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Abstract

So far 52 gibberelling (GA) have been isolated from fungi and higher plants. Structural elucidation,
biogenetic sequence of the intermediates and the nature of regulating enzymes jnvolved in the biosyn-
thesis of GA from their precursors, are well established, The pathways from mevalonic acid (MVA)
to GA,,—aldehyde are common in fungi and higher plants and then differ, depending upon tke order
of hydroxylation, The structural requirement for specific biological function of GA is well establi Led,
Numerous conventional methods and newer approaches are used for tentative identification and quanti-
tation of GA metabolites, 2f-hydroxylation and glycosylation of GAs are correlated with seed develop-
ment, maturation and storage of GAs in inactive forms, The subsequent release of active GAs during
germination follows the enzymatic hydrolysis of the endogenous ones. However, environmental stresses
have deleterious effects on GA metabolism; in y-irradiated seeds reduced GA formation during germi-
nation adversely affects GA.-controlled metabolic processes such as seedling growth and develc pment
of alph: ylase i Phy 1 aspects of the role of GA in breaking dermancy, germi~
nation and in protein, carbol'ydrate and lipid metabolism have been diccussed. The hormonal role
of GA. in biogenesis of alpha-amylase and its isoenzymes have been outlined in detail. Recently, media~
tion of GAs in organelle biogenesis and in the formation of subcellular bjcmembranes, kas been

envisaged.

Key words : Gibberellins  biogenesis, environmental stress, physiclogical role, alpha-amylase,

isoenzymes.

1. Introdaction

Gibberellins (GAs), comprising a large family of naturally occurring diterpenoid acids,
have a hormonal function in higher plants and are essential for normal growth and deve-
lopment. They were originally isolated as secondary metabolites from Gibberella fuji.
kurof, the causative fungus of the ‘ Bakanne * disease of rice. Though intensive studies
on various aspects of GA metabolism including their turnover, biosynthesis and regu-
lation have been made in recent years, their mode of action at molecular level is not well

d,
~understood, 7



74 J. P. MACHAIAH AND U. K. VAKIL

GAs display a wide spectrum of structural array in higher plants and 52 derivatives,
isolated to date, are denoted by the trivial names GA, to GA;,. Systematic nomen-
clature of naturally occurring GAs is based on their gibbane or gibberellane skeleton
with steric configuration of cyclic diterpene (—) kaurene (Fig. 1) and on their biological
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Fic, 1, The structures of gibbane, gibberellane, ent-gibberellane and ent-kaurene. Heavy lines or
wedges indicate bonds lying above the plane of the ring system; broken lines indicate- bonds lying
below this plane®.

properties. GAs are broadly classified inte two distinct groups, depending upon the
number and position of hydroxyl groups. The C;, GAs have one COOH group in
position 7 (gibberellane numbering) and a lactone configurationin the A ring with one
C atom less; whereas C,, GAs have full complement of diterpenoid C atoms. If GA
has a single functional hydroxyl group, it is always in 3 and 13 positions in fungi and
1igher plants, respectively®. For physiological experiments with plants, ¥C-GAs with
1igh specific activity are prepared by growing Gibberella fujikuroi in a medium containing
4C-acetate?. Large amount of 3H~GA, can be produced during catalytic reduction
hrough the exchange of tritium of *H~GA,%. Several chemical processes, involved in
wnversion of relatively inactive C,y GAs into biologically active Cy, GAs, Have been
uggested using cell free fungal systems®. Recently, Bearder et al® have envisaged a bio-
ogical sequential mechanism for GA synthesis, involving Baeyer-Villiger type oXidation,
rydrolysis and lactonisation. However, the reaction, responsible for loss of the angular
 in the conversion of Cy, into Cyy GA, remains unresolved. So far, the absolute stergo-
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chemisiry of only few chemically related GAs (like GA,;, GAyy GAg;, eic.) has been
established, rest are assigned by analogy.

2. Occurrence, transport and storage of GA

2.1. Qccurrence

In higher plants, GAs are synthesized at diverse sites including endosperm and coty~
ledons of immature seeds, scutellum, embryonic axis, shoot apex, root tip, etc.! The
complete GA-biosynthetic pathway may be operating in plastids, since GA-~like sub-
stances can be extracted from this organelle, Since chloroplast membrane is imper-
meable to MVAS, this precursor may be synthesized in chloroplasts. This statement is
supporied by demonstrating the presence of MVA-activating enzyme and biosynthesis
of ent-kaurene in chleroplasts, isolated from non-aqueous media?. It is suggested that
the etioplasts have access to cytoplasmic MVA, but lose this property when they fix CO,83,
Phytoshromes present in the membrane of barley etioplasts are shown to regulate GA
levels. This is attributed to red-light stimulated increase in the membrane permeability®
or to the release of ‘ bound’ GAs from the membrane®®,

