from auxin-treated soybean hypocotyl tissue, unlike 
intact nuclei, do not containt^-amanitin-sensitive RNA polymerase 
II. Similarly, in developing pea cotyledons, there is an 
apparent lack of gene dosage effects on rRNA production (49). 
Whether stimulatory effects of auxins on the synthesis of 
ribosomal and messenger RNA's are the primary event of hormone 
action remains to be determined. Although many studies show that 
auxin effects mRNA (33), no data demonstrate specific hormone 
effects on the activity of polymerase II or on the formation of 
qualitatively different mRNA molecules. It is possible that new 
mRNA's are made within
that such events are masked
large changes in the rates of synthesis of rRNA's. In tobacco, 
peas, and coconut endosperm cells, the auxin-receptor complex 
stimulated the activity of homologous chromatin preparations (21). 
A few studies have reported that treatment with cytokinins and 
gibberellins increased the activity of polymerases and stimulated 
chromatin activity (21). In all these studies, the activity of 
polymerase I increased significantly but the number of available 
sites for template activity did not. In a study of the in_ vitro 
effects of GA on pea nuclei, Johri and Varner (50) found that GA 
enhanced (by 10-15%) synthesis of messenger-like RNA molecules 
required an extra-nuclear specific hormonal interaction. In this 
system, GAj was active and GAQ inactive. The system holds promise 
for further studies on the role of hormone receptors in eliciting 
qualitative changes of genome activity. By studying the 
Ά-amanitin-sensitive and ^-amanitin-insensitive synthesis of 
RNA by nuclei isolated from GA-treated leaves and roots of pea 
plants, Dzhokhadze and Goglidze (51) concluded that polymerase 
activities are unequally stimulated in different tissues. How
ever, they present no data that support their conclusion that 
the relative activities of the polymerases are a mechanism of 
hormone influence on specific transcription. 

Abscisic acid is a negative regulator in that it primarily 
antagonizes the action of cytokinins, auxins, and in particular, 
gibberellins. Abscisic acid decreased the activity of polymerase 
in radishes (52), peas (53), maize coleoptiles (54), and pear 
embryos (55). More detailed studies are needed before the 
question of ΑΒΑ-induced "modification" of RNA polymerase (54) or 
"alterations" in the number of sites for template activity (56) 
can be answered. In barley aleurone cells, ΑΒΑ-induced suppres
sion of GA-induced A-amyla se formation was presumed to involve 
the continuous synthesis of a short-lived RNA (57). 
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Regulation of the Formation of Messenger RNAs for Specific Enzymes 

For a hormone to have a specific effect on gene activity, any 
increase in enzyme activity must result from de_ novo synthesis 
by newly formed mRNA. This increase in enzyme activity may or 
may not precede any general increase in metabolic activity. From 
the foregoing discussion on chromatin activity, it is clear that 
plant hormones largely either increase the activity of polymerase 
I or increase the synthesis of total RNA's. Claims that the 
hormones "activate" chromât in-bound polymerases and "modulate" 
the number of active sites on the chromatin (21) have not been 
substantiated. There are only two known examples of hormone-
induced synthesis of specific mRNA's. The classic example is the 
barley aleurone cells, in which GA treatment induces de_ novo 
synthesis and release of ^-amylase (58, 59, 60), protease (61), 
and possibly as many as

A large number of studies
the function of GA may be that of a derepressor of gene activity. 
Giberellic acid has significant effect on the synthesis of all 
species of RNA's (63, 64), but the formation of ^-amylase does 
not depend on new synthesis of ribosomal and transfer RNA's. 
unequivocal proof for GA-induced formation of transcripts was 
provided by the in_ vitro synthesis of peptides that are immuno
logically similar to ^-amylase on poly A+RNA templates that were 
.isolated from hormone-treated aleurone cells (65, 66, 67). Of 
particular significance is the finding that detectable levels of 
^-amylase mRNA's were formed within 2 hr of treatment with GA. 
The amounts of mRNA and amylase that are formed i n vivo in the 
first 12 hr of incubation with GA correlate well (65). However, 
questions were not answered in this study. Levels of ck-amylase 
mRNA's were measured during the first 15 hr of incubation with GA, 
when only 10 to 15% of the total di-amylase molecules are formed. 
Correlation of the level of mRNA and the level of ^-amylase pro
duced during a particular period of incubation implies that for 
every molecule of template, a constant amount of peptide is 
formed. The template is either recycled at a constant rate or 
destroyed after the formation of the first molecule of peptide. 

We (68) measured ^-amylase mRNA in aleurone tissue treated 
with GA for 2 to 24 hr at 25°C. The level of ^-amylase mRNA 
increased to a maximum value at 12 hr of incubation and decreased 
thereafter. The mRNA level of a tissue treated with GA for 24 hr 
is comparable to the level of ^-amylase mRNA in tissue treated 
with GA for 4 hr. From previous studies (69, 70), we know that 
^-amylase synthesis is maximum between 8 to 24 hr of incubation 
with GA. Thus, the rate of synthesis of (^-amylase mRNA's 
reaches its maximum in the first 12 hr of incubation and reflects 
the later rate of (^-amylase synthesis during the 12-24 hr incu
bation. A direct correlation of the level of mRNA with the amount 
of ^-amylase produced at any given time interval (65) would imply 
that the template molecules either remain intact after translation 
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or turnover at a constant rate. However, neither is true, for 
the net level of translatable mRNA for ̂ -amylase declines (68). 
By measuring the level of mRNA by in vitro synthesis of peptides 
that are immunologically similar to ̂ -amylase and by in_ vitro 
methylation of the 5' ends of mRNA molecules with vaccinia virus 
methy1 transferase, we ruled out the possibility of inactive tran
scripts in the purified poly A + RNA preparations. We believe 
that the synthesis of GA-dependent ^-amylase mRNA's reaches its 
maximum by the twelfth hour of incubation with the hormone, after 
which the levels of mRNA's not attached to polysomes decline. 
Furthermore, at some point during the synthesis of mRNA, the 
tissue establishes another rate for the formation of polysomes 
that, in turn, determines the rate of synthesis of <<-amylase in 
vivo. Therefore, during the 12-24 hr of incubation with GA, the 
net amount of translatable mRNA's declines as a result of the 
decline in free, excess
polysome with ^-amylase
in the GA-evoked formation of ^-amylase (58), the rate-limiting 
step is the translation, not the transcription, of mRNA's. The 
rate of turnover of "free" -amylase mRNA's is probably different 
from that of transcripts that are bound to the polysomes. The 
level of transcripts in the polysomes and the rate of in_ vivo 
synthesis of <-amylase are probably in a steady state during the 
12-24 hr of incubation of cells with GA. 

Control of the synthesis of ^-amylase mRNA's in barley 
aleurone cells and the synthesis of cellulase mRNAs in pea 
epicotyl cells are similar in some respects. The control of 
cellulase activity in pea epicotyl is the only known example of 
auxin-induced formation of specific mRNA molecules. The formation 
of cellulase mRNA was demonstrated by the isolation of poly A + 
RNA's and in_ vitro synthesis of cellulase (71) using the protein-
synthesizing system of wheat germ (72). The formation of 
cellulase mRNA precedes the increase in cellulase levels by more 
than 12 n r . Thus, it appears that the increase in rate of 
synthesis of translatable cellulase mRNA's in the pea epicotyl 
(71) and that of ^-amylase mRNA's in barley aleurone cells (65, 
67, 68) precedes the increase in rate of synthesis of protein 
molecules. There may be other regulatory factors influencing the 
translational rate of synthesis of cellulase and amylase. The 
events between transcription and translation are probably not 
controlled by GA, for the net amount of specific transcripts 
declines (68). 

From a critical study of the metabolism of poly (A) in auxin-
treated pea epicotyl, Verma and Maclachlan (73) showed that 
discreet classes of poly (A) (presumably part of mRNA's) are 
differentially associated with free and membrane-bound polysomes. 
The induction of specific mRNA's, the decline in the rate of 
synthesis of mRNA's, the polysome content per cell, and the 
formation of cellulase were all related to the membrane-bound 
polysomes. Although the rate of in vivo enzyme synthesis is 
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related to the translational activity of the polysomes, other 
factors such as processing, maturation, transport, and stability 
of poly (A) RNA may be modulated by hormones. 

Attachment of poly A chains to the 3' terminus, capping of 
the 5' terminus, and methylation of the polynucleotide chain are 
three processes known to determine the activity or turnover of 
RNA's. Hormones may regulate such post-transcriptional modifi
cations (74, 75, 76), and thereby determine the level of trans
latable mRNA's. There is some correlation between stimulation of 
tRNA methylation by gamma-irradiation and induction of invertase 
in sugar beet (77). This correlation does not rule out the 
possibility of post-transcriptional modification of invertase 
mRNA. Key and Silflow (78) could not detect poly (A) sequences 
in the DNA-like RNA fraction isolated from soybean hypocotyl 
tissue that was not treated with auxin. By treating the tissue 
with auxins, Schmid et al_
fractions containing poly
of nuclear origin, the data (79) suggest that auxin promotes the 
polyadenylation of precursor mRNA's in the nucleus. Recently, 
Okita et_ al_ (80) studied the in_ vitro synthesis of ^-amylase 
catalyzed by mRNA's isolated from GA-treated wheat aleurone cells 
and confirmed that the formation of °^-amylase mRNA's is GA 
dependent (66, 67, 68) and that the enzyme is derived from a pre
cursor peptide that is approximately 1500 daltons larger than 
native ^-amylase (42,000 daltons) molecules. Since the amount of 
the putative precursor was a small part of the total amount of 
peptides synthesized in_ vitro, the possibility of hormonal regu
lation of post-transcriptional proteolysis is not clear. The 
membrane-associated latent ^-amylase molecules are either a) the 
putative precursors (80) destined for release as active enzymes 
or b) intermediates of the secretory processes (81). 

Do Hormones Regulate Genome Activity? 

Although we have no prior reason to expect that the modes of 
action of plant hormones and steroid hormones are similar, we can 
expect that the regulation of genome activity is similar in all 
eucaryotic cells. Evidence for the presence of adenyl cyclase 
specific for 3',5'-cyclic AMP in plants is controversial (82). 
It appears that cyclic AMP does not mediate the action of GA (83). 
Two reports (85, 86) rule out the involvement of cyclic adenosine 
3',5'-monophosphate and adenylate cyclase in the hormonal regu
lation of plant growth processes. Although barley aleurone cells 
metabolize GA's, attempts to isolate GA-binding proteins have not 
been successful (84). 

The question whether hormones regulate genome activity can 
only be answered by speculations for evidence is limited. We 
know of only two instances of hormonal induction of synthesis of 
specific mRNA's. The cellular mechanisms that allow an increase 
in the amount of translatable mRNA's at any given time of hormone 
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action must take into account post-transcriptional modifications 
of the transcripts and degradation of the transcripts. Since the 
increase in rate of synthesis of translatable mRNA's precedes 
increase in rate of formation of enzymes (65, 67, 68, 71), the 
rate of turnover of the transcripts could be controlled. Varner 
and Ho (87) presented two possible explanations for the relation
ship between the effects of GA on membrane proliferation and 
enhanced synthesis of ^-amylase and other hydrolases in barley 
aleurone cells: (1) The enhanced synthesis of ^-amylase depends 
on the faster rate of formation (transcription and/or processing) 
of its specific mRNA. Membrane proliferation would be a separate 
effect of GAj. 2) The GA^-enhanced membrane proliferation forms 
more sites for the synthesis of ^-amylase. Thus, the amount of 
amylase-specific mRNA need not be increased in the presence of 
GA3. 

Studies (66, 67) on
mRNA's support the conclusion
^-amylase depends on the formation of ^-amylase mRNA's. 

Studies on the effect of auxins on the activity of chromatin 
and intact nuclei suggest that the hormone acts by affecting the 
activity of polymerases rather than by increasing the amount of 
polymerases or the number of sites that are available for tran
scription (44). The rate of rRNA synthesis far exceeds the rate 
of mRNA synthesis. This difference in rates of turnover could be 
a reason why no major qualitative change in the synthesis of 
mRNA's has been found in the in_ vitro studies (41, 42, 43). For 
the same reason, stimulatory effects on the activity of polymerase 
II could have been masked by the increase in the activity of 
polymerase I. Thus, we are led to conclude that auxins (44) and, 
possibly, other hormones activate the polymerases. However, no 
data have been found that support the hypotheses that a) hormones 
participate in the activation of inactive zymogen molecules, or 
b) solubilization of chroma tin-bound polymerases activates 
polymerase. Hormones could regulate the activity of polymerases 
by regulating endoribonuclease activity. Auxin treatment 
suppresses the ribonuclease activity in pea stems, wheat 
coleoptile (88) and lens roots (89), and kinetin suppresses 
ribonuclease in barley leaves, particularly those enzymes 
associated with chromatin (90, 91). In contrast, the negative 
regulator ABA causes an increase In nuclease activity in barley 
leaf chromatin (91), lentil root (92), barley aleurone cells (70), 
and tomato (93) . These findings suggest that hormones may control 
chromatin activity by regulating the activity of site-specific 
endoribonucleases. The standard in_ vitro transcription assays 
measure template activity without considering endogenous nuclease 
activity. Aurintricarboxylie acid (ATA) is widely used in 
enzymatic reactions of protein and nucleic acid biosynthesis and 
is also a potent inhibitor of nucleases (94). Levy ejfc al_ (95) 
have proposed that poly (A) inhibits endonuclease activity in 
eukaryotic cells. Thus, any suppression of endonuclease activity 
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by hormones would be measured as an increase in the activity of 
polymerases and increased synthesis of RNA's. We conjecture that, 
as compared to free hormones, the hormone receptor complexes are 
site-specific inhibitors of endonucleases. This possibility is 
consistent with the observations that the addition of hormone 
receptor complex to a chromatin preparation causes an increase in 
RNA synthesis (21). Thus, it can be hypothesized that stereo-
specific interactions of hormones with receptors produce hormone 
receptor complexes that are site-specific inhibitors of endoribo-
nucleases associated with chromatin. At a second level of regu
lation, other cellular mechanisms would either catabolize the 
hormone, thus returning the receptor proteins to their original 
site for recycling or destroy both the hormone and the receptors. 
The hypothesis of hormonal regulation of chromatin activity by 
site-specific inhibition of endoribonucleases with hormone-
receptor complex is attractive,
verifiable. It is possible
site-specific DNase activity. In this case, in hormone-treated 
cells, endonucleases selectively may nick single strands in the 
DNA of specific genes, thus opening up the chromatin for tran
scription by RNA polymerases. 

The subject of plant nucleases, last reviewed in 1975 (96), 
needs to be updated. The significance of reports describing the 
influence of plant hormones on the DNA composition (97) role of 
endonuclease (DNase I) in "active" chromatin structure (98) and 
phosphorylation of nuclear proteins (99) in the regulation of gene 
transcription (100) needs to be elucidated. For the GA-induced 
^-amylase synthesis in barley aleurone cells and the auxin-
induced cellulase synthesis in pea epicotyl, the available 
reports support the thesis (59) that plant hormones induce 
selective gene activities. Knowledge of the chemistry of plant 
hormones has provided l i t t l e clues to their action. Future 
research on the synthesis of specific gene sequences (cDNA) (101) 
should provide a greater understanding of the mechanism(s) of 
hormonal regulation of mRNA synthesis. 
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Plant Growth Regulating Chemicals 
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Plant growth regulators usually are defined as organic 
compounds, other than nutrients, that, in small concentrations, 
affect the physiological processes of plants. For practical 
purposes, plant growth regulators can be defined as either natur
al or synthetic compounds that are applied directly to a plant 
to alter its life processes or structure in some beneficial way 
so as to enhance yields, improve quality, or facilitate harvest
ing. Herbicides, when applied to induce a specific beneficial 
change, also can be considered plant growth regulators. 

