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INTRODUCTION

Extensive screening, using much improved bioas-
say techniques, has recently uncovered many
naturally occurring plant constituents which pos-
sess plant growth regulating properties. Many
other new growth regulating substances have
been found by testing purely synthetic organic
compounds. In some cases, the results obtained
in bioassays with synthetic analogues of active
substances have been used as a basis for propos-
ing relationships between chemical structure and
biological activity. This paper surveys the growth
regulating substances which have been isolated
from higher plants.} Details of the methods and
techniques used for isolation, chemical characteri-
zation and bioassays are not included.

The first group of plant products showing
growth regulating properties are the well known
plant hormones. These are distributed widely and
in fact are probably present in all higher plants.
They have high activity, specific action and func-
tion in the regulation of growth and differentia-
tion of plants. They include the auxins [1], cyto-
kinins [2], gibberellins [3,4], abscisic acid and its
derivatives [5,6] and ethylene [7,7a]. Since this
group has been the subject of numerous recent
reviews, it seems to be unnecessary to deal with
them further here.

* Dedicated to Prof. Dr. Dr. h. ¢. mult. K. Mothes on the
75th anniversary of his birthday.

+ Revised version of a paper presented at the International
Symposium “Chemistry and Biochemistry of Plant Growth
Regulators”. Cottbus. GDR, 24-26 September 1974.

WIDELY DISTRIBUTED REGULATORS

The second group of natural plant regulators
is represented by compounds which are also
widely distributed in higher plants. These com-
pounds are certainly involved in growth regula-
tion, although they apparently do not show speci-
fic effects. In the following two sections, various
chemical groups are reviewed with respect to their
structure and biological activity.

Aliphatic compounds

Certain saturated fatty acids [8] and their
lower alkyl esters, many known to be natural pro-
ducts, have been shown to possess growth inhibit-
ing activity [9-11]. They kill or inhibit terminal
meristems, but have no effect on axillary meris-
tems. Fatty acids and their methyl esters with §,
10 and 12 carbon atoms, respectively, show the
greatest inhibition as evidenced by the fact that
capric acid has been shown to be a growth inhi-
biting substance in dormant bulbs of Iris hollan-
dica cv. Wedgewood [12,13]. Small amounts of
lauric and muyristic acids, which have the same
inhibitory activity as capric acid on the growth
of Avena coleoptiles, were also detected. It has
also been reported that certain synthetic aliphatic
hydroxycarboxylic acids show promoting activi-
ties on the root growth of lettuce seedlings [14],
whereas fatty alcohols with chain length of C,,
C,0, and C,, are very active in inhibiting axillary
and terminal bud growth [11,15]. Acidic growth
inhibitors, isolated from dwarf pea seedlings, were
identified as fumaric, palmitic and oleic acids and
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the monomethyl and ethyl esters of succinic acid
[16]. The neutral inhibitor, -stearyl glycerol, iso-
lated from dwarf peas, produced considerable in-
hibition when applied to terminal buds [17]. Fur-
thermore, it has been reported that neutral plant
lipids can double the auxin- or gibberellin-in-
duced growth of pea stem sections. They show
optimum activity at molecular length of 20-30 A
[18]. In 1971 it was shown that the light petro-
leum extract from avocado mesocarp extract con-
tained a new endogenous inhibitor which was
identified as l-acetoxy-2.4-dihydroxy-n-hepta-
deca-16-ene (1) {19]. It inhibits elongation of
wheat coleoptiles and growth of soyabean callus
in the presence of cytokinin, This inhibitor was
also detected in other plant tissues such as
tobacco leaf, mango seed and Annona fruit and
thus appears to be of wide occurrence. The two
hydroxyl groups and the terminal acetoxy group
are all important for Dbiological activity, as
revealed by the inactivity of the triacetate and
the deacetylated derivative.

Phenolic compounds and coumarins

A number of natural phenolic compounds, such
as salicylic acid, p-hydroxybenzoic acid and gallic
acid as well as p-coumaric acid, caffeic acid and
ferulic acid have been found to be active inhibi-
tors of some growth processes [see 20-23]. The
mechanism of the endogenous regulation of
flowering in plants is an unsolved problem in
plant biochemistry. The existence of promoting
and inhibiting flowering substances has been pos-
tulated for over 30 yr. Recently it was shown that
the leaves of vegetative Kalanchoe blossfeldiana
contain a specific flowering-inhibitory substance
which was isolated and identified as gallic acid
[24]. It is also present in flowering Kalanchoe
plants in an inactive form.