2.2. Iransport

GAs are transporied from roots to longer distances both via Xylem aund phloem, speci~
fically by sieve tubes. They are transported passively with the flow of water and are
assimilated, However, the short distance transport of GA from the sites of synthesis
to the site of action is shown to be non-polar and slow by donor-receptor technique?.
Very little is known about the occurrence and nature of GA-receptors. Musgrave ef g/
have shown by determining the distribution pattern of applied *H-GA, in peas that
growing portion of the axis is a GA-target tissue. A positive correlation between GA
uptake in bariey aleurone layers and its physiological potency are reported, though bind-
ing sites in cellular compartments are not localized!®. A specific GA receptor and two
non-covalent GA protein complexes have been isolated from pea seedlings treated with
SH-GA,, though their physiological significance is not cleart.

2.3. Srorage

Active terminal GAs like GAy, GA; and GA,, present during maturation, are conjugated
mainly with sugar through a hydrexyl group and are stored as stable but biologically
inactive complexes in dormant seeds. 2f-hydroxylation of GAs, e.g., GA, - GA, in
Phaseolus vulgaris and GAy, - GA,, in Pisum sativium, results in marked reduction
in their biological activity™ and thus plays an important role in metabolic controf and
seed development. An amphoteric conjugate of 3H-GA,, metabolically bound to a pep-
tide chain is isolated from barley aleurone layers'®. Several such inert acetyl, glucosyl
as well as glucosidic conjugates, in which sugar is linked to the 7-carboxyl group of GA,
with different relative biological aciivities are isolated or synihesized chemically and
characlerised®s. These are cleaved by endogenous S-glucosidases and rel ased as free
functionally active GAs during early seedling growth™. Thus, glucosyl ester formation
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and hydrolysis of GAs regulate their Jevels during seed maturation and early germina.
tion, Recently, a sulphur containing deactivation product of GA,, gibberethione, is
isolated from immature seeds of Pharbiris nil®s.

3. Biogenesis of GA

GAs are occurring in diverse forms in nature and no single biosynthetic pathway exists
in fungi and higher plants. The steps up to the synthesis of GA,,-aldehyde, the first
intermediate with entgibberelline skeleton, are common in both fungi and higher plants,
as established by Fusarium moniliforme and by cell free systems from immature seeds of
Cucurbitaceae, Ricinus communis and Pisum sativim®® %021 ; thereafier the pathways
diverge. The current understanding of intermediates and interconversions involved
in GA biosynthesis has been extensively reviewed by Hedden ef 0/22. Initially (Fig. 2)
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iG. 2. Outline of the gibberellin-biogenetic pathway from acetyl-CoA and mevalonate to (—) kaurens
1e conversions are mediated by soluble enzymes having a requirement for Mg+ and ATP?,

wsphorylation of MVA to MVA-5-phosphate (MVAP) is catalysed by cytoplasmic
VA-kinase, a rate-limiting enzyme for the formation of various polyprenoid com-
unds in plants and microorganisms. The svbsequent phosphorylaion of MVAP
d the sequen:ial formaiion of pyrophosphate (PP) intermediates, are caalysed by a
ies of kinases, including phosphomevalonate kinase. Further, prenyl transferases
a group catalyse the sequential condensations of isopentenyl-PP (IPP) and longer
:nyl-PP to produce pools of farnesyl-PP (FPP, Cy;) and geranyl geranyl-PP (GGPP,
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Cy,) as the major products of chain elongation. Two forms of geranyl transferase (I and
1), which catalyse the specific formation of FPP and GGPP from IPP, have been iso-
lated together from castor bean seedlings?®. They undergo protein-protein interaction,
which modulates their catalytic properties. However, Shinika ez 2121 have purified GGPP
synthetase from pumpkin fruit, which is free of FPP synthetase and catalyses the conden-
sation of IPP with either FPP or GPP o give GGPP as the final product. All these
soluble enzymes have been isolated, purified and characierised. They have pH opti-
mum between 7-8 and 8-0, utilise only phosphate or pyrophosphate as donors and
require Mg+t for activation®.  The final cyclization of GGPP to tetracyclic diterpene
ent (—) kaurene proceeds vi¢ a two stage mechanism. The reaction is catalysed by a
high molecvlar weight enzyme complex, kaurene synthetase (KS)*. The enzyme can
be resolved into two catalytic activities (A and B) with substrate specificity and activated
by divalent metal ions®?, Aectivity A catalyses the conversion of GGPP to copalyl PP
(CPP), a bicyclic intermediate, probably through a proton initiated cyclization®s. Acti-
vity B mediates fvrther cyclization, where pyrophosphate is lost from CPP, fo.fowed
by rearrangement of the resulting carbonium ion to produce ent (—) kaurenc. This
reaction is a potential site of regulation of GA biosynthetic pathway in higher plants,
since GGPP is a hranch point metabolite in the production of diterpenoids and
carctenoids?e,