The response of a plant or a plant part to a plant growth 
regulator may vary with the variety of plant. Even a single 
variety may respond differently, depending on its age, environ
mental conditions, physiological state of development (especially 
its natural hormonal content), and its state of nutrition. Thus, 
whenever a general rule is suggested concerning the action of a 
specific growth regulator on plants, exceptions almost always 
can be found. 

Uses of Growth Regulants 

The regulation of plant growth can be economically useful 
in a great many ways. Among other things, it can: 

Promote root ing and propagation of the p lant . 
I n i t i a t e or terminate the dormancy of seeds, buds, and 

tubers. 
Induce or retard aging (senescence). 
Promote, delay, or prevent flowering. 
Induce or prevent leaf and/or f r u i t drop (absciss ion) . 
Control f r u i t set and further f r u i t development. 
Control plant or organ s i ze . 
Prune the plant chemically. 

0-8412-0518-3/79/47-lll-263$05.00/0 
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Modify sex expression. 
Increase plant resistance to pests. 
Enhance plant resistance to such environmental factors as 

temperature, water, and a i r p o l l u t i o n . 
Prevent postharvest spoilage. 
Regulate the chemical composition of plants and the color 

of f r u i t . 
Influence mineral uptake from the s o i l . 
Change the timing of crop development 
Control weeds. 

As far back as the 1940Ts, chemicals that we now c l a s s i f y 
as plant growth regulators were used experimentally to root 
cutt ings and to promote flowering i n pineapple. The f i r s t im
portant commercial appl ica t ion of a plant growth regulator was 
i n the 1940 fs, when naphthalene acet ic acid was appl ied , as i t 
s t i l l i s , to prevent th  preharves  dro f apples

One of the oldest an
la tors has been i n i n i t i a t i n g and/or acce lerat ing the rooting 
of cutt ings . One of the best chemicals for th i s purpose i s i n -
dolebutyric a c i d . This compound i s decomposed r e l a t i v e l y slowly 
by the hormone destroying enzyme systems i n plants . Because the 
chemical also moves very slowly i n the plant , much of i t i s r e 
tained near the s i t e of appl i ca t ion - another desirable charact
e r i s t i c . Although a host of other chemicals have been evaluated 
for the ir effect on root ing , and some of them have des irable 
act ions , indolebutyric ac id s t i l l remains the compound of choice 
for th is purpose. 

In the early 1950 !s, 1 ,2-dihydro-3,6-pyridazinedione (maleic 
hydrazide) was f i r s t marketed to prevent the sprouting of onions 
i n storage. Soon a f ter , maleic hydrazide also was used to i n h i 
b i t tur f growth and prevent the sprouting of potatoes during 
storage. 

Contro l l ing Flowering 
Pineapple. 
In the la te 1920 fs, s c i en t i s t s found that the long-recognized 

fact that pineapple could be forced to flower by smoke from 
f i r e s (used to prevent growth from stopping during cold weather) 
was caused by i t s content of unsaturated gases, such as ethylene. 
By the mid-1930 1s, acetylene gas was used commercially i n Hawaii 
to force the i n i t i a t i o n of f lowering. Later , plant hormones 
were shown to produce th is e f fect , and 1-naphthaleneacetic ac id 
was the next forcing agent to be used commercially on pineapples. 

Although hydrazines are more commonly thought of as growth 
retardants, several of them, espec ia l ly B-hydroxyethylhydrazine, 
were shown i n the mid-1950 1s to induce flowering i n Hawaiian 
pineapples by Dr. Donald P. Gowing and Dr. Robert W. Leeper at 
the Pineapple Research Ins t i tu te (1). 

The la tes t group of compounds demonstrated to be e f fect ive 
forc ing agents for pineapples are the haloethanephosphonic acids 
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such as ethephon. Levels of 1 to 2 lb of ethephon per acre pro
duce t o t a l f l o r a l induct ion. 

F r u i t Trees. 
In many f r u i t trees , e spec ia l ly apple, pear, and peach, the 

the extent of f l o r a l induction i s increased by spraying them 
with i n h i b i t o r s such as succinic acid-2,2-dimethyl hydrazine 
(sold by Uniroyal as Alar) and 2 ,3 ,5- tr i iodobenzoic a c i d . 

Vegetables. 
Many annual vegetables, such as l e t tuce , rad i sh , mustard, and 

d i l l , which normally flower only when days are long, can be made 
to flower early by treatment with g i b b e r e l l i n s . Many b i enn ia l 
vegetables, such as carrots , beets, and cabbage, which require 
low temperatures to flower, also do so after treatment with g ib
b e r e l l i n s . 

Sugarcane. 
To improve the y ie lds of some crops, such as sugarcane, i t i s 

commercially desirable to prevent f lowering. In other crops, 
among them almond, peach, and tung o i l trees , a delay i n the on
set of flowering may be desirable to avoid adverse weather con
d i t i o n s , such as extremes i n temperature and moisture. Such a 
delay also can bring two plant var i e t i e s with d i f ferent flowering 
dates into synchronization for breeding purposes (as i n the case 
of v a r i e t i e s of almond trees) or control the timing of flowering 
of plants such as carnation or po inset t ia to coincide with major 
hol idays , when s e l l i n g prices are higher. 

Fundamental studies of flowering i n a large var ie ty of plants 
have shown that nighttime length i s the c r i t i c a l factor i n many 
cases. Sugarcane belongs to a group of short-day plants that 
i n i t i a t e flowers only within a c r i t i c a l range of day-lengths (2). 
Members of th i s group must have an uninterrupted dark period i f 
they are to flower. The br ie fes t in terrupt ion (for sugarcane as 
l i t t l e as 50 foot-candle-minutes of incandescent l i g h t ) i s 
usual ly su f f i c i en t to prevent flowering. Dr. George 0. Burr and 
his colleagues at the Hawaiian Sugar P lanters 1 Associat ion Exper
iment Station determined i n the mid-1950 1s that night in terrup
t ion from Sept 1 to 20 would i n h i b i t flowering of the sugarcane 
v a r i e t i e s propagated i n Hawaii at that time. F i e l d experiments 
l a ter showed that suppression of flowering resulted i n increases 
in the y i e l d of sucrose averaging 1.3 tons per acre. 

In the years immediately fol lowing these studies , the factors 
a f fect ing f lowering, as wel l as methods for preventing i t , were 
studied extensively. Several methods were found to be e f fect ive 
in preventing flowering: in terrupt ing night with l i g h t , lowering 
temperature, leaf and spindle trimming, withdrawing water, or 
applying chemicals. Because temperature cannot be control led i n 
the f i e l d and because leaf trimming and l i g h t in terrupt ion on a 
commercial scale are not economically f eas ib le , emphasis has 
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been placed on water withdrawal and the appl icat ion of chemicals. 
Withdrawal of water i s possible only on i r r i g a t e d plantat ions . 
Because this pract ice causes various operational problems, the 
use of chemicals eventually became the standard pract ice i n 
Hawaii. 

Maleic hydrazide was the f i r s t po tent ia l l y useful commercial 
chemical for preventing the flowering of sugarcane but, at best, 
i t gave only about 60% contro l . Rapid developments i n the 1950Ts 
led to the use of 3 - (p-dichlorophenyl ) - l , l -d imethylurea (monuron) 
as the chemical of choice and la t er to the use also of 3-(3,4-
dichlorophenyl)- l ,1-dimethylurea (diuron). When properly applied, 
4 lb per acre of e i ther chemical provides v i r t u a l l y complete 
control of flowering i n the heavy-tassel ing cane v a r i e i t e s used 
i n the 1950*s and early I960 1s i n Hawaii, 

Continued test ing for more act ive chemicals to prevent flow
ering led the la te Tyru
the early 1960Ts that 6,7-dihydrodipyrid
zidinium dibromide (diquat) , i s act ive at rates of 0.125 lb per 
acre. Thus, th is newer chemical i s one of the most act ive com
pounds yet used for th i s purpose. The cost of c o n t r o l l i n g 
flowering, per unit area, i s decreased a substant ia l 70%. The 
compound also has been found to be highly e f fect ive i n preventing 
the flowering of sugarcane i n Guyana, Mexico, the Phi l ippines 
and Taiwan, i n addit ion to Hawaii (3). 

Contro l l ing Absciss ion 
The control of absc iss ion , (the separation of shedding of a 

plant part , such as a l eaf , flower, f r u i t , or stem from the 
parent plant) i s extremely important i n agr i cu l ture . To ensure 
the most e f fect ive crop growth, leaves should be retained i n a 
healthy, green state. On the other hand, to s impl i fy the mech
a n i c a l harvesting of cer ta in crops, such as cotton, i t i s highly 
desirable to have the leaves removed. The same i s true for fruit-
In tree crops that have a large number of f r u i t s tarted, i t i s 
sometimes desirable to th in the f r u i t by using an absc i ss ion-
inducing compound, thereby increasing the s ize and qua l i ty of 
the remaining f r u i t . During crop growth, the f r u i t should be 
retained on the tree for maximum development and maturity. How
ever, at harvest, for many i f not most crops, the use of an ab
sc iss ion- inducing agent can be highly prof i tab le i n reducing 
labor requirements and costs . This i s p a r t i c u l a r l y true of 
c i t r u s . 

C i t r u s . 
An act ive absciss ion research program for c i t r u s has been 

underway for a number of years i n F l o r i d a by the F l o r i d a State 
Ci trus Commission i n co l laborat ion with a number of chemical 
companies. This program was i n i t i a t e d o r i g i n a l l y because of a 
shortage of labor for handpicking c i t r u s . Chemicals to speed up 
the removal of f r u i t by mechanical harvesters and to increase 
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the product iv i ty of handpickers have been developed (4)« 
The act ive compounds used e a r l i e s t were termed "mass action" 

compounds because they were applied at high rates (up to 100 lb 
per acre) . Unfortunately at these l e v e l s , the chemicals dam
aged both the f r u i t and the tree. The f i r s t breakthrough came 
when the antifungal a n t i b i o t i c 3 - ( 2 - Q3,5-dimethyl-2-oxocyclohex-
y l 3 -2-hydroxyethyl)glutarimide (cycloheximide or Upjohn 1s A c t i -
Aid) was found to loosen c i t r u s f r u i t s at appl ica t ion rates of 
less than 0.1 lb per acre (5 ) . 

Although cycloheximide i s used commercially i n F l o r i d a on 
most orange v a r i e t i e s , i t i s not used during the harvesting 
of Valencia oranges because i t damages the flowers and the im
mature f r u i t . For a long time, e f forts to f ind sui table a b s c i 
ssion chemicals for Valencia oranges faced a number of problems. 
Recently, a se lect ive absciss ion mater ia l , 5-chloro-3-methyl-4-
n i tro- lHpyrazole (Abbott'
e f f ec t ive ly induces absciss io
new twig growth and immature f r u i t (6 ) . 

Ol ives . 
Man-power a v a i l a b i l i t y for o l i v e picking i s becoming an i n 

creasing problem for o l ive growers. Considerable research i s 
being carr ied out i n the Mediterranean region and i n C a l i f o r n i a , 
the main goal of which i s to decrease the amount of labor needed 
for o l i v e harvest ing. Ef for ts to decrase labor consumption are 
directed toward a mechanical so lut ion , a chemical so lut ion , or 
a combination of both. It has been known for some time that 
ethephon i s one of the best compounds for decreasing the f r u i t 
removal force needed to f a c i l i t a t e o l i ve harvest ing. More r e 
cently a new mater ia l , A l s o l [2-chloroethyl - tr is - (2-methoxy-
ethoxy) si lane] , has been developed which i s more e f fect ive for 
th is purpose than ethephon. However, buffered ethephon can be 
used to f a c i l i t a t e a r a p i d , easy and r e l a t i v e l y inexpensive 
harvest of o l i ve s . Now growers have two chemicals of s imi lar 
e f f i c i ency to choose between. The data so far indicate that 
th i s decis ion w i l l be based on economic ca lculat ions (7 ) . 

Cotton 
We a l l know of the o ld pract ice of " p i c k i n f cotton" - har

vest ing cotton b o l l s by hand. In general, th is pract ice has 
been replaced by machine harvesters. Since introduct ion of the 
harvest machine, use of chemical aids has become common-place. 
Cotton leaves are defol iated by chemical harvest aids on more 
than 75% of the cotton acreage i n the U.S. - representing more 
than 7 m i l l i o n acres of cotton. 

H i s t o r i c a l l y cotton b o l l s have been harvested by hand. More 
recent ly , however, the development of machine harvesters has 
reduced production costs . For e f f i c i e n t use of both types of 
pickers (the spindle type with rotat ing spindles that picks the 
cotton only from open b o l l s , and the s tr ipper type which s t r i p s 
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the ent ire plant except the main stems) most of the fo i lage must 
be removed before harvest. This has been accomplished for some
time by harvest-aid pract ices consis t ing of chemically treat ing 
the cotton plant at the proper time to induce de fo l ia t ion before 
harvest. 

Chemical harvest aids are presently used on more than 75% of 
the cotton acreage i n the U . S . . The amount of fo l iage may be 
reduced either by the use of defol iants or the use of desiccants. 
Defoliants induce leaf f a l l and must be applied one to two weeks 
before harvest so that the absciss ion process may be complete. 
Desiccants cause the fo l iage to lose water and sometimes the 
leaves and stems are k i l l e d so rap id ly by desiccants that an 
absciss ion layer has i n s u f f i c i e n t time to develop and the drying 
leaves remain attached to the plant . Desiccants usual ly require 
one to three days to act before harvest can be s tarted . The 
obvious advantage of desiccant
be applied at a l a t er date
which the l'eaves continue to function and to contribute to see 
the f iber qua l i ty . Hundreds of chemicals have been evaluated as 
defol iants and desiccants. Only a few are i n commercial use. 
The best known of these defol iants are sodium chlorate which has 
the danger of s tar t ing f i r e s , t r ibuty l -phosphorotr i th io i t e 
(merphos, Folex) i t s oxygenated r e l a t i v e t r ibuty lphosphorotr i -
t h i o i t e (DEF), and endothall (Accelerate) . Recent research r e 
ports claim that amino methyl phosphonic acid and cer ta in of i t s 
r e la t ive s were found to be more act ive than current commercial 
products. The best known desiccant used for de fo l ia t ion of 
cotton i s paraquat ( 1 , l ? - d i m e t h y l - 4 , 4 f - b i p y r i d i n i u m ) (8). 

F r u i t . 
The thinning of f r u i t on various specied of f r u i t trees and 

grapes i s necessary commercially. Because th i s i s d i f f i c u l t and 
cost ly to do by hand, however, growers have turned to the use of 
chemicals. Chemicals have been used to thin f r u i t set i n apples, 
for example, since the early 1930's. In addit ion to permitting 
crops to be produced annually be e l iminating or reducing a l t e r 
nate-year bearing, th i s pract ice also enhances the s i ze , color 
and qual i ty of the f r u i t . 

Of the early compounds used for th i s purpose, the most imp
ortant was 1-naphthaleneace'tic acid and i t s amide. More recently, 
ethephon has shown promise as a thinning agent. 3-Chlorophenoxy-

- propionamide has produced good thinning i n several v a r i e t i e s 
of peach. Both g i b b e r e l l i c ac id and ethephon are ef fect ive 
thinning agents for grapes. 

The preharvest drop of c i t r u s f r u i t can be reduced or preven
ted with 2,4-dichlorophenoxyacetic a c i d , which delays development 
i n the absciss ion zone of the f r u i t stem, thus allowing the f r u i t 
to remain on the tree longer. Because of 2 ,4-D f s h e r b i c i d a l pro
per t i e s , however, care must be taken i n spraying to prevent the 
chemical from damaging other crops, as wel l as the target crop 
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i t s e l f . 

Control of Fruit Development 
In recent years, s c i e n t i s t s have found that many synthetic 

growth regulators w i l l develop f r u i t i n plants. The best of 
these are 4-chlorophenoxyacetic acid and 2-naphthoxyacetic acid. 
These chemicals are most ef f e c t i v e on f r u i t s that have many 
ovules, such as tomato, squash, egg-plant, and f i g . They are 
usually rather i n e f f e c t i v e , however, on peach, cherry, plum, 
and other stone f r u i t s . Many f r u i t s that can be set by such 
hormonal compounds also can be set by the gibberellins. In 
addition, gibberellins can set f r u i t i n some species that do not 
respond to the other chemicals. 