The widely distributed tannins appear to act
as gibberellin antagonists. Chemically defined
tannins were found to inhibit the gibberellin-in-
duced growth of light-grown dwarf pea seedlings
[25.26] and several authors have noted mhibitory
or stimulatory effects of tannins on plant growth
and development (see refs in [26]).

In different higher plants, phenylacetic acid
[27.28] and its 4-hydroxy derivative [29] have
been detected as native plant growth regulators.
Both compounds have recently also been isolated
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as auxin-like substances from the alga Undaria
pinnatifidia [30].

Corn steep liquor, a by-product of the manu-
facture of starch from corn, is often added to the
growth medium of micro-organisms. However, it
was found to inhibit the germination of alfaifa
seed. In 1973 an inhibitor was isolated from corn
steep liquor and identified as ferulic acid [31.32]
previously known as a germination inhibitor
widely distributed in plants. In further exper-
iments, it was demonstrated that the biogeneti-
cally related dihydroconiferyl alcohol is identical
with the ‘lettuce cotyledon factor’, a synergist of
the gibberellin action in inducing lettuce hypoco-
tyl elongation [33.34]. Recently dihydroconiferyl
alcohol was shown to stimulate cucumber hypo-
cotyl elongation [35). This phenylpropanoid was
also detected in pea, cucumber, and artichoke and
it has been suggested that it may be a naturally
occurring plant hormone [35].

Other phenolic compounds such as the dihydro-
chalcone glucoside phloridzin and its aglucone
phloretin from Malus [36,37], as well as the
widely distributed ester chlorogenic acid [20,38]
are known to be potent inhibitors of growth. Fla-
vonoids like the flavanone naringenin which is
found in dormant peach buds and the isocou-
marin, hydrangenol (2) from Hydrangea macro-
phylla and H. hortensia. both antagonize the
action of gibberellins [39.40]. 54'-Dihydroxy-7-
methoxyflavanone and 5-hydroxy-7.4’-dimethoxy-
flavanone isolated from Betula verrucosa buds
inhibit the growth of coleoptile cells of wheat
[40a]. Genistein 7-glucoside, genistein C-mono-
glucoside, and 3-(5-benzodioxolyl)-5,7-dihydroxy-
4H-benzpyran-4-one 7-glucoside, all present in an
isoflavone preparation of Lupinus luteus, are char-
acterized as endogenous growth regulators of yel-
low lupine [40b]. Coumarin, scopoletin and
related compounds are also well known, widely

occurring inhibitors of germination and growth
[20,39,41,42].

GROWTH SUBSTANCES OF RESTRICTED
DISTRIBUTION
This group of compounds consists of growth
regulating substances which are of limited distri-
bution in plants. It is represented by a number
of terpenoids, alkaloids and other substances pos-
sessing unusual chemical structures. Often these
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compounds are designated as secondary plant
substances sensu strictu, and most apparently do
not participate in the regulation of biochemical
processes during the ontogeny of specific plants.
Some others, however, are known to possess regu-
latory activity in recognized bioassays but it is
difficult to decide whether the compound is an
endogenous regulator or is only effective after
exogenous application.

Stilbenes and phenanthrenes

Lunularic acid (3), from Lunularia cruciata (L.)
Dum., is of general occurrence in all liverworts
and algae that have been examined [43-47].
These two groups of lower plants apparently lack
abscisic acid, the ubiquitous growth inhibitor of
mosses, ferns and higher plants. Thus, it seems
possible that lunularic acid may fulfil the same
growth regulating function in these lower plants
as ABA does in higher plants. It is, therefore, a

plant growth regulator of some chemotaxonomic

and phylogenetic significance.

Dormant bulbils of yam (Dioscorea batatas
Decne.) contain 3 phenolic growth inhibiting
compounds which seem to be new dormancy-in-
ducing substances not identical with previously
known inhibitors [48-50]. They were named
batatasin I, II, and III. Recently batatasin III was
identified as another dihydrostilbene (4) [51], and
batatasin I as 6-hydroxy-2,4,7-trimethoxy-
phenanthrene (5) [52]. This phenanthrene deriva-
tive is structurally related to the 9,10-dihydro-
phenanthrene antifungal derivatives orchinol (6)
[53,54], hircinol (6a) and loroglossol (6b) [55].
These three phytoalexins are produced in infected
corms of Orchis militaris and Loroglossum hir-
cinim, respectively.