In the San Joaquin Valley, several grape v a r i e t i e s y i e l d 
much below the vine capacity because of poor f r u i t set. Yield 
of Malvasia blanca grape
spray of the plant growt
increase of 4.4 tons pe  acre (2  pounds pe  vine) was primarily 
due to improved berry set. Clusters from treated vines were 
well f i l l e d ; those from the controlled vines were loose and 
straggly, with some clusters setting no f r u i t at a l l . To date, 
Cycocel has not been registered for this use (9). 

Experiments i n Australia show advantages i n spraying prune 
trees before harvest with selected growth regulating chemicals. 
This has been done over a period of four years and recent re
ports suggest s i g n i f i c a n t f i n a n c i a l benefits from the use of 
growth regulators. The recommendations are for use of gibber
e l l i c acid at 10 ppm or napthalene acetic acid at 20 ppm yielding 
an extra $260.00 per hectare (10,11). 

Gibberellins 
Infection of r i c e by the fungus Gibberella fuj ikuroa, 

causing the elongated " f o o l i s h seedling" effect, has been known 
for generations. Not u n t i l 1938, however, was a c r y s t a l l i n e 
fungal metabolite isolated as the causative agent at the Univer
s i t y of Tokyo by Dr. T e i j i r o Yabuta and Dr. Yusuke Sumimi. 
Their work led to the discovery of a new class of hormones, the 
gibberellins. Because of wartime secrecy, l i t t l e was published 
about these new "wonder compounds" u n t i l the 1950 fs, when their 
spectacular effects on both ornamental and edible crop plants 
received enormous p u b l i c i t y . 

In most plants, the outstanding effet of the gibberellins i s 
to elongate the primary stalk. This effect occurs i n the young 
tissues and growth centers and i s caused either by an increase 
i n c e l l ' length, an increase i n the rate of c e l l d i v i s i o n , or a 
combination of both, depending on the s p e c i f i c type of plant 
treated. 

Gibberellins can induce flowering i n many plant species, 
such as carrots, that require low temperatures to i n i t i a t e this 
process. The a b i l i t y of a chemical to promote flowering i s 
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valuable both i n contro l l ing the timing of flowering to match 
holiday markets and for the production of seed. 

Gibbere l l ins have remarkable effects on many dwarf p lants , 
such as dwarf pea, dwarf corn, and bush beans. When treated 
with g i b b e r e l l i n s , these plants grow to f u l l s i ze . Gibbere l l ins 
also affect the extent to which a plant develops side branches. 
In addi t ion , they increase the s ize of many young f r u i t s , expe-
c i a l l y grapes. Because g ibbere l l ins induce the production of 
the enzyme amylase i n barley , they also are commonly used i n the 
malting of barley . 

At present, the biggest uses of g ibbere l l ins are i n increas
ing the s ize of grapes and i n st imulat ing the growth of sugarcane. 
Treatment of sugarcane with as l i t t l e as 2 oz of g i b b e r e l l i n per 
acre increases the y i e l d of cane more than 5 tons per acre and 
raises the output of sugar 0.2 to 0.5 ton per acre. 

Gibbere l l ins are use
poses. The present commercia
spray twice, once at bloom for a loosening and s i z ing effect 
and again at f r u i t - s e t stage for an addi t iona l s i z i n g e f fect . 

Although g ibbere l l ins have been used on a small scale 
for over a decade in Hawaii (12,13), i t was not u n t i l 1976 
that one of the sugar plantations on the i s land of Oahu u t i l i z e d 
g ibbere l l ins on a large commercial scale and also studies the 
in terac t ion with r ipeners . The test resul ts show that treatments 
of s p l i t appl icat ions of g ibbere l l ins i n combination with a 
chemical ripener gave the best response. 

The o v e r a l l y i e l d comparisons throughout the ent ire season 
were based on 42 f i e l d blocks of approximately 40 acres each, 
i n 18 d i f ferent locat ions . An increase of 5% i n t o t a l crop ton
nage i s credited to this program. The economic benefit of th i s 
program for the appl icat ion of growth regulators has been con
s iderable . An outlay of $200,000 for g ibbere l l ins and the r i 
pener Po lar i s for th is one plantat ion during 1976 added over 
3,500 tons of sugar to the crop at a cost of about $60 per ton 
of sugar produced. This sugar reduced the average production 
cost by nearly $10 per ton and returned approximately $400,000 
net p r o f i t after taxes to the plantat ion for 1976 (14). 

The g ibbere l l ins also have been tested on a wide range of 
vegetable crops, with resu l t s to date that are spectacular but 
often not b e n e f i c i a l . For example, i n many species, such t rea t 
ment can induce premature flowering, which i s undesirable i n 
crops such as cabbage, since i t i s the vegetative leaves that 
are commercially valuable . 

Control of Plant Size 
A plant growth regulator that reduces stem length i n cereal 

crops, 2-chloroethyl trimethylammonium chloride (American 
Cyanamid's Cycocel) has become an important factor i n farming, 

espec ia l ly i n growing of wheat. This compound prevents, or at 
least greatly reduces, the p o s s i b i l i t y that wheat w i l l "lodge" 
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( f a l l over i n heavy winds and r a i n ) . About ha l f of the wheat 
grown i n West Germany, for example, i s treated with Cycocel . In 
fact , that country's increased y i e l d of wheat i n recent years 
i s large ly a t tr ibuted to th i s plant growth regulator . 

Dr. Sylvan H. Wittwer, d irec tor of the Michigan A g r i c u l t u r a l 
Experiment Stat ion, says that the use of Cycocel eliminates the 
need for genet ica l ly developed lodging-res is tant v a r i e t i e s of 
wheat. Treatment with Cycocel produces a shorter plant with 
thicker stems, greener leaves, more side shoots, and bet ter -
f i l l e d heads. Cycocel i s among the most widely used plant 
growth regulators i n the world (15). 

Mowing tur f grass i s a time consuming and cost ly maintenance 
procedure both for profess ional turf managers and for homeowners. 
The use of plant growth regulators to i n h i b i t grass growth has 
been a pract ice for years. This approach has been of consider
able interest both to industr
people. 

Maleic hydrazide )1 ,2-dihydro-3,6-pyridazinedione, (MH) has 
been u t i l i z e d for 20 years i n grass growth regulat ion. More 
recently ch lor f lureno l and mefluidide (Embark) have been shown 
to exhibit considerable potent ia l i n the contro l of a number of 
grasses. 

The plant growth regulator 1,1-dimethyl piperidinium chlor ide 
can be used to manage the vegetative development of cotton plants 
to offset the effect of excessive r a i n water or nitrogen by 
decreasing both o v e r a l l plant height and length of l a t e r a l 
branches. This maintains a plant form which can f a c i l i t a t e 
crop protect ion and mechanical harvesting pract ices . The use 
of th is same material at rates lower than that to i n h i b i t s ize 
of plant causes increases i n y i e l d which appears to be par t ly 
due to less shedding of flowers and/or b o l l s , increases i n b o l l 
weight, and number of open b o l l s at harvest. 

Modify Sex Expression 
Because they can affect both the determination of sex and 

the time of f lowering, growth regulators now are commonly used 
to aid i n seed production i n vegetables and i n the breeding of 
several types of crops. Crops whose sex has been manipulated 
through growth regulators include begonia, cotton, cucumber, 
grape, hops, pumpkin, squash, and tomato. 

Biochemistry and C e l l Biology 
For more than two decades, maleic hydrazide has been used 

extensively on tobacco to prevent the formation of suckers 
(aux i l iary buds), which decrease leaf qua l i ty . Before th i s 
material was developed, large amounts of hand labor were r e 
quired to remove the buds. This use for maleic hydrazide i s 
one of the great success s tor ies i n the plant growth regulator 
f i e l d . 
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Chemical pinching of azaleas has been pract iced commercially 
for many years. A number of compounds are now avai lable for 
use i n the chemical pruning of azaleas and other plants . One 
of these i s methyldecanoate (sold under the trade name Off-
Shoot-O) (16). Recently i t has been shown that a p i c a l dominance 
can be successful ly overcome with the proper appl ica t ion of 
the chemical dikegulac. The savings i n labor and accompanying 
costs are substant ia l with the use of the chemical pinching 
or chemical pruning (17). A group of diphenyl ethers has recently 
been reported as being e f fect ive i n contro l l ing undesirable 
sucker growth i n tobacco and undesirable secondary growth i n 
general i n a number of p lants . The i n h i b i t i o n of bud growth 
has been shown also to be accomplished by substituted 2,6-
d in i troana l ines . 

An understanding of the postharvest physiology of plant 
t issues i s of great importanc
losses caused by plan
some s c i e n t i s t a have bel ieved that the deter iorat ion of a crop 
i f associated with the act ion of the ethylene that the plant 
produces i n t e r n a l l y . A more up-to-date concept i s that aging 
i n plant t issues i s not only a deter iorat ive process but also 
a developmental process i n which growth regulators besides 
ethylene play important ro le s . As Dr. Morris Lieberman, head 
of the post-harvest plant physiology laboratory at USDA's A g r i 
c u l t u r a l Research Center i n B e l t s v i l l e , MD., says, "Although 
ethylene i s s t i l l considered a major influence on postharvest 
metabolism, the other plant hormones - the auxins, g i b b e r e l l i n s , 
cytokinins , and absc i s ic acid - also are thought to s i g n i f i 
cantly influence the aging process. Most l i k e l y , ethylene 
act ion resul t s from interact ions with these hormones" (18). 

Today, another exc i t ing research area involves the b i o r e -
gulation of plant composition. Such bioregulat ion i s the 
process of c o n t r o l l i n g spec i f i c metabolic pathways (or a series 
of such pathways) by external ly supplied synthetic chemicals. 
These bioregulators are low-molecular-weight compounds, i n 
contrast to the high-molecular-weight b i o l o g i c a l polymers 
(proteins and nucle ic acids) through which the synthetic b i o 
regulators appear to exert the ir contro l on metabolism. B i o 
regulat ion i s more than just a theore t i ca l approach; already, 
color i n c i t r u s and tomatoes and vitamin content i n a number of 
vegetables and f r u i t s has been control led and the sugar y i e l d 
i n the cane plant increased. 

Several companies, i n cooperation with the U.S. Forest 
Service, have been studying the effectiveness of paraquat i n 
enhancing the quantity of chemicals produced i n s lash and 
l o b l o l l y pine trees. Results over the las t 6 years show that 
there can be a pos i t ive effect and that beta-pinene i s pre fer 
e n t i a l l y produced i n s lash pines by treatment with paraquat. 
Results reported on l o b l o l l y pine show an increase of 50% i n 
t a l l o i l content when correc t ly appl ied . The expected increase 
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i s promising enough that most companies involved are continuing 
the ir e f forts with this approach. 

Growth regulators can influence a p lant ' s absorption of 
minerals from the s o i l . The uptake of potassium by wheat, for 
example, i s accelerated by treat ing the plant with g i b b e r e l l i c 
a c i d . The uptake of both nitrogen and phosphorus by wheat and 
soybean plants i s enhanced by treatment with 2,4-D. 

There are a number of recent reports from the Russion l i t 
erature on the increase of corn y ie lds through weed control by 
atrazine and 2,4-D amine. Although they do not d i s t ingu i sh 
between weed control and i t s spec i f i c pos i t ive effects on y i e l d , 
they c l e a r l y show increased uptake of nutrients i n the absence 
of weeds (19). 

Growth retardants have been found to increase the drought 
resistance of a number of p lants . The mechanism by which growth 
retardants accomplish th i
of Cycocel and SADH i n
withstand drought i s thought to be re lated to the a b i l i t y of 
these chemicals to delay the senescence of detached leaves. 
Also , i n the case of brussel sprouts, treatment by Cycocel r e 
duces the number of stomata per unit area which could decrease 
the rate of water loss from the leaf and contribute to the plants 
drought tolerance. A l so , appl i ca t ion of th i s growth retardant 
increases leaf thickness i n cer ta in other plants which might 
also contribute to drought res istance. The best success with 
increasing e i ther drought resistance or tolerance has been dem
onstrated i n wheat, bar ley , grapes, beans, apples, sunflower, 
and g lad io las . Treatment with cer ta in growth retardants also 
increases a re lated phys io log ica l phenonomen, i . e . , so l t t o l e r 
ance. The use of plant growth retardants to increase the 
tolerance of plants to high concentrations of sa l t has been 
most successful with wheat, soybean and spinach. The use of 
i n h i b i t o r s or plant growth retardants to increase resistance to 
low temperatures has been most successful with cabbage, tomato, 
woody plants , apples, pears, wheat, c i t r u s , raspberry, grapes, 
mulberry, strawberry, and azalea.. 

Applied to cer ta in crops, plant growth regulators can change 
the timing of crop development. Such developmental change 
might enable a crop to avoid the effects of adverse environmental 
factors , such as abnormally low temperatures or lack of water. 
It also might in ter fere with the rate of plant development, 
thereby disrupt ing the normal l i f e cycle of insect pests. T h i s , 
i n turn, may offer a new method of insect contro l . 

The termination of cotton f r u i t i n g by the use of chemicals 
i s a new approach for insect contro l . Several plant growth reg
ulators have been found which are e f fect ive i n th i s treatment. 
They are two types: 1) fas t -ac t ing and non-persistent , and 2) 
slow-acting and pers i s tent . The slow act ing persistent growth 
regulator type i s represented by chlormequat (Cycocel or CCC) 
and ch lor f lureno l (methyl-2-chloro-9-hydroxy-flourene-9-
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carboxylate) . The fas t -ac t ing type includes 2,4-D and 3,4-
d ich loro i so th iazo le -5 -carboxy l i c a c i d . Mixtures of 2,4-D with 
e i ther of the two persistent growth regulators i s more e f fect ive 
than 2,4-D applied alone. A l l of these treatments have been 
tested extensively and found to be e f fec t ive . It i s now f e l t 
that they are sui table for use by entomologists i n large scale 
tes t ing of chemical termination of f r u i t i n g i n cotton for insect 
contro l . 

Another area which might be considered of a plant growth 
regulatory nature i s the use of "safening agents" with herbicides 
and other pest ic ides i n order to reduce the toxic effects on 
crops under conditions where i t i s necessary to use the p e s t i 
cides (20,21,22). Recent Japanese work shows that such poly-
amines as 1,8-diaminooctane or the ir sa l t s can be used as safen-
ing agent for phenylcarbamoyl-amino acid herbic ides . For example, 
the appl icat ion of one
decreased the f i n a l y i e l
appl icat ion of a polyamine resulted i n only a 4% decrease i n 
y i e l d (23). 

Increasing Crop Yie lds 
Corn 
An exc i t ing development has been the use of the herbicide 

2 ,4-dini tro-6-sec-butylphenol (dinoseb) as a spray applied to 
leaves at low concentrations to increase the y i e l d of corn. Dr. 
A l v i n J* Ohlrogge of Purdue Univers i ty reported i n 1969 that 
only a few grams per acre of th i s compound boosts the y i e l d of 
corn 5 to 10%. Since h is f indings were announced, however, i n 
vest igators i n various parts of the country have published con
f l i c t i n g reports on the effectiveness of the compounds, poss ibly 
because of var ia t ions i n the genetic background of the d i f ferent 
corn v a r i e t i e s used. Nevertheless, three companies (Dow Chemical, 
Helena Chemical, and Agway) are now marketing formulations of 
th i s chemical for th i s use. The most recent report on dinoseb 
for i t s effects on sweetcorn y ie lds i n the midwest show pos i t ive 
effects on three v a r i e t i e s but decreased y ie lds with a fourth 
var ie ty (24). 

Soybeans 
In the I960 1 s, 2 ,3 ,5- tr i iodobenzoic acid was considered a 

spectacular plant growth regulator . When applied to the leaves 
of soybeans, i t shortens the plants , increases the ir branching, 
s t i f f ens them, and increases pod set (thus increasing y i e l d ) . 
Unfortunately, the compound i s not always e f fec t ive . Sc ient i s t s 
have found that the timing of i t s appl ica t ion i s very c r i t i c a l 
and that d i f ferent v a r i e t i e s respond d i f f e r e n t l y . Hence, 
resu l t s are disappoint ingly inconsis tent , and the use of th i s 
compound to increase soybean y ie lds has been discontinued. 
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Rubber. 
The use of 2-chloroethyl phosphonic acid (ethephon) to boost 

the y i e l d of latex from rubber trees has become standard estate 
pract ice i n recent years. This compound increases the flow of 
latex and the y i e lds of dry rubber from commercially important 
tree var i e t i e s as much as 100%. In addi t ion , ethephon helps to 
preserve the bark, which normally i s cut regular ly to permit the 
flow of latex. As a r e s u l t , the economic l i f e of the tree i s 
prolonged. Ethephon breaks down into ethylene, which i s probably 
the basis for i t s a c t i v i t y . 

When 100% of the tapped trees are treated, the y i e l d increase 
varys from 36% to 130% depending on the time of year. The 
highest y ie lds are obtained from November through March. S t a r t 
ing i n A p r i l there i s a dip i n the y i e l d curve which reaches a 
low i n Ju ly . At that time the curve s tarts going up, reaching 
the high l e v e l by November
than the y i e l d return.
a doubling of y i e l d was accomplished with no increase i n land, 
number of trees and the ir c u l t i v a t i o n , or work force. 

Guayule. 
Because i t can be grown i n the United States, because i t can 

grow under extreme a r i d conditions as i n desert areas good for 
l i t t l e else at the present time, guayule has attracted increasing 
interest since the o r i g i n a l work done on i t during World War I I . 
Rubber made from guayule i s equal in every respect to that made 
from rubber trees and commercially valuable by-products are also 
obtainable, including bagasse, re s ins , and leaves. Two tons of 
bagasse and one ton of leaves can be obtained for each ton of 
rubber. Bagasse may be used i n paper pulp-making. The resins 
contain v o l a t i l e and nonvolat i le terpenoids, a high melting wax, 
a s h e l l a c - l i k e gum, drying o i l s , and succinic a c i d . The leaves 
contain a valuable hard wax with a higher, melting point than 
that of high qual i ty cornuba. Recent reports from the USDA show 
that low cost tr iethylamines, p a r t i c u l a r l y 2 - (3 ,4 -d ich loro-
phenoxy tr iethylamine) , sprayed about three weeks before harvest 
increased y ie lds two to s ix times the normal 500 l b s . / a c r e . 
Investigators carrying out the work state that the compound works 
by causing the plants to express genetic t r a i t s more e f f i c i e n t l y 
— rubber producing c e l l s i n the plants become more act ive and 
produce more rubber. Estimates are that the process of using 
such chemicals could increase o v e r a l l y i e lds 30-35% and cut the 
growing time by 1-2 years. It i s important to note that e s t i 
mates suggest that a y i e l d of 1,000 l b s . / a c r e could support a 
rubber inductry. 

Temperate F r u i t s . 
Among the most widely used plant growth regulators i s 

succinic acid-2,2-dimethyl hydrazine (diaminozide), commonly 
referred to as Alar or SADH. O r i g i n a l l y developed to reduce the 
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vegetative growth of flower crops, i t may have far greater value 
i n the future as a regulator of flowering and f r u i t i n g . Treated 
with A l a r , trees bear f r u i t after only four years, instead of the 
usual seven to 10. Because i t i s a growth retardant, however, 
i t tends to dwarf the f r u i t trees . 

Alar promotes f r u i t se t t ing of grapes and accelerates by 
several days the maturing of cherr ies . It also i s used on apples, 
prunes, tomatoes, peanuts, and various ornamental crops. On 
apple trees , Alar increases the firmness of the f r u i t and pre
vents i t from dropping permaturely. On tomato transplants , the 
compound retards stem elongation. 

Trop ica l F r u i t s . 
With the exception of 2,4-D and g i b b e r e l l i c ac id treatments 

of a var ie ty of c i t r u s crops, where improved f r u i t set, reduced 
f r u i t drop, and the a b i l i t
f r u i t qua l i ty are recognize
been developed for the use of hormone-type regulators i n trop
i c a l f r u i t s . Recent work has shown that g i b b e r e l l i c ac id w i l l 
delay postharvest r ipenin ing and improve the qual i ty of bananas 
and that napthaleneacetic ac id treatment of o i l palm to delay 
f r u i t absciss ion has increased both y i e l d and o i l content. 

Sugarcane 
One of t h é most important developments i n recent years has 

been the use of chemicals as ripeners i n sugarcane. Work begun 
i n Hawaii i n the early I960 1s has shown that a surpr i s ing number 
of chemicals increase the sucrose content of cane at harvest. 
Some casual observers have suggested that , because such a diverse 
array of chemical structures e f f ec t ive ly ripens sugarcane, 
"almost anything w i l l do so." Ac tua l l y , of course, th i s i s not 
the case. Many thousands of compounds of a wide range of 
chemical types have been tested for th is e f fect , with only a 
few dozen giving enough pos i t ive resul t s to warrant serious 
further study (25). 

The f i r s t materia l ser ious ly considered as a candidate 
ripener for increasing sugar y ie lds was the dimethylamine sa l t 
of 2 ,3 ,6 - tr ichlorobenzoic a c i d . However, because of a number 
of t echn ica l , environmental, and l ega l proglems, th is material 
did not prove successful commercially. Nevertheless, i t served 
as a standard for comparison i n screening tests aimed at f inding 
better sugarcane r ipeners . 

Current ly , only one product i s registered i n the U.S. for 
use as a sugarcane r ipener . This i s Ν , Ν - b i s (phosphonomethyl) 
g lyc ine , known gener ica l ly as glyphosine and marketed by 
Monsanto as P o l a r i s . Although i t has been registered with the 
Environmental Protect ion Agency for only about three years, i t 
already has been used to treat several hundred thousand acres 
of sugarcane throughout the world. It now i s used commercially 
i n Hawaii, Texas, F l o r i d a , Guyana, B r a z i l , Guatemala, Jamaica, 
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and Mauri t ius . 
The ethylene-producing compound ethephon i s used commer

c i a l l y on sugarcane i n South Afr i can and Rhodesia. Both Cycocel 
and 7-oxabicyclo (2 ,2 ,2 , l )heptane-2 ,3-dicarboxyl ic ac id (sold 
by Pennwalt as Ripenthol) have been registered for experimental 
use on sugarcane i n the U.S. and are under test i n several other 
countries . Experimental r e g i s t r a t i o n i s expected i n the near 
future for evaluating N-2 ,4-d imethyl -5- tr i f luoromethyl ) - su l fonyl -
aminophenyl acetamide (mefluidide), i n the f i e l d as a sugarcane 
r ipener. It i s ava i lable from 3M as Embark, and several other 
companies have potent ia l products for t h i s use nearing th i s 
stage (26). 

The f i n a n c i a l return to the grower i s s t i l l subs tant ia l , 
despite the low current pr ice of sugar. The increased sugar 
y i e l d produced by such compounds varies from 10 to 20%, depending 
on the var ie ty of sugarcan  treated  wel l  preva i l in
weather and s o i l condit ions
chemical r ipening of sugarcane,  (Polaris) 
was introduced commercially i n 1974, when the pr ice of sugar was 
high and the potent ia l return to the grower was enormous. The 
chemically stimulated ripening of sugarcane i s d e f i n i t e l y here 
to stay, even though the pr ice of sugar has dropped to an extre
mely low l e v e l . 

Discussion and Remarks 
Compounds that regulate crop maturity are espec ia l ly l i k e l y 

to have a dramatic impact on agr icu l ture i n the years ahead. In 
many instances, these chemicals might not increase y i e lds d i r 
ect ly but might prevent losses caused by f a i l u r e to achieve 
maturity. The use of r ipening compounds i n sugarcane i s a good 
example. This already has resulted in a 10 to 20% increase i n 
y ie lds i n certa in parts of the world. Changes i n c u l t u r a l 
pract ices to adjust the use of ripeners probably w i l l increase 
sugar y ie lds even more. 

Chemical companies have considerable interest i n the plant 
growth regulator f i e l d , and they have great a b i l i t y for d i s 
covering and developing new growth regulators . Their capacity 
s tarts with the ir current inventory of hundreds of thousands 
of organic compounds, many of which have never been tested as 
plant growth regulators . In addi t ion , i t i s known that almost 
any bioregulated process can be influenced by organic chemicals. 
The secret i s to f ind the chemical that has great enough tech
n i c a l and commercial p o s s i b i l i t i e s . 

One of the l imi ta t ions i s the lack of a s ing le , simple test 
by which thousands of compounds can be evaluated. Such tests are 
avai lable for herbic ides , but the f i e l d of plant growth regula
t ion i s much more complex. For plant growth regulat ion , the 
rate of appl icat ion of the chemical and the stage of plant growth 
are two variables that must be considered almost from the 
beginning. Also , for many responses, i t i s necessary to grow 
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a plant for i t s ent ire l i f e cyc le , which i s an expensive, time-
consuming procedure. Major e f forts are being made i n commercial 
and academic research centers to tackle the d i f f i c u l t problem 
of how best to evaluate growth regulat ion i n the i n i t i a l stages 
of experimentation. 
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Factors Affecting Commercialization of Specialty-Use 

Plant Growth Regulating Chemicals 

ALDO J. CROVETTI 

Agricultural Chemicals Research, Chemical and Agricultural Products Division, 
Abbott Laboratories, North Chicago, IL 60064 

Plant growth regulators  whether natural occurring or 
synthetic have been use
uses have generally bee y growth,  yield
food and fiber, adapt plants to scheduled harvest patterns and 
make certain crops more adaptable to mechanical harvesting. 

The progress with plant growth regulators has taken us 
through the periods of auxins, maleic hydrazide, the gibberel
lins, cytokinins, abscisic acid to the newer generation of 
ethylene releasers and ripeners. The major plant growth 
regulators in use include Alar (apples and cherries), MH-30 
(tobacco), other sucker control agents, ethephon for a variety 
of uses, gibberellic acid, CCC (grains) and Polaris® (sugarcane) 
(1, 2, 3, 4). 

There are an estimated two-three million acres of U.S. 
cropland treated with plant growth regulators (5). This is 
not a large treatment pattern when considering cotton, corn, 
peanuts and soybeans total 144 million acres. Of the 20-30 
formulated products available, the growth regulators mentioned 
account for >90% of the current market. Tobacco accounts for 
one-half the consumption with apples a close second, employing 
chemicals for thinning, pre-harvest drop control and promotion 
of return bloom. Tomatoes, grapes, cherries and citrus account 
for a majority of the remaining uses. 

Several materials have commercial use as abscission agents 
(6). In cotton, the products Accelerate (endothall), Folex 
(merphos) and DEF (oxidized form of merphos) have been i d e n t i 
f i e d as defoliants. Amid-thin continues to be used to thin 
f r u i t set. 3-CPA and Peach-thin 322, formerly used as peach 
thinners, serve as reminders of the disadvantages of highly 
specialized markets. RELEASE and PIK-OFF are under develop
ment as c i t r u s abscission agents. 

Ethephon i s a recent example of a new generation plant 
growth regulator. Among the registered uses, the abscission of 
cherries has been of major importance. The technology of using 
ethephon, grower interest and need, synchronized nicely to 
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provide a case where 95% of the cherries i n Michigan are now 
harvested mechanically, A l s o l , another example of an ethylene 
release absciss ion agent, has been useful i n the harvesting 
of o l i v e s . 

Growth regulators , because of their r e l a t i v e l y high cost 
and methodological complexity have been u t i l i z e d i n high-value 
spec ia l ty crops. Most attempts to penetrate larger agronomic 
crops have been disappoint ing. In recent years, companies have 
been d i r e c t i n g new research towards plant growth regulators for 
large acreage crops such as: corn, wheat, soybeans, peanuts 
and cotton (7). Although some plant growth regulators are 
commercially ava i lab le many others of potent ia l value and those 
providing measurable technica l success are not. Whether a plant 
growth regulator , for example an absciss ion agent, becomes a 
commercially ava i lab le product depends on a var i e ty of i n t e r 
re lated s c i e n t i f i c and economic fac tors

The spec i f i c c r i t e r i
a potent ia l new produc  descr ipt io  produc
a c t e r i s t i c s and marketing factors that corporations must weigh 
before spending d o l l a r s to support a projec t . The objectives 
of business are quite c l ear ; p r o f i t and market potent ia l must 
be considered because p r o f i t i s key to our economic system. 
For industry to engage i n the development and manufacture of a 
new plant growth r é g u l a n t , an acceptable return on investment 
must be assured. The ult imate c r i t e r i o n i s : "how many do l lar s 
w i l l be returned for an investment, how fast and within what 
framework.1 1 

This must be the r e a l incentive for continued research on 
any new product whether a new absciss ion agent of any other 
plant growth regulator . Thus unless there i s a good chance of 
adequate return on investment to support the increas ingly 
expensive business of a g r i c u l t u r a l chemicals R and D, a plant 
growth regulator material can be extremely r i s k y and subject 
to management de le t ion . 

Over the past several years, we have included within the 
scope of a g r i c u l t u r a l R and D ef forts the search for absciss ion 
agents with prime emphasis on c i t r u s absc i ss ion . My comments 
i n part w i l l be drawn from factors which have effected the 
development of the potent ia l absciss ion agent RELEASE by Abbott 
Laboratories . Examples r e l a t i v e to the general concerns and 
obstacles i n the development of a plant growth regulator w i l l 
also be discussed. 

S c i e n t i f i c Factors 

Synthesis and Screening. One of the key problems for i n 
dustry i s the question "How does one screen for new plant growth 
r é g u l a n t s ? " (8). In the case of herbicides and insec t i c ides , 
they e i ther work or they don' t . The f i e l d effects of plant 
growth regulators are harder to see, predict or test f o r . 
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For the most part , plant growth regulator screening has been 
based upon non-speci f ic general herbic ide screens where 
experience and i n t u i t i o n i n interpret ing non- lethal responses 
have been the main dr iv ing forces leading to further plant 
growth tes t ing . Without a series of deta i led tests , i t i s 
e s sent ia l ly impossible to ident i fy or predict useful or commer
c i a l a c t i v i t y . The procedure of modifying a crop property, 
such as enhancing y i e l d , i s much more d i f f i c u l t than k i l l i n g 
weeds or insects . Inconsistency of resul t s i s charac ter i s t i c 
of plant growth regulators and a major problem i n the ir 
evaluation. 

I n i t i a l e f for ts aimed to ident i fy a spec i f i c a c t i v i t y may, 
also , lead to a secondary response which may be unanticipated 
and eventually more useful and economically important. Many 
plant growth regulators have been developed i n th i s way after 
acc idental observation
are examples Ç 5 , 6 ) . 

In the case of c i t r u s absc i ss ion , screening has involved 
several approaches: (9) 

1. Expiant tests - l eaf and f r u i t 
2. Related whole plant species - calamondin 
3. Tree, limb test ing 

In our experience, the expiant test was highly var iab le and 
inconsis tent . RELEASE would not have been found v i a th is route . 
The calamondin test was useful i n developing data with good 
carry-over to f i e l d screening. The chemical -b io log ica l 
re lat ionships developed by use of th i s whole plant had good 
agreement and offered guidelines for the chemist to fol low. 

As i l l u s t r a t e d (F ig . 1) , synthesis of re la ted compounds to 
maximize a c t i v i t y (and inc identa l balancing of phytotoxic i ty and 
potent ia l costs) can involve the preparation of several hundred 
materials - an expensive propos i t ion . For pest ic ides general ly , 
only 1/200 compounds survives the i n i t i a l synthesis and screen
ing stage (10, 11, 12, 13). (There was no exception i n the case 
of RELEASE -re la ted mater ia l s ) . In expanded confirmatory tes ts , 
questionable chemicals are constantly discarded because of 
narrow t o x i c i t y / e f f i c a c y r a t i o s or performance i s too e r r a t i c . 
Synthesis or formulation d i f f i c u l t i e s often compound this 
p i c t u r e . 