It is apparent that compounds (3-6b) represent
new types of inhibitors which are biogenetically
related to the stilbenes. This assumption is sup-
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ported by the occurrence of a number of hydroxy-
lated and methoxylated bibenzyl, 9,10-dihydro-
phenanthrene and phenanthrene derivatives in
other higher plants; for instance in Tamus com-
munis L. [56,56a], Combretum apiculatum, C.
molle and C. psidioides [57,58] and Papaver som-
niferum [58a]. Moreover, in liverworts the follow-
ing bibenzyl derivatives have been found:
2,34 -trihydroxybibenzyl in Pellia endiviifolia
(Dicks.) Dum. [59], 2-hydroxy-3.4'-dimethoxybi-
benzyl in Pellia meesiana (Gott.) Limpr. [60] and
3-methoxybibenzyl in Radula complanata (L.)
Dum.: [61]. At present there is no information
about the growth regulating activity of these last
named plant products.

Sesquiterpenes and diterpenes

Much new and interesting work has been
reported on the activity of plant growth regula-



2108

tors containing a terpenoid skeleton and a lactone
group as their salient structural features; for
example, the sesquiterpene heliangine (7) isolated
from Helianthus tuberosus L. [62-68]. Heliangine
inhibits the elongation of Awvena coleoptile sec-
tions and promotes adventitious root formation
of Phaseolus cuttings. Promotion is almost com-
pletely reduced by supplying cysteine which reacts
via the SH-groups with the exomethylenc group
of heliangine suggesting that the exomethylene
group conjugated to the lactonic carbonyl may
therefore be responsible for the growth inhibiting
activity. Several other sesquiterpenoid x-methy-
lene-y-butyrolactones have been isolated from
higher plants. some of which possess growth regu-
lating activity; e.g. xanthinin (8) found in Xan-
thium pennsylvanicum [69-72], the two guaiano-
lides chrysartemin A (9) and B (10) from Chrysan-
themum parthenium, C. mexicana, C. klotzchiana
and C. morifolium [73,74] and pyrethrosin (11)
detected in other Chrysanthemum species [75-77].
It is of interest that a number of related sesquiter-
pene lactones have been isolated during the
course of a continuing search for antitumour
agents from plant sources which show significant
cytotoxic activity (see [ 78] and references therein).
For instance, vernolepin (12) from Vernonia
hymenolepis A. Rich. shows significant inhibitory
activity against carcinoma-sarcoma in rats and it
is noteworthy that it inhibits growth of wheat col-
eoptiles [79.80]. Further work on the synthesis
of biological active x-methylene-y-butyrolactones
as well as related six-membered-ring lactones has
been based on modification and simplification of
the molecule [81-85] but these have not been
examined as plant growth regulators.

Strigo! (13) is of relevance here because of its
structural relationship to the above lactones. It
is a highly potent seed germination stimulant for
the root parasite Striga lutea Lour. [86]. The
structure and relative configuration of the biologi-
cal active enantiomer have been derived from
spectroscopic X-ray crystallographic data [87].
Recently the chromatographic investigation of the
Striga seed stimulant [88], and the synthesis of
pL-strigol [89,90] have been described. Active
concentrations giving 50% germination of Striga
seeds are 107'°M for (13) and 1072 M for the
enantiomer at C-4. Many biological interesting
compounds can be found among carotenoids and
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related compounds [91]. In addition to growth
regulating compounds structurally related to the
plant hormone abscisic acid, there are other sub-
stances such as quiesonc (14), isolated from in-
fected tobacco leaves [92.93]. This has been
shown to be a potent inhibitor of the germination
of Perenospora tabacina conidia. Vomifoliol (14a),
a compound related to abscisic acid but lacking
the 2.4-pentadiene sidechain, has been found in
several plants. It causes as much stomatal closure
in epidermal cells of Eichhornia crassips (Mart.)
Solms as abscisic acid at identical concentrations
(93al.

Furthermore, some novel nor- and bisnor-diter-
pene lactones have been isolated from Podocarpus
species [94-104]. They are designated as podolac-
tones (podolactone A (15). B (16). C (17). D(20),
and E(21), inumakilactones [inumakilactone A
(18) and its 15-f-glucoside, B (19). and E(23)],
ponalactone A (22). momilactone A (24). and
nagilactones [nagilactone A (25). B (26), C (27).
and D (28)]. Some of these show strong inhibitory
activity, in particular podolactone E (21). Detailed
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Growth regulating substances of plant origin

studies have established the relationship between
chemical structure and biological activity of these
Podocarpus lactones [105]. Moreover, a neutral
substance has been obtained from the leaves of
Portulaca grandiflora Hook, which inhibits the
elongation of Avena coleoptiles induced by indole-
acetic acid. This substance, portulal (29), has
been identified as a new type of bicyclic terpene
containing a perhydroazulene nucleus [106-108].