A s t e r l i n g example of industry and the research community 
cooperation i n developing sophist icated plant growth regulators 
i s the very energetic c i t r u s absciss ion screening program 
established by the Department of Ci trus i n F l o r i d a . Support 
by industry growers, has made possible the screening of com
pounds at rates of up to 9,000 compounds per year. This 
partnership between growers and industry has allowed the 
screening and evaluation of approximately 50,000 compounds (9). 
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It i s one thing to commit to a given discovery procedure 
once one feels comfortable with the a b i l i t y to interpret or 
translate a response to possible f i e l d a p p l i c a t i o n . I t i s an
other matter e n t i r e l y to "go a l l the way" i n development stages 
to prove e f f icacy and u t i l i t y ; human and environmental safety; 
and acceptance by the farmer or grower. Many tests are required 
to have s a t i s f a c t i o n i n resu l t s obtained: e f forts must include 
v a r i a t i o n i n rates , t iming,spray, d i l u t i o n , formulation or tank 
mix compat ib i l i t i e s , v a r i e t a l responses, optimal environmental 
condit ions , geographical dependencies and season long and 
carry-over observations. 

The s igni f icance of laboratory or greenhouse screening data 
or d i f f i c u l t i e s i n trans la t ion of these data can only be deter
mined af ter f i e l d evaluations. Again, i t must be rea l i zed that 
no amount of detai led research under f i e l d conditions can 
take into account a l l th

Generally there ha
RELEASE from i n i t i a l limb tests to expanded whole tree exper i 
ments but s t i l l not a l l var iables can be ant ic ipated . 

Thus i n f i e l d tes t ing of plant growth regulators , much 
needs to be learned but the investment of time and resources 
to develop a perfect product has been ser iously questioned (8). 

Concurrent A c t i v i t i e s . While laboratory and f i e l d evalua
tions are i n progress, several concurrent a c t i v i t i e s inc luding 
patent preparation, chemical process development, p i l o t plant 
and manufacturing estimates are involved and must be ser ious ly 
addressed (10). 

The major a c t i v i t y or obstacle of concern i n developing 
and reg i s t er ing a plant growth regulator , or any pes t i c ide , 
involves the t o t a l t o x i c i t y and safety p r o f i l e . Of primary 
concern i s the impact of federal agency regulat ions; at tent ion 
i s generally focused on the EPA (14, 15, 16, Γ7 , 18). 

It i s generally conceded (or assumed) that synthet ics , 
rather than the natura l ly occurring plant growth regulators , 
w i l l be developed for grower use. Therefore, c lear understand
ing of the impact of government regulations becomes of prime 
importance. F i r s t i t must be recognized, despite the s o p h i s t i 
cated nature and functions of plant growth regulators , that 
they are i n fact pest ic ides and, therefore, subject to the 
requirements of FIFRA o r i g i n a l l y enacted i n 1947 and augmented 
i n 1972 by the Federal Environmental Pest ic ide Control Act 
(FEPCA) (8). Deadlines for completion of r e g i s t r a t i o n guide
l ines have been progressively extended with seemingly perpetual 
new rev i s ions . New provis ions have included f i n a l implementation 
of FIFRA c e r t i f i c a t i o n of appl icators ; r e - r e g i s t r a t i o n proce
dures for a l l products; c l a s s i f i c a t i o n of t o x i c i t y categories 
r e l a t i v e to RPAR - Rebuttable Presumptions Against Reg i s tra t ion . 
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Before the amendments of FIFRA, the concept of neg l ig ib l e 
residues was operative. Negl ig ib le residues were generally 
considered as any amount remaining which would resu l t i n a 
d a i l y intake regarded as t o x i c o l o g i c a l l y i n s i g n i f i c a n t on 
the basis of s c i e n t i f i c judgment of adequate safety data. 
O r d i n a r i l y th is would add an amount 1/2000 of the amount de
monstrated to have no effect i n feeding studies on the most 
sens i t ive animal studied as shown by at least two (2) 90-day 
feeding studies . Currently two-year chronic t o x i c i t y feeding 
studies are required for any pest ic ide requir ing a tolerance 
or exemption from the requirement of tolerance. Safety and 
metabolism, carc inogenic i ty , teratogenic i ty , environmental and 
w i l d l i f e studies are required. In t o t a l , a series of 30 or 
more tests are necessary to meet the increas ingly stringent 
requirements set out by the EPA. 

The end re su l t of thes  include  (10  11  12  13) 
(F ig . 2) . 

1. Cost per new product have nearly doubled since 1970: 

. 1967 - $ 3MM 

. 1970 - $ 5MM 

. 1978 - $10MM (Note: i n the la s t year costs have 
reportedly increased $290,000 for 
r e g i s t r a t i o n alone) , 

2. Increase i n length of time to product introduct ion from 
an average of 60 months i n 1967 to 90-100 months. 

3. Longer waiting periods, decreasing the length of useful 
patent l i f e . 

4. Cutbacks i n R and D spending, with reduction of spend
ing for innovative endeavors and increased emphasis on defensive 
or supportive research on ex i s t ing products. Less interest 
resu l t s i n special-use materials with p r i o r i t y assigned more 
to the major crop areas. 

Perhaps one of the most p o l i t i c a l l y sens i t ive areas i s that 
of oncogenicity. Many arguments on the quanti tat ion of c a r 
c inogenic i ty have included hip-shooting and emotional contro
versy. I t i s s t i l l hoped that evidence of carc inogenic i ty w i l l 
not be the only step upon which regulations are based. Potency 
and r i s k of actual exposure from use patterns w i l l hopefully be 
c r i t i c a l l y considered. I f th i s can be accomplished, better 
de l ineat ion of impacts of the r i s k and benefits should resu l t 
(19). 

Economic Factors 

Determination of opportunity for any spec i f i c end-use 
pes t ic ide i s complex and can be demonstrated by several models 
which i l l u s t r a t e the major areas c r i t i c a l i n determining 
whether to cease or continue the pest ic ide or plant growth 
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Figure 2. Cost of commercial agricultural chemical and number of compounds 
screened 
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regulator development. 

Prel iminary Marketing P r o f i l e . Several prel iminary 
questions must be answered before a market group can recom
mend further c a p i t a l investment. These include but are not 
l imi ted to: 

1. What i s the end-use spectrum r e l a t i v e to market 
opportunity? 

2. Is a t o t a l market project ion possible? What 
"Fig .3" i s the competitive s i tuat ion? 

3. What are the performance charac ter i s t i c s of the 
potent ia l product? 

4. What are the uni t costs re lated to end-use 
"Fig.4" and productio

5. Does the compan
to serve markets? 

Ear ly decisions based on quant i f i cat ion of these questions 
are necessary to determine a l t ernat ive steps or a GO, NO-GO 
decis ion (F ig . 5) . As a new product candidate, RELEASE has 
not scored wel l i n appraisa l of opportunity and investment 
demands to assure p r o b a b i l i t y of success for potent ia l 
marketing. As with any PGR mater ia l , constant assessment i s 
necessary. 

Pes t ic ide Opportunity P r o f i l e . In looking at the t o t a l 
complex of R and D and marketing inputs , there are a number of 
points which must be understood to ant ic ipate obstacles or 
roadblocks which can impede or eliminate further development 
(20). For example: ( F i g . 6) . 

1. Underestimation of R and D and r e g i s t r a t i o n costs . 
2. Lack of basic knowledge of t o x i c i t y and mechanism 

of ac t ion . 
3. Product super ior i ty may be overestimated and may not 

represent actual grower need. New pract ices or 
programs may require development for product 
acceptance by the grower (5). Success i n the 
laboratory and the research p lot i s one thing - but 
unless someone buys the concept, a business venture 
can f a i l because estimates of cost-benefits are not 
v a l i d . 

*4. A multi-use product may be ant ic ipated , for ease of 
development, but other uses do not mater ia l i ze . 

*5. Inadequate market potent ia l (<$5MM) (13). 
*6. Length of R and D period i s excessive (^5 years) . 

7. Fear of consumer complaints and l i t i g a t i o n because 
of sophist icated product act ion or use pattern. 
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END-USE SPECTRUM 

LIMITED 
RESTRICTED 
HIGHLY SPECIALIZED 

INTERMEDIATE MAJOR MARKET FIT 
MANY END USES 

PERFORMANCE (EFFICACY; SAFETY; EASE-OF-USE, ETC) 

COMPARABLE TO EXISTING 
PRODUCTS 

INTERMEDIATE . SUPERIOR TO 
MARKET STANDARDS 

Figure 3. Gross appraisal outline of candidate pesticide 

MANUFACTURED COSTS OF EFFECTIVE RATE PER SEASON 

COMPARABLE TO 
COMPETITIVE PRODUCTS 

INTERMEDIATE CHEAPER THAN 
MARKET STANDARDS 

COMPANY FIT 

. REQUIRES MAJOR 
ADDITIONAL RESOURCES 

. R AND D AREA 

MARKETING AREA OF 
DOUBTFUL LONG-RANGE 
INTEREST 

INTERMEDIATE PERFECT MESH WITH 
COMPANY EXISTING 
AREAS OF COMPETENCE 
AND MARKETING 
STRENGTHS 

FITS LONG-RANGE 
EXPANSION PLANS 

Figure 4. Gross appraisal outline of candidate pesticide 

NEW PRODUCT ASSESSMENT 

A. LOW 

Β. INTERMEDIATE 

C. HIGH 

ACTION 

NO-GO - DROP (ALTERNATIVES). 

RE-EVALUATE - CONSERVATIVE/REALISTIC 
CONTINUE R AND D FOR SPECIFIC NEEDS FOR 
BETTER DEFINITION. TARGET DECISION FOR 
GO/NO-GO. 

PROCEED WITH DETAILED FORCAST. 
MOVE AHEAD. 

IF GO -

Figure 5. Gross appraisal outline of candidate pesticide 
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Lack of support from a g r i c u l t u r a l researchers i n 
publ ic and pr ivate sectors ( i . e , product performance) 
(8). 
Overestimation of treatable acreage (5). 

v a r i e t a l use w i l l r e s t r i c t use of product 
spec i f i c geographical areas l i m i t product use 

Mechanical harvesting: 
. Levels of technology and a v a i l a b i l i t y of t o t a l 

systems are not su f f i c i en t to be adapted by 
grower industry to allow predictable penetration 
i n a given crop. 
Weather var iables or requirements can eliminate 
or reduce marketing opportunit ies . 

. Ample labor supplies delay interest and demands 
for mechanical harvesting aids presented. 

The above l i s t o
sented to d i lu te the opportunities for specialty-use materials 
but does provide r e a l i s t i c check points of ana lys i s . 

* Factors Af fec t ing Absciss ion Agents Such as RELEASE . 
1. L imi ta t ion to a spec i f i c crop; e . g . , c i t r u s ; d i f f i c u l t y 

i n v a r i e t a l response (Valencia) . F a i l u r e to ident i fy no m u l t i -
use pattern. 

2. Limited market based on acreage expected e f f ec t ive ly -
minor uses. Potent ia l demand i s expected to mature to 300-400M 
acres "at some future date" which i s d i f f i c u l t to define. 

3. Mechanical harvesting development has f luctuated be
cause of a v a i l a b i l i t y of su f f i c i en t hand labor . There i s d i f 
f i c u l t y i n es tabl i shing benefit ra t io s when need i s not c r i t i c a l 
for the use of the plant growth regulator a id i n mechanical 
harvest ing. 

Future Of Specialty-Use Compounds 

The future of special-use plant growth regulators (PGR) 
can be summarized thus: 

1. Plant growth regulators should be recognized as more 
than academic c u r i o s i t i e s . They are not only in teres t ing but 
pro f i tab le to use - to grower, d i s t r i b u t o r and manufacturer (21). 

2. Stringent regulations for r e g i s t r a t i o n w i l l continue 
to impact business ventures with PGR compounds. 

3. Short-term opportunities w i l l s t i l l be emphasized 
with attent ion turning to major f i e l d crops. 

4. We may s t i l l be i n the l a s t phases of PGR his tory 
where products i n the m i l l may s t i l l be ahead of the ir time i n 
terms of today's appl icat ions and recognized needs (5). 

5. Because demands for food and heeds to increase land 
product iv i ty w i l l continue, hopes remain high for the p r a c t i c a l 
use of ex i s t ing and new PGR chemicals under development (4). 

8. 

*9. 

*10. 
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6. Industry w i l l remain cautiously opt imis t ic and w i l l 
constantly reassess the s ize of investment demands and r i s k / 
benefit ra t io s by addressing a multitude of questions on product 
novelty, performance, safety, R and D, r e g i s t r a t i o n , production 
and marketing costs and the ultimate return on investment. I t 
should be appreciated, that industry w i l l not complain about 
investment requirements as_ long as a reasonable return on i n 
vestment costs can be achieved within a reasonable length 
of time (8). 

7. To maximize the chance of success, i t must not be 
assumed that the chemical industry alone can afford to bear 
the t o t a l burden (22, 23). Industry, growers, grower companies, 
u n i v e r s i t i e s and extension must work together so that mutually 
supporting programs evolve. Together we must recognize the 
obl igat ions necessary to introduce products commensurate with 
needs of the grower/farmer  h i  a b i l i t  t  understand d
the products correc t l
r e g i s t r a t i o n of these products

With such cooperation, mutual support and obviously some 
"luck" (23), plant growth regulators , inc luding absciss ion 
agents, may s t i l l be expected to be developed (24, 25) not only 
to enhance qual i ty and y i e lds of major crops; e . g . , cotton, 
corn, tobacco, but also important f r u i t crops; e . g . , apples, 
oranges ( c i t r u s ) , grapes, cherr ies , e tc . 
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ABA {see Abscisic acid) 
Abbott's Release ( 5-chloro-3-methyl-

4-nitro-lH pyrazole) 267 
Abrus precatorius L. ( jequirity bean ) 190 
Abscisic acid (ABA) 99 

accumulation in mesophytes, 
drought-induced 108 

biological aspects of 99-114 
biosynthesis of 103 

in vitro system for 103 
chemical aspects of 99-11
detection of 100-10

types of bioassays for 100 
and ethylene 122 
-hydroxylating activity 107 
-induced "modification" of 

RNA polymerase 249 
-inhibited pea seedlings 122 
measurement of 100-102 
metabolic pathway of 106/ 
metabolism of 103—107 
as a negative regulator 249 
in plants, occurrence of 102 
physiological roles of 107 
properties of 100 
racemic 107 
recovery efficiency of 220 
roles of metabolites of 109-111 
as a stress hormone 108-109 
-type compounds 183 
-type growth inhibitors 186/, 187/ 
in Xanthium strumarium leaves 110/ 

content of 104/, 105/, 110/ 
( + )-Abscisic acid 104/ 

exogenously applied 108 
2-trans-Abscisic acid (f-ABA) 104/ 
Abscission 266 

agents 281 
factors affecting 291 

assay, cotton expiant 109 
citrus 283 

agents 281 
controlling 266-268 

citrus 266 
cotton 267 
fruit 268 
olives 267 

Abscisyl-/?-D-glucopyranoside 107 
ACC ( 1-aminocyclopropane-l-

carboxylic acid) 115 

Accelerate (endothall) 268,281 
Acetate pathways, natural products 

originating from 137-183 
Acetonitrile on anion exchange 

of IAA, effect of 239/ 
Achillin 158 
Acid-catalyzed Wagner-Merwein 

rearrangement of the C / D 
ring in 13-hydroxy GA's 29/ 

Acids produced by soil organisms 137 
Acti-Aid 267 

Ag
on chlorophyll retention in tobacco 

leaf disks, influence of 127/ 
on ethylene action, influence of 125 
ethylene production of tobacco 

disks in 129/ 
Aging in plant tissues 272 
Agricultural chemicals, cost 

of commercial 287/ 
Agrostemma githago (corncockle) .... 70 
AHA (L-2-amino-4-hexynoic acid) .... 116 
Ajaconine 167 
Alantolactone 158 
Alar 281 
Aldehydes 146 
Aleurone cells, α-amlase mRNA in 250 
Aleurone cells, GA-induced de 

novo synthesis of 250 
Aliphatic compounds 137—138 
Alkaloids 166 
4-Alkyl-2-methylpyrrolo [2,3-d] 

pyrimidines 92 
Allelopathy 194-196 
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(2-methoxy-ethoxy)silane] 267 
Alternaria sohni 144 
Alternaria zinniae 149 
Alternaric acid 144 
α-Amanitin-sensitive synthesis of RNA 249 
α-Amanitin-insensitive synthesis 

of RNA 249 
Amide-linked IAA 3 
2,4-D-Amine 273 
Amino acids 176f 

on lettuce seed germination and 
seedling growth, effects of plant 167 

and peptides 167-177 
γ-Aminobutyric acid 137 
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1-Aminocyclopropane-l-
carboxylic acid (ACC) 115 

Aminoethoxy vinylglycine (AVG) ..116,128 
influence on chlorophyll retention 

in tobacco leaf disks 127/ 
L-2-Amino-4-hexynoic acid (AHA) .... 116 
7-Aminopyrazolo [4,3-d] pyrimidines, 

biological activity of 
substituted 88f-89i 

α-Amylase mRNA in aleurone cells .... 250 
Analytical HPLC 

methods for PGS, future selective .. 233 
of PGS 229-233 

use of 230f-231t 
selective detectors for 233 

Anion exchange of IAA, effect of 
acetonitrile on 239/ 
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Aqueous solution, GA's in 21 
Aqueous solution, pathway for 

decomposition of GA 3 in 31/ 
Aromatic compounds 146-151 

with growth-regulating 
activity 147/, 152/, 153/ 

Artemisia absenturium 155 
Ascochitine 155 
Ascochyta fabae 155 
Asparagusic acid 177 
Aspergillus Candidas, 

hydroxyterphenyllin from 188 
Assaying for plant hormonal 

metabolism 3-7 
ATA ( aurintricarboxylic acid ) 253 
Atrazine 273 
Aurintricarboxylic acid (ATA) 253 
Autolysis via ether extraction of tissue 10 
Automated preparative HPLC system 232/ 
Auxin(s) 1 

biological effects of 1-17 
effect on the activity of chomatin .... 253 
effect on mRNA and rRNA 249 
and ethylene 119-122 
-induced ethylene production 119 
-induced growth, effect of 

gibberellin on 197 

Auxin(s) (continued) 
-induced growth and mRNA 

formation 248 
-plasma membrane interaction 248 
precursor, seed 7, 9-10 
treatment of soybean hypocotyl 

with 248 
Avena curvature test 1 
Avena sativa 146 
Avenia phyllitidis 182 
AVG ( see Aminoethoxy vinylglycine ) 
Avocado tissue slices, influence of 

IAA and cytokinins on ethylene 
production by postclimacteric 120/ 

Azaleas, chemical pinching of 272 

Β 

ΒΑ (benzyl adenine) 245 

BAP ( see 6-Benzylaminopurine ) 
Base-catalyzed epimerization of 3/?-

hydroxy GA's, retro-aldol 
mechanism for 30/ 

Batatasins 149 
Benzyl adenine ( BA ) 245 
6-Benzylaminopurine (BAP) 79,84 

tobacco callus of 85/ 
Betaines 167 
Bikaverin 151 
Bioactivity in GA assays, purpose of .. 50 
Bioassay (s) 

for ABA detection, types of 100 
of cytokinins, tobacco expiants and. 80-82 
drawback of 100 
and PGS detection 215 

Bioregulation of plant composition .... 272 
Biosynthesis of abscisic acid 103 
Biosynthesis, ethylene 115-116 
Biosynthetic pathways in G. fujikuroi 61 
Biosynthetic pathways for secondary 

plant growth substances 136/ 
Blumenol A ( vomifoliol ) 183 
Bolting, photoperiodic-dependent 70 
Brassica japonica L. (mustard) 188 
Brassinolide 190 
Brassins 190 
Brewer's yeast, transfer RNA's from .. 80 
Brugiera cyclindrica 177 
Brugierol 177 
Brugine 177 

C 
C 1 9 GA's 20, 50, 57 

γ-lactone characteristic of 50 
C 2 0 GA's 20, 57 
Caffeine 177 
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Calamondin test 283 
Cantharidin 188 
Carbon dioxide ( C 0 2 ) 

on chlorophyll retention in tobacco 
leaf disks, influence of 127/ 

on ethylene action, influence of 125 
ethylene production of tobacco 

disks in 129/ 
Carboxylic acids 137,146 
Caricacin 177 
Carob 198 
Carotenes 160 
Catalytic reduction, preparation of 

tritiated GA's by 46 
CCC 281 
C/D ring in 13-hydroxy GA's, acid-

catalyzed Wagner-Merwein 
rearrangement of 29/ 

C / D ring system, Wagner-Merwein 
rearrangement of 2

Cell 
division 197 
elongation 197 
-free systems, higher plants and 66 
-free systems for preparing labeled 

GA and GA-precursors 47 
-wall regeneration, ethylene 

production and 128 
Cephalotaxus harringtonia 194 
Chemical harvest acids 268 
Chemical pinching of azaleas 272 
2-Chloroethyl phosphonic acid 

(ethephon) 267,275 
2-Chloroethyl trimethylammonium 

chloride (Cycocel) 270 
Chloromequat (Cycocel) 269 
5-Chloro-3-methyl-4-nitro-lH 

pyrazole (Abbott's Release) 267 
4-Chlorophenoxyacetic acid 269 
Chlorophyll retention in tobacco leaf 

disks, influence of Ag+, C0 2 , and 
AVG on 127/ 

Cholesterol 160 
Chromatin, effect of auxins on the 

activity of 253 
Chrysanthemum sinerariaefolium 155 
Chrysanthemum species 160 
frans-Cinnamic acid 197 
Citrus 266 

abscission 283 
agents 281 

Colchicine 197 
Colchiobolus setarial 182 
Commelina communis 155 
Commercial agricultural chemicals, 

cost of 287/ 
Commercialization of specialty-use 

plant growth regulators 281-293 

Compounds with GA-like 
activity 184/, 185/ 

Conjugated hormone amount, plant 
growth control via 13/ 

Controlling abscission ( see Abscission, 
controlling ) 

Controlling flowering (see Flowering, 
controlling) 

Corn 274 
Corticosteroids 166 
Cotton 267 

expiant abscission assay 109 
fruiting, termination of 273 

Cotylenins 160 
Coumarin(s) 146,197,198 

derivatives 146 
in plant growth regulation 148/ 

3- CPA 281 
Crop yields  increasing 274-277 

fruits, tropical 276 
guayule 275 
rubber 275 
soybeans 274 
sugarcane 276 

Cuauhtenati 155 
Cuautemone 155 
Cucurbic acid 183 
Cucurhita maxima ( pumpkin 

endosperm ) 61 
metabolic pathway beyond G A i 2 -

aldehyde for 67/ 
Cucurbitacins 160,198 
Curvature test, Avena 1 
Cycocel ( 2-chloroethyl trimethylam

monium chloride or 
chlormequat) 269,270 

4- Cyclobutylamino-2-methylpyrrolo-
[2,3-d] pyrimidines 92 

ds-4-Cyclohexene-l,2-dicarboxyimide 183 
Cycloheximide 267 
4-Cyclopentylamino-2-methylpyrrolo-

[2,3-d]pyrimidines 92 
4-Cyclopentyl-2-methylthiopyrrolo-

[2,3-d]pyrimidine 86 
Cyl-1, Cyl-2, and Cyl-3 167 
Cylindrochdium scoparium 167 
Cytochalasin H 188 
Cytokinin (s) 79,167 

-active nucleosides 80 
activities in tobacco bioassays 85/ 
and ethylene 122 
on ethylene production, 

influence of 120/, 122 
-induced growth, effect of adenine 

on inhibition of 84 
receptor sites, probing 82 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



300 P L A N T G R O W T H SUBSTANCES 

Cytokinin ( s ) ( continued ) 
tobacco expiants and the 

bioassay of 80-82 
utilization, anticytokinins as 

probes of 79-98 

Drought-induced ABA accumulation 
in mesophytes 108 

Drought resistance and growth 
retardants 273 

Drought-tolerant plants 109 
Dwarf-5 mutant of Zea mays 71 
Dwarf plants, effect of GA's on 270 
Dwarfing of higher plants by 

GA-like substances 71 

Decarboxylating activity of IAA 197 
Decursin 146 
Decursinol 146 
D E F (tributylphosphorotrithioate) .. 268 
Defoliants 268 
Dehydrocostus lactone 158 
Delcosine 167 
Delphinium ajacis 167 
De novo synthesis of aleurone 

cells, GA-induced 25
Derepressor of gene activity, G
Derivative information and 

gibberellin analysis 233 
Desiccants 268 
Detection procedures for PGS 234 
Deuterated GA's 36 

for quantitation of GA's in 
plant extracts 37/ 

Development, ethylene as a 
stimulator of 123-125 

Development, role of ethylene 
in plant 115-134 

Diageotropica 123 
Diaminozide ( succinic acid-2,2-

dimethyl hydrazine) 275 
Dictyostalium discaideum 177 
Dihydroasparagusic acid 177 
4'-Dihydrophaseic acid (DPA) 103, 109 
Dikegulac 272 
1,2-Dimercaptoprotane (BAL) 198 
1, Γ-Dimethy l-4,4'-bipyridinium 

(paraquat) 268 
1,1-Dimethyl piperidinium chloride .. 271 
Ν,Ν-Dimethyl-tryptophan 190 
2,4-Dinitro-6-sec-butylphenol 

(dinoseb) 274 
Dinoseb ( 2,4-dinitro-6-sec-

butylphenol) 274 
Dioscorea batatas 149 
p-Diphenols 198 
Discadenin 177 
Diterpene pathway 59 
Diterpenes 158 
Diterpenoids with growth-regulating 

activity 159/ 
Division, cell 197 
DNA 167 
1-Docosanol 194 
DPA (4'-dihydrophaseic acid) 103,109 

Electrochemical detection 233 
Elongation 

cell 197 
GA-induced 70 
GA's and shoot 70-73 

Encelia farinosa 146 

of indolylic components from lOt 
Endothall (Accelerate) ...268,281 
Epicotyle from ethylene-treated 

pea seedlings 124i 
Epimerization of 3/?-hydroxy GA's, 

retro-aldol mechanism for base-
catalyzed 30/ 

Ergosterol 160 
Ester IAA 3 

conversion of free IAA to 11 
Esters in Zea mays, classes of 2 
Ethephon ( 2-chloroethyl phosphonic 

acid) 275,281 
Ether extraction of tissue, autolysis via 10 
Ethylene 115 

and ABA 122 
action 116-119 

influence of Ag+ and C 0 2 on 125 
in ripening 116 
in senescence 116 

and auxin 119-122 
biosynthesis 115—116 
and cytokinins 122 
exogenously applied 116 
-forming sysjtem in plants, 

localization of 128-132 
and GA 122 
on growth of plants, effect of 124f 
in pea seedlings, inhibition of 

growth by 123 
in plant development, role of 115-134 
in plant growth, role of 115-134 
as a plant hormone 115 
in plant senescence, role of 115—134 
-producing ability in apple slices, 

loss of 130/ 
-producing ability in protoplasts .... 131/ 
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Ethylene (continued) 
production 

auxin-induced 119 
and cell-wall regeneration 128 
effect of plant growth 

substances on 199 
IAA-induced 119 

in pea seedlings, effect of 
inhibitors of RNA and 
protein synthesis on 121/ 

influence of cytokinins on 122 
by pea seedlings 126/ 
by postclimacteric avocado tissue 

slices, influence of IAA and 
cytokinins on 120/ 

stress 125 
of tobacco disks in Ag+, C0 2 , 

IAA, and kinetin 129/ 
wound 125 

proposed pathway from 
methionine to 118

receptors and regulatory control .125-128 
-releasing enzyme 199 
as a stimulator of growth 

and development 123-125 
-treated pea seedlings, IAA content 

of epicotyls from 124i 
Ethephon (2-chloroethyl 

phosphonic acid) 267,275 
Eucalyptus camaldulensis 155 
Eucalyptus grandis 183 
Exogenous GA 70 
Exogenously applied (±) -ABA 108 
Exogenously applied ethylene 116 
Expiant test 283 
Extraction, recovery efficiency of 

internal standards of plant 
growth substances after 22If 

Exudates, root 196 

Farnesylpyrophosphate (FPP) 59 
Fatty acids 144-145 

long-chain 144 
short-chain 144 

Federal Environmental Pesticide 
Control Act (FEPCA) 285 

Flavonoids 149 
with growth-regulating properties .. 150/ 

Flowering 
controlling 264-266 

fruit trees 265 
pineapple 264 
sugarcane 265 
vegetables 265 

nighttime length and 265 

Flowering (continued) 
phenomenon and sex expression 166 
suppression of 265 

Fluorescence detection 233 
Folex (merphos) 281 
"Foolish seedling" effect 269 
FPP (farnesylphyrophosphate) 59 
Free hormone amount, plant growth 

control via 13/ 
Free IAA 3 

to ester IAA, conversion of 11 
photo-induced change in 12t 

Free-plus-ester IAA, photo-induced 
change in 12i 

Fruit 268 
development, control of 269 
temperate 275 
thinning 268 
trees 265 

Fungus, MVA to GA12-aldehyde in ...59-61 
6-Furfurylaminopurine 79 
Fusicoccin 158 

G 

GA's (see Gibberellins) 
Gas chromatography-mass 

spectrometry (GC-MS) 102 
GA analysis by 33 
PGS identification via 217f-219i 

GGPP ( see Geranylgeranyl 
pyrophoshate ) 

Gibbane ( eni-gibberellane ) 182 
Gibberella fujikuroi 38,44, 61-64, 

103,182, 269 
biosynthetic pathways in 61 
gibberellin biosynthesis in 57—78 
GA biosynthetic pathway after 

GA12-aldehyde 62/ 
eni-Gibberellane (gibbane) 182 

skeletons 28/ 
Gibberellic acid (see GA 3 ) 
Gibberellins (GA's) 19,22/-27/, 

245,269-270 
acid-catalyzed Wagner-Merwein 

rearrangement of the C / D 
ring in 13-hydroxy 29/ 

analysis, derivative formation and .. 233 
analysis by GC-MS 33 
in aqueous solution 21 
assays, purpose of bioactivity in 50 
or auxin-induced growth, effect on .. 197 
biosynthesis 

in Gibberella fujikuroi ...57-78 
in higher plants 57-78 
inhibitors of 45/ 
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Gibberellin ( s ) ( continued ) 
biosynthetic 

pathway after GA12-aldehyde 
for G. fujikuroi 62/ 

pathway from MVA to G A i 2 -
aldehyde 60/ 

steps for Phaseolus vulgaris 68/ 
steps for Pisum sativum 69/ 

C 1 9 20, 50, 57 
C 2 0 20, 57 
chemical methods of preparing 

less readily available 42-44 
chemistry 19-56 
as a derepressor of gene activity ... 250 
deuterated 36 

for the quantitation of GA's 
in plant extracts 37/ 

effect on dwarf plants 270 
epimerization 21 
and ethylene 12
exogenous 7
extraction 21-32 
fungal 38,57-79 
GA12-aldehyde and 61-70 
13-hydroxy 20,29/ 
identification 32-33 
-induced de novo synthesis of 

aleurone cells 250 
-induced elongation 70 
-induced growth responses 198 
labeled, preparation of 46-49 

biological methods of 47 
cell-free systems for 47 
chemical methods of 46-47 
by metal hydride reduction 48/ 