The cucurbitacins, a group of some 25 or more
compounds, have been found in plants of the
Cucurbitaceae. They are designated as cucurbita-
cin A, B, C etc. and differ mainly in the pattern
of hydroxylation and other substituents as well
as the type of glycosidation [108a]. It has been
reported that the cucurbitacins B (30), E, L, J, and
K possess gibberellin antagonistic activity [109].

The last type of compound to be mentioned
here induces antheridia formation in many, if not
all, species of the fern family Polypodiacecae.
Antheridium-inducing substances have been
termed antheridiogens, The chemical structure of
the antheridiogen (31) isolated from Anemia phyl-
litidis and A. hirsuta has been determined [110-
112].

Nitrogen containing compounds

Among the class of N-heterocyclic natural pro-
ducts, 2 hydroxylated cinchoninic acids show pro-
moting activities. The first was isolated from corn
steep liquor and named zeanic acid (32) [31,32];
the second was found in rice bran 50 yr ago and
identified as the isomeric 2,6-dihydroxycin-
choninic acid (33) [113]. In 1974 N,N-dimethyl-
tryptophan was found in Abrus precatorius L.
seeds as a plant growth inhibitor [114]. Further-
more, it has been reported that some alkaloids
possess plant growth regulating activity, for
example, delcosine (34) found in Delphinium ajacis
[115]. This diterpenoid alkaloid of the lycoctine
type interacted with gibberellins and was growth
inhibitory on phloem and xylem tissue. The simi-
larity in structure between delcosin and gibberel-
lic acid suggested to the authors that delcosine
may compete with gibberellic acid for enzyme-
active sites and thereby change their catalytic
function. The methanol extract of the bulbs of
Lycoris radiata Herb. has high growth inhibiting
activity in the Avena straight growth test and rice
assay. It was shown that lycoricidine (35) (identi-
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cal with narciclasine from Narcissus bulbs
[116,117]) and lycoricidinol (36) are responsible
for this marked inhibitory action [118].
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Sulphur containing compounds

Three S-containing inhibitors with high activity
have been isolated from Asparagus officinalis L.
and identified as asparagusic acid (37), dihydroas-
paragusic acid (38), and S-acetyldihydroasparagu-
sic acid (39) [119-123]. Their growth inhibiting
activities are very similar to that of abscisic acid.
They completely inhibit the growth of roots and
hypocotyls of lettuce seedlings at 67 x 107*M
to 67 x 1077 M respectively.

Miscellaneous structures

Cucurbic'acid (40), its glucoside and its methyl
ester isolated from Cucurbita pepo L. are effective
inhibitors when assessed in the Avena coleoptile
and rice seedling tests [124]. Cucurbic acid is
structurally related to the prostaglandins,
although these compounds have not yet been
detected with certainty in higher plants. In Euca-
lyptus grandis seedlings, three endogenous inhibi-



2110

tors (41-43) of root formation, all bicyclic com-
pounds with a peroxide linkage, have been found
[25-127].

The chemical structure and the activity of an
inhibitor (44) isolated from Aegilops ovata have
been described [128]. A characteristic feature of
this molecule is the five-membered ring lactone.
It may be that this inhibitor is synthesized from
two C4-Cs-units. It is very interesting that this
inhibitor is effective in light while it is inactive
in the dark. This is the first instance to be
reported of a compound having such a property.
since all the germination inhibitors already de-
scribed inhibit more effectively in dark than in
light. Recently a new type of plant growth inhibi-
tor has been extracted from immature tobacco
leaves and identified as 4,8,13-duvatriene-1,3-diol

(45) [129].

CONCLUSION

The following general observations may be
made. In addition to the well known plant hor-
mones, a number of plant growth regulating sub-
stances have been isolated from higher plants.
These belong to different groups of natural pro-
ducts. Thus, aliphatic and aromatic carboxylic
acids, phenolic and neutral compounds, S- and
N-heterocyclic compounds, alkaloids and ter-
penes are all represented. Examination of the for-
mulac of the growth regulating substances de-
scribed reveals the absence of any common struc-
tural feature. Only a few functional groups such
as phenolic hydroxy groups and x-methylene-y-
butyro-lactones are found to recur. This diversity
indicates that in all probability these active sub-
stances are Involved in different regulating pro-
cesses of plant growth and differentiation.

These biological active compounds can be used
as models which may be modified and simplified
without loss of activity. For this the essential
functional groups must be retained. Such chemi-
cal work is only possible if sufficient knowledge
of the relationship between chemical structure
and biological activity is available. Since different
authors use different methods for the quantitative
assessment of the inhibitory or promoting acti-
vity, the correlation of results is very difficult and
can only be made with considerable reservations.
Thus, present methods used for estimation of bio-
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logical activities are inadequate and it is desirable
to develop new internationally accepted standards
for bioassays.
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