-like activity, compounds 
with 182,184/, 185/ 

-like substances 71 
microbiological methods of prepar

ing less readily available 44 
naturally occurring 57—79 
numbering system for 58/ 
partial syntheses of methyl 

esters of 41/, 42/ 
-precursors, cell-free systems for 

preparing labeled 47 
preparation of less readily 

available 38-46 
purification 21-32 
qualitative and quantitative 

analysis of 21-38 
quantitation 33-36 
retro-aldol mechanism for base-

catalyzed epimerization of 
3/?-hydroxy 30/ 

and shoot elongation 70-73 
stability 20-21 
structure 20 

Gibberellin ( s ) ( continued ) 
structure-activity relationships of .50-51 
structure determination for new 36 
tritiated, preparation by catalytic 

reduction 46 
GA-6/?-aldehydes, synthesis of 42 
GA 3 (gibberellic acid) 19, 245, 281 

in aqueous solution, pathway for 
decomposition of 31/ 

-enhanced membrane proliferation.. 253 
structure of 58/ 
-type activity, natural products 

eliciting 179-182 
GA 4 , oxidative decarboxylation of 

G A 1 3 to 39/ 
GA 4 , preparation of 2-hydroxy 

GA's from 42 
GA 9 28/ 

structure of 58/ 

GA12-aldehyde 42 
conversion of 7/3-hydroxykaureno-

lide to 43/ 
in fungus, MVA to 59-61 
for G. fujikuroi, GA biosynthetic 

pathway after 62/ 
GGPP to 59 
and gibberellins 61-70 
GA biosynthetic pathway from 

MVA to 60/ 
for pumpkin endosperm ( Cucurbita 

maxima ), metabolic pathway 
beyond 67/ 

G A 1 3 to GA 4 , oxidative decarboxyla
tion of 39/ 

Gene activity, GA as a derepressor of 250 
Genome activity in higher plants, 

hormonal regulation of 245-261 
Genome activity regulation, 

hormones and 252-254 
Geranylgeranyl pyrophosphate 

(GGPP) 59 
to GAi2-aldehyde 59 
MVA to 59 

Glassware, silylation reaction of 240/ 
Glucosyl esters 64 
Glucosyl ethers 64 
Glyphosphine ( Ν,Ν-bis ( phosphono-

methyl ) glycine ) 276 
Gross appraisal outline of pesticide .. 289/ 
Growth 

auxin-induced, effect on gibberellin 
or 197 

auxin-induced, and mRNA 
formation 248 

cytokinin-induced, effect of adenine 
on inhibition of 84 
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Growth (continued) 
ethylene as a stimulator of 123-125 
inhibition by ethylene in 

pea seedlings 123 
inhibitors, ΑΒΑ-type 186/, 187/ 
inhibitors, sesquiterpenes with. 156/, 157/ 
photo-induced change in 12t 
régulants, uses of ...263-264 
-regulating 

activity, aromatic 
compounds with ...147/, 152/, 153/ 

activity, diterpenoids with 159/ 
properties, flavonoids with 150/ 
properties, monoterpenes having.. 154/ 

regulators 
and plant absorption of minerals.. 273 
sex expression and 271 
synthetic plant 263-279 

responses, GA-induced 19
retardants and drought resistanc
role of ethylene in plant 115-13
substance(s) 

analysis, plant 215-244 
new 191/ 
from USDA laboratories 189/ 

Guayule 275 

H 

Harringtonolide 194 
Helminthosporium sativum 182 
N-Heterocycles 166 
Hicks variety tobacco 188 
High-performance liquid chroma

tography (HPLC) 102 
column efficiency in PGS analysis, 

maximization of 235 
column packing, dual functionality 

of ion exchange and liquid-
liquid partition of 236/ 

for PGS analysis 222-234 
selective detectors for analytical .... 233 
separation, preparative 228/ 
system, automated preparative 232/ 

Higher plants 64-70 
and cell-free systems 66 
by GA-like substances, dwarfing of 71 
gibberellin biosynthesis in 57-78 
hormonal regulation of genome 

activity in 245-261 
hydroxylation pathways in 64 

Homeostasis, hormonal 12-14 
Hormonal 

homeostasis 12-14 
metabolism, assaying for plant 3-7 
regulation of genome activity in 

higher plants 245-261 

Hormone(s) 245 
amount, plant growth control via 

free and conjugated 13/ 
and genome activity regulation .252-254 
on growth of. plants, effect of 124i 
-membrane interaction 249 
naturally occurring 245 
plant 135 

ethylene as 115 
plant growth 1 
-protein complex 246 
receptors 246-247 
regulation of polymerase activity .... 253 
synthesized 245 

HPLC (see High-performance liquid 
chromatography ) 

Hydrangea opuhides 149 
Hydrangenol 149 
2  Hydrox  GA'  fro  GA

anism for base-catalyzed epimeri
zation of 30/ 

13-Hydroxy GA's 20 
acid-catalyzed Wagner-Merwein 

rearrangement of the C / D 
ring in 29/ 

Hydroxyabscisic acid (HOABA) 103 
enf-7a-Hydroxykaurenoic acid 61 
7/3-Hydroxykaurenolide to GA 1 2 -

aldehyde, conversion of 43/ 
Hydroxylation pathways in higher 

plants 64 
2/?-Hydroxylation in higher plants ... 5Γ 
3- Hydroxylation pathway 63 
non-3-Hydroxylation pathway 63 
13-Hydroxylation 44 
6'-Hydroxymethyl-ABA 103 
Hydroxyterphenyllin from Aspergillus 

candidus 188 
Hypaphorine 167 
Hypocotyl elongation 149 

I 

IAA (see Indole-3-acetic acid) 
Impurities in PGS analysis, 

minimization of 235 
Indole-3-acetic acid (IAA) 1-17,245 

amide-linked 3 
analytical procedures 233 
-aspartate 2 
conjugates 

chemistry of 1—17 
naturally occurring 2 
physiology of 1-17 
of Zea mays, structure and 

concentrations of 2 
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Indole-3-acetic acid (continued) 
content of epicotyle from ethylene-

treated pea seedlings 124i 
decarboxylating activity of 197 
effect of acetonitrile on anion 

exchange of 239/ 
effect of pH on anion exchange of. 238/ 
ester 3 

conversion of free IAA to 11 
on ethylene production by post

climacteric avocado tissue 
slices, influence of 120/ 

ethylene production of tobacco 
disks in 129/ 

free 3 
photo-induced change in 12i 

βΐ -» 4 gulcan 2 
-induced ethylene production 119 

in pea seedlings 121/ 
-mt/o-inositol 2,1

glycosides 2 
in vivo, equilibrium between 

IAA and 10-11 
-oxidation system 197 
in plant tissues 6t 
recovery efficiency of 220 
4,5,6,7 tetradeutero- 3 

14C-IAA-isotope dilution assays 3 
d4-IAA, selected ion chromatogram of 

methyl esters of tetrafluorobutyryl 8/ 
Indoles, metabolic turnover of plant .. 7—9 
Indoles of Zea mays, structure and 

concentrations of 2 
Indolylic components from endosperm 

to shoot, rate of transport of 10i 
Indolylic compounds in Zea kernels, 

concentration and metabolic 
turnover of 9t 

Indolyic compounds in Zea mays 4/ 
Inhibition of cytokinin-induced 

growth, effect of adenine on 84 
Inhibition of growth of ethylene in 

pea seedlings 123 
Inhibitors of GA biosynthesis 45/ 
Internal standards of PGS 220-222 

recovery efficiency of 22 l i 
Invertase activity 198 
In vitro system for ABA biosynthesis .. 103 
Ion exchange and liquid-liquid 

partition of HPLC column pack
ing, dual functionality of 236/ 

Isobrugierol 177 

Jasmonic acid 183 
Jequirity bean (Abrus precatorius L.) 190 
Juglone 197 

Κ 

enf-Kaurene 59 
numbering system for 58/ 
structure of 58/ 
synthetase system of Zea mays 72/ 

Kaurenolide, ring contraction of 42 
Kinetin 79 

ethylene production of tobacco 
disks in 129/ 

for zeatin recovery 220 

L 

Labeled GA's (see Gibberellins, labeled) 
γ-Lactone characteristic of C i 9 GA's .. 50 
Lactones, terpenoid 199 
Lactones, unsaturated 139-143,198 
Land plants 124i 

Lettuce 
t cotyledon factor 149 
seed germination, effects of plant 

amino acids on 167 
seedling growth, effects of plant 

amino acids on 167 
Lichen substances 179 
Lindera obtusiloba 139 
Lipids 144-145 

plant growth activity of 145i 
Liquid 

chromatograph column, reverse-
phase 225/ 

chromatography of prep-HPLC, 
reverse phase 222 

-liquid partition of HPLC column 
packing, dual functionality of 
ion exchange and 236/ 

scintillation counters, on-line 234 
Long-chain fatty acids 144 
Lunahria cruciata L 149 
Lupin-abscission factor 99 
Lycopersicum species 166 
Lycoricidine 166 
Lycoricidinol 166 
Lycoris radiata 166 

M 

Maleic hydrazide (MH) 266,271 
Malformins 167 
Mahasia bianca grapes 269 
Marah macrocarpus 61 

endosperm, mass fragmentograms of 
the acidic fraction from 34/, 35/ 

Marketing profile for plant growth 
regulators 288 
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Mass fragmentograms of the acidic 
fraction from Marah macrocarpus 
endosperm 34/, 35/ 

Massoilactone 139 
Massvia aromatica 139 
M E L ( monoepoxylignolide ) 151 
Membrane-hormone interaction 249 
Membrane proliferation, GA 3 -

enhanced 253 
Merphos (Folex) 281 
Mesophytes, drought-induced ABA 

accumulation in 108 
Messenger RNAs for specific enzymes, 

regulation of the formation of .250-252 
Metabolic turnover of plant indoles .. 7-9 
Metabolism of abscisic acid 103-107 
Metabolites of abscisic acid, 

roles of 109-111 
Metabolites from feeds of steviol 65/ 
Metal hydride reduction, preparatio

of labeled GA's by 48
Methionine 115,128 

to ethylene, conversion of 117/ 
to ethylene, proposed pathway from 118/ 

2/?-Methoxylation 51 
6- (3-Methyl-2-butenylamino) purine.. 82 
7- ( 3-Methyl-2-butenylamino ) pyra

zolo [4,3-(2]pyrimidine 83 
Methyldecanoate ( Off-Shoot-0 ) 272 
Methyl esters of GA's, partial synthe 

ses of 40, 41 
Methyl esters of tetrafluorobutyryl 

IAA and d4-IAA, selected ion 
chromatogram of 8/ 

Methyl jasmonate 155 
3-Methyl-7- ( 3-methylbutylamino ) 

pyrazolo [4,3-d] pyrimidine 85/ 
Mevalonate 103 
Mevalonic acid (MVA) 59 

to GAi2-aldehyde in fungus 59-61 
to GA12-aldehyde, GA biosynthetic 

pathway from 60/ 
to GGPP 59 

M H (maleic hydrazide) 266,271 
MH-30 281 
MID (multiple ion detection) 216 
Minerals, growth regulators and plant 

absorption of 273 
Modification of RNA polymerase, 

ΑΒΑ-induced 249 
Monoepoxylignolide (MEL) 151 
Monophenols 197 
Monoterpenes having growth-

regulating properties 154/ 
Monoterpenoids (terpenes) 151 
Multiple ion detection (MID) 216 
Mustard ( Brassica japonica L. ) 188 
MVA (see Mevalonic acid) 

Ν 

NAA (naphthalene acetic acids) 245 
Naphthalene acetic acids (NAA) 245 
2-Naphthoxyacetic acid 269 
Natural products 177 

categories 135 
eliciting GA3-type activity 179-182 
originating from acetate path

ways 137—183 
originating from shikimic acid 

pathways 137—183 
in plant growth regulation 135-213 

Naturally occurring GA's 57-79 
Naturally occurring hormones 245 
Neosolanoil 188 
Nicotiana tabacum 183 
Nighttime length and flowering 265 
Norbikaverin 151 

regulation of 247-249 
Nucleosides, cytokinin-active 80 
Nucleosides, purines and 167 
Numbering system for eni-kaurene 

and GA's 58/ 

Ο 

Obtusilactone 139 
Off-Shoot-O (methyldecanoate) 272 
Oleamins 144 
Olive(s) 267 

harvesting 267 
On-line liquid scintillation counters .. 234 
Oxidative decarboxylation of G A i 3 

to GA 4 39/ 
Oxyneurine 167 

Ρ 

PA (see Phaseic acid) 
PAL (phenylalanine ammonia-lyase) 199 
Paraquat ( Ι,Γ-dimethy 1-4,4'-

bipyridinium ) 268 
Parasorbic acid 139,197 
Parthenin 158 
Patulin 144 
Pea seedlings 

ΑΒΑ-inhibited 122 
effect of inhibitors of RNA and pro

tein synthesis on IAA-induced 
ethylene production in 121/ 

ethylene production by 126/ 
IAA content of epicotyls from 

ethylene-treated 124i 
inihibition of growth by ethylene in 123 
subapical cells in 126/ 
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Peach-thin 322 281 
Pénicillium species 144 
Peptides 176i 

amino acids and 167-177 
Peronospora tabacina 183 
Pestalotia cryptomeriacola 139 
Pestalotin 139 
Pesticide, gross appraisal outline of .... 289/ 
Pesticide opportunity profile 290/ 

for plant growth regulators 288-291 
PGS ( see Plant growth substance ) 
pH on anion exchange of IAA, 

effect of 238/ 
Phaseic acid (PA) 103,109 

endogenous I l l 
-reducing activity 107 

Phaseolus vulgaris 66,149,167 
GA biosynthetic steps for 68/ 

Phenols 146 
Phenylacetic acid 15
Phenylalanine ammonia-lyase (PAL
Ν,Ν-bis ( phosphonomethyl ) glycine 

( glyphosphine ) 276 
Photo-induced change 

in free IAA 12* 
in free-plus-ester IAA 12i 
in growth 12i 

Photoperiodic-dependent bolting 70 
Physicochemical techniques for 

PGS detection 215 
Physiological responses in seed plants 19 
Phytotoxins 179 
PIK-OFF 281 
Pineapple 264 
0-Pinene 155 
Piscum coccineus 66 
Pisum sativum 66,197 

GA biosynthetic steps for 69/ 
Plant(s) 

absorption of minerals, growth 
regulators and 273 

amino acids on lettuce seed germi
nation, effects of 167 

amino acids on lettuce seedling 
growth, effects of 167 

bioassays, anticytolinin responses in 94 
composition, bioregulation of 272 
controlling biological behavior 

of 263-279 
development, role of ethylene 

in 115-134 
drought-tolerant 109 
effect of ethylene hormones on 

growth of 124i 
extracts, deuterated GA's for the 

quantitation of GA's in 37/ 
growth (see next major entry) 

Plant(s) (continued) 
higher 64-70 

and cell-free systems 66 
hormone ( s ) 135 

ethylene as 115 
hormonal metabolism, assaying for 3-7 
indoles, metabolic turnover of 7-9 
land 124i 
localization of the ethylene-forming 

system in 128-132 
occurrence of ABA in 102 
products, mechanism of regulatory 

action of 196-200 
senescence, role of ethylene in ...115—134 
short-day 265 
size, control of 270-271 
tissues, aging in 272 
tissues, IAA in 6t 
water 124i 

activity of lipids 145f 
control via free and conjugated 

hormone amount 13/ 
hormones 1 
influence of environment on 11 
processes, parameters affecting 199 
regulation 

coumarins in 148/ 
natural products in 135-213 
polypeptides involved in 174/, 175/ 
purines involved in 174/, 175/ 
triterpenoids in 161/ 

regulators 281 
factors affecting commercializa

tion of specialty-use 281-293 
marketing profile for 288 
pesticide opportunity for 288-291 
problems of 200-201 
prospects of 200-201 
screening of 282-285 
synthesis of 282-285 

concurrent activities of 285 
economic factors of 286-291 

synthetic 263-279 
from USDA laboratories 183-194 

role of ethylene in 115-134 
Plant growth substance ( s ) ( PGS ) 215 

analysis 215-244 
application of prep-HPLC to 222 
HPLC for 222-234 
limitations to 216 
maximization of HPLC column 

efficiency in 235 
minimization of impurities in 235 
refinement of 235 

analytical HPLC of 229-233 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



INDEX 307 

PGS (continued) 
detection 

bioassays and 215 
physicochemical techniques for .. 215 
procedures for 234 

on ethylene production, effect of .... 199 
after extraction and purification, 

recovery efficiency of internal 
standards of 221f 

future selective analytical HPLC 
methods for 233 

identification methods 216 
identification via GC-MS 217ί-219ΐ 
internal standards 220-222 
purification, use of prep-HPLC for 224i 
qualitative analyses of 215-220 
qualitative vs. quantitative analysis 

of 215 
research 215 
secondary 13

biosynthetic pathways for
standards, separations of 227/ 
use of analytical HPLC for 230ί-231ί 

Plasma membrane-auxin interaction .. 248 
Polaris ' 281 
Polymerase activity, hormone regula

tion of 253 
Polymerase I activity in soybean 

hypocotyl 248 
Polypeptides involved in plant growth 

regulation 174/, 175/ 
Polyphenols 197 
Polysome formation 248 
Pool size 9 
Portulal 158 
Postclimacteric avocado tissue slices, 

influence of IAA and cytokinins 
on ethylene production by 120/ 

Preparatice HPLC (prep-HPLC) 222 
automation of 229 
to PGS analysis, application of 222 
or PGS purification, use of 224f 
reverse-phase liquid chromatogra

phy of 222 
separation 228/ 

reverse-phase 229 
system, automated 232/ 

Prep-HPLC (see Preparative HPLC) 
Progesterone 166 
Protein synthesis on IAA-induced 

ethylene production in pea seed
lings, effect of inhibitors of 121/ 

Protein synthesis, RNA-dependent .... 247 
Protoanemonin 139 
Protoplasts, ethylene-producing 

ability in 131/ 
Psilotin 139 

Psilotum nudum L 139 
Psoralea subacaulis 146 
Pumpkin endosperm ( Cucurbita 

maxima ), metabolic pathway 
beyond GA12-aldehyde for 67/ 

Purification, recovery efficiency of 
internal standards of plant 
growth substances after 22It 

Purines involved in plant growth 
regulation 174/, 175/ 

Purines and nucleosides 167 
Pyrazolo [4,3-d] pyrimidines as anti

cytokinins, substituted 83-86 
Pyrethrosin 155 
Pyrrolo [2,3-d] pyrimidines as anti

cytokinins, substituted 86-94 
Pyrus communis 44 

Qualitative analyses of PGS 215-220 
Quantitative analysis of PGS 220 
Quesione 183 
Quinones 146 
p-Quinones 198 

R 

Racemic ABA 107 
Ranunculaceae 139 
Ranunculin 139 
Rebuttable Presumptions Against 

Registration (RPAR) 285 
Receptor(s) 

hormone 246-247 
and regulatory control, 

ethylene 125-128 
sites, hormone 246 
sites, probing cytokinin ;......^... 82 

Recovery efficiency of IAA and ABA 220 
Recovery efficiency of internal stand

ards of plant growth substances 
after extraction and purification .. 22It 

Regulators and plant absorption of 
minerals, growth 273 

Regulatory control, ethylene receptors 
and 125-128 

RELEASE 281 
structural activity of 284/ 

Resins 275 
Retardants and drought resistance, 

growth 273 
Retro-aldol mechanism for the base-

catalyzed epimerization of 
3^-hydroxy GA's 30/ 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



308 P L A N T G R O W T H SUBSTANCES 

Reverse-phase 
liquid chromatograph column 225/ 
liquid chromatography of prep-

HPLC 222 
prep-HPLC separation 229 

Rhizobitoxine 183 
Rhizoctonia solani 190 
Rhizopus arrhizus 44 
Rhizopus nigricans 44 
Ring contraction of kaurenolide 40 
Ripeners, sugarcane 276 
Ripening, ethylene action in 116 
RNA 167 

α-amanitin-sensitive and a-amanitin-
insensitive synthesis of 249 

dependent protein synthesis 247 
on IAA-induced ethylene produc

tion in pea seedlings, effect of 
inhibitors of 121/ 

polymerase, ΑΒΑ-induced "modifi
cation" of 24

polymerase activity, regulation of 
nuclear 247-249 

mRNA 
in aleurone cells, α-amylase 250 
auxin effect on 249 
formation, auvin-induced growth 

and 248 
rRNA, auxin effect on 249 
Robinia pseudoacacia 107 
Root exudates 196 
RPAR ( Rebuttable Presumptions 

Against Registration) 285 
Rubber 275 

S-acetyldihydroasparagusic acid 177 
S-adenosylmethionine (SAM) 115 
SADH ( succinic acid-2,2-dimethyl 

hydrazine) 275 
Saponins 160 
ds-SativenedioJ 182 
Scopoletin 198 
Screening of plant growth 

regulators .282-285 
Secondary plant growth substances .... 135 

biosynthetic pathways for 136/ 
Seed auxin precursor 7, 9-10 
Seed plants, psysiological responses 

in 19 
Selective detectors for analytical 

HPLC 233 
Selective ion current monitoring 

(SICM) 33 
Senescence, ethylene action in 116 

Senescence, role of ethylene in 
plant 115-134 

Sesquiterpenes 155 
with growth inhibitors 156/, 157/ 

Sex 
expression, flowering phenomenon 

and 166 
expression and growth regulators .... 271 
hormones 160 

Shikimic acid pathways, natural prod
ucts originating from 137-183 

Shoot elongation, GA's and 70-73 
Short-chain fatty acids 144 
Short-day plants 265 
Sick soil toxicants 196 
SICM ( selective ion current 

monitoring) 33 
SID ( single ion detection ) 216 
Silybum marianum 149 

Sodium chlorate 268 
Soil organisms, acids produced by 137 
Solion 12 
Sorbus aucuparia 139 
Sorghum Sudanese 155 
Soybeans(s) 274 

hypocotyl with auxin, treatment of .. 248 
hypoctyl, polymerase I activity 248 

Specialty-use compounds, future 
of .291-292 

Specialty-use plant growth regulators, 
factors affecting commercializa
tion of 281-293 

Specific enzymes, regulation of the 
messenger RNAs for 250-252 

Spectropolarimetry 102 
Steriods 160-166 
Sterols 160 
Stevia rebaudiana 44,182 
Steviol 44,182 

metabolites from feeds of 65/ 
Straight growth assay 1 
Streptococcus faecalis 10C1 177 
Stress ethylene production 125 
Stress hormone, absciscic acid as .108—109 
Striga lutea Lour (witchweed) 183 
Strigol 183 
Structure-activity relationship 179 

of gibberellins 50-51 
Subapical cells in pea seedlings 126/ 
Substituted 

7-aminopyrazolo[4,3-iZ]pyrimidines, 
biological activity of 88f-89i 

pyrazolo[4,3-cZ]pyrimidines as anti
cytokinins 83-86 

pyrrolo [2,3-d] pyrimidines as anti
cytokinins 86-94 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



INDEX 309 

4-Substituted-2-methylpyrrolo [2,3-d]-
pyrimidines on tobacco callus 
growth, effects of 90ί-91ί 

Succinic acid-2,2-dimethyl hydrazine 
( diaminozide or SADH ) 275 

Sugar beet fruits 183 
Sugarcane 265,276 

ripeners 276 
Sulfhydryl enzymes 198 
Sulfur compounds 177 
Synthesis of plant growth 

regulators 282-285 
Synthesized hormones 245 
Synthesizing transducer 12 
Synthetic plant growth regulators .263-279 

Transfer RNA's from brewer's yeast... 80 
Tributyl-phosphorotrithioite 

(merphos, Folex) 268 
2,3,6-Trichlorobenzoic acid 276 
2,3,5-Triiodobenzoic acid 274 
Trimethylsilyl ethers (TMS) 216 
Triterpenes 160 
Triterpenoids in plant growth regula

tion 161/ 
Tritiated GA's by catalytic reduction, 

preparation of 46 
Triton X-100 235 
Tropical fruits 276 
Turnover of plant indoles, metab

olic 7-9 

Τ 

Temperate fruits 27
Terpenes ( monoterpenoids ) 15

volatile 151 
Terpenoid(s) 151 

lactones 199 
Terphenyllin 188 
Testosterone 166 
Tetrafluorobutyryl IAA, selected ion 

chromatogram of methyl esters 
of 8/ 

Tetraterpenes 160 
Tmesipteris tannensis 139 
TMS (trimethylsilyl ethers) 216 
Tobacco 

bioassays, cytokinin activities in .... 85/ 
bud growth, chemical control of .... 188 
callus of 6-penzylamionpurine 85/ 
callus of 3-methyl-7(3-methylbutyl-

amino ) pyrazolo [ 4,3-d] pyriini
dine 85/ 

expiants and the bioassay of cyto
kinins 80-82 

Hicks variety 188 
leaf disks 

in Ag + , ethylene production of .... 129/ 
in C0 2 , ethylene production of .... 129/ 
in IAA, ethylene production of .... 129/ 
influence of Ag + on chlorophyll 

retention in 127/ 
influence of AVG on chlorophyll 

retention in 127/ 
influence of C 0 2 on chlorophyll 

retention in 127/ 
in kinetin, ethylene production 

of 129/ 
α-Tocopherol (Vitamin Ε) 144 
Tomatine 166 
Toxicants, sick soil 196 
Toxicants, volatile 196 
Transducer, synthesizing 12 

U 

USDA laboratories, plant growth 
regulators from 183-194 

Usnic acid 179 

V 

Vegetables 265 
Vernolepin 155 
Veronia hymenolepis 155 
Vitamin Ε (α-tocopherol) 144 
Volatile terpenes 151 
Volatile toxicants 196 
Vomifoliol (blumenol A) 183 

W 

Wagner-Merwein rearrangement of 
the C / D ring system 20 

in 13-hydroxy GA's, acid-catalyzed 29/ 
Water plants 124i 
Wilting plants 108 
Witchweed (Striga lutea Lour) 183 
Wittig Reaction 46 
Wound ethylene production 125 

X 

Xanthium leaves, abscisic acid content 
of 104/, 105/ 

wilted 110/ 
Xanthium strumarium 107 

leaves, abscisic acid in 110/ 
Xanthophylls 103 
Xanthoxin 103 
cis,trans- Xanthoxin 105/, 183 
frans-frans-Xanthoxin 105/ 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



310 P L A N T G R O W T H SUBSTANCES 

Ζ 

Zea mays 
classes of esters in 2 
concentration of IAA conjugates 

and indoles of 2 
concentration of indolylic com

pounds in 4/ 
d 5 lesion of 72/ 
dwarf-5 mutant of 71 
enf-kaurene synthetase system of ... 72/ 

Zea mays ( continued ) 
kernels, concentration of indolylic 

compounds in 9i 
kernels, metabolic turnover of 

indolylic compounds in 9f 
structure of 2 

IAA conjugates of 2 
indolylic compounds in 4/ 

Zeatin 79 
recovery, kinetin for 220 

Zinniol 149 

In Plant Growth Substances; Mandava, N.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 


	Title Page
	Half Title Page
	Copyright
	ACS Symposium Series
	FOREWORD
	
	PREFACE

	
	1 Chemistry and Physiology of Conjugates of Indole-3-Acetic Acid
	The Structure and Concentrations of Indoles of Zea mays
	Methods of Assay
	Metabolic "Turnover" of Plant Indoles
	The "Seed Auxin Precursor"
	The Equilibrium Between IAA and IAA-myo-inositol in vivo
	Is the Equilibrium Between IAA and its Conjugates Perturable by an Environmental Input
	An Hypothesis Concerning Hormonal Homeostasis
	Conclusion
	Abstract
	Acknowledgements
	Literature Cited


	
	2 Aspects of Gibberellin Chemistry
	Structure
	Stability
	Qualitative and Quantitative Analysis
	The Preparation of Less-readily Available GAs
	The Preparation of Labeled GAs
	Structure-Activity Relationships
	Conclusions
	Acknowledgments
	Literature Cited


	
	3 Gibberellin Biosynthesis in the Fungus Gibberella fujikuroi and in Higher Plants
	From MVA to GA12-aldehyde in the Fungus and in Higher Plants (Figure 2)
	GA12-Aldehyde and the Gibberellins
	GAs and Shoot Elongation
	Acknowledgments
	Literature Cited


	
	4 Anticytokinins as Probes of Cytokinin Utilization
	Cytokinin-Active Nucleosides are Components of Transfer RΝΑ's
	Tobacco Explants are Used for the Bioassay of Cytokinins
	Probing the Cytokinin Receptor Site(s)
	A Rationale for the Preparation of Specific Anticytokinins
	Substituted Pyrazolo [4,3-d]pyrimidines as Potential Anticytokinins
	Substituted Pyrrolo[2,3-d]pyrimidines as Potential Anticytokinins
	Anticytokinins Elicit Responses in Several Plant Bioassays
	Literature Cited


	
	5 Chemical and Biological Aspects of Abscisic Acid
	Historical Background
	Properties of Abscisic Acid
	Methods for Detection and Measurement of Abscisic Acid
	Occurrence
	Biosynthesis of Abscisic Acid
	Metabolism of Abscisic Acid
	Physiological Roles of Abscisic Acid
	Concluding Remarks
	Literature Cited


	
	6 Role of Ethylene in Plant Growth, Development, and Senescence
	Ethylene Biosynthesis
	Ethylene Action
	Conclusions
	Literature Cited


	
	7 Natural Products in Plant Growth Regulation
	Natural Products Originating from Acetate and Shikimic Acid Pathways
	Aliphatic Compounds.
	Unsaturated Lactones.
	Fatty Acids and Other Lipids.
	Aromatic Compounds.
	Terpenoids.
	Steroids.
	Alkaloids and N-Heterocycles.
	Amino Acids and Peptides.
	Purines and Nucleosides.
	Sulfur Compounds.
	Miscellaneous Natural Products.

	New Plant Growth Regulators From USDA Laboratories
	Growth Substances Involved in Biochemical Interactions between Plants in Natural Habitat - Allelopathy
	Mechanism of Action
	1) Cell Division and Cell Elongation.
	2) Effect on Gibberellin or Auxin-Induced Growth.
	3) Effect on Sulfhydryl Enzymes.
	4) Effect on Ethylene Production.

	Problems and Prospects
	Abbreviations
	Disclaimer Statement
	Acknowledgments
	Literature Cited


	
	8 Advances in Analytical Methods for Plant Growth Substance Analysis
	Qualitative vs. Quantitative Analysis.
	Use of HPLC for PGS Analysis.
	Other Selective Detection Procedures for PGS.
	Futher Refinement of PGS Analysis.
	Conclusion
	Literature Cited.


	
	9 Hormonal Regulation of Genome Activity in Higher Plants
	Hormone Receptors
	Regulation of Nuclear RNA Polymerase Activity
	Regulation of the Formation of Messenger RNAs for Specific Enzymes
	Do Hormones Regulate Genome Activity?
	LITERATURE CITED


	
	10 Controlling Biological Behavior of Plants with Synthetic Plant Growth Regulating Chemicals
	Uses of Growth Regulants
	Controlling Flowering
	Pineapple.
	Fruit Trees.
	Vegetables.
	Sugarcane.

	Controlling Abscission
	Citrus.
	Olives.
	Cotton
	Fruit.

	Control of Fruit Development
	Gibberellins

	Control of Plant Size
	Modify Sex Expression
	Biochemistry and Cell Biology
	Increasing Crop Yields
	Corn
	Soybeans
	Rubber.
	Guayule.
	Temperate Fruits.
	Tropical Fruits.
	Sugarcane

	Discussion and Remarks
	Literature Cited


	
	11 Factors Affecting Commercialization of Specialty-Use Plant Growth Regulating Chemicals
	Scientific Factors
	Economic Factors
	Future Of Specialty-Use Compounds
	REFERENCES


	
	INDEX
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Z