In a second part, ent (—) kaurene is metabolized via a series of oxidative steps: the
biosynthetic sequence, ent kaurene — kaurensl — kaurenz| — kaurencic ¢cid, has Leen
established by rifeeding the intermediates and isolation of the end products. Kaurenoi.
acid on further hydrexylaticn in 78 posicon forms the last product in the series, namely,
7-4 (OH) kaurenoic acid®’. All these steps are catalysed by the microsomal prepaiation
in £. macrocarpa seeds and require oxygen, ATP and NADPH as cofaciors, suggesting
that they are mixed {unciion oxidases®®, having electron transport system similar io that
found in liver. The presence of cytochrome Py and a high mclecular weight ent-
kaurene carrier protein in high speed supernatant from the coiyledons of P. sativum?s,
is analogous to the sterol carrier protein found in rat liver hemogenates®®. These com-
pounds exhibit GA aciivities and stimulate a-amylase formation in embryoless barley
seeds!. Further, by contraction of B ring from a 6 to 5 carbon ring with C, being
extruded, 7-a (O¥) kaurenoic acid is converted to a relatively inactive GA configuraticn
with aldehyde group in C? position®. The rate limiting step appears to be the removal
of a hydrogen from the ent 6-position. The resvliing high energy intermediate, e.g.,
catbonivm ion could undergo rearrangement to give GA,,-aldehyde?=

Lastly (Fig. 3), GA,-2ldehyde is sequentially oXidized in virro in higher plants at
C, to form GA,,, followed by 38 hydroxylation to give GA,,. Further oxidation at
Cy to the carboxylic acid yields GAyy, which is then hydroxylated at the 28 position te
the final product GA,®. The conversion is catalysed by the soluble enzymes which
are distinct from the membrane-bound mic osomal oxXidase responsible for GA,,-aldehyde
formation from ent-kaurenedl. Conversion of GA.g-aldehyde through GA;, to GA,
is the first demonstration of in vitro transformation of Cy, t0 Cyy GA by 3 f-hydroxyla®
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Pre. 3. Sequence of conversion pathway from ent(—) kaurens to gibberellins, in 7. moniliforme and in
higher plants,

tion pathway in higher plants. Interconversion of GA, to GA; and to GA,, are
mediated by a single hydroXylation reaction®. A biogenetic sequence for GA,,, GA,,
GA,;,, GA; and GA,, in which GAsare both 38 and 13f-hydroxylated, is well established
using cell free systems®. In dormant seeds GA, and GA,, more non-polar and inactive
GAs, are predominant. These are oxygenated to more polar and biologically active
GA; and GA; during germination®. Inthe fungi, both 38-hydroxylation and non-
3-hydroxylation pathways forthe synthesis of GAs from GA,,-aldehyde are established
‘using a number of GA-producing strains of G. Jujikuroi and their mutants. In mutant
R~9, 13-hydroxylation reaction is blocked and as a result, GA, and GA; are not
formed. Similarly, in mutant Bl-4la, GA,; and GA,, do not act as precursors of GA,
and since 3-hydroxylation pathway does not operate, GA,, is not metabolised®. All
these hydroXylation processes are mediated by hydroxylases, having specific require-
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ment for reduced co-substrates and are inhibited by EDTA. Some of them are plri.
fied and characterisedss,

4. Structure-function relationships of GA

Two hypotheses have been postulated to explain the structure—function relationship of
GA, which depends upon several factors like transport, biosynthetic patiern and cata-
bolism¥. The biological activity of GA directly depends vpon the degree to which it
fiis to hypothetical recep:or molecule or site in thecell. It is, mainly, associated with
38~OH, 13-6~OH and y-lactone structure; GAs, having a 19, 10 or 19, 20 Jactonic
bridge at the receptor site, usually show substantial biopotency®. The modification
in the usnal hydroxyl configuration by substitution with 20-carboxyl or methyl group
completely destroys the activity, whereas molecitlar rearrangement in Jactone ring parti-
ally reduces GA activity. Four major decomposition products of GA; (iso-GA,,
allo-GA;, epialo-GA; and A9 (11)-dehydro GA;), exhibit partial or total loss of acti-
vity®, This further ascertains the structiral requirement for biological activity
Secondly, efficiency of GA interconversion of inactive to active metabolites (e.g., GA; ;~
GA,) also controls the biopotency of GA. derivatives. However, the assessment of the
relationship depends upon the bioassay methods employed. Dwarf rice bioassay method
responds to all GAs excep! GAyr, GA,; and GAgg because of their rapid interconversion
in rice seedlings, whereas barley aleurone responds to only limited number of GAs's,

5. TIdentification and estimation of GAs

GAs are generally extracted from fungal or plant systems with appropriate organic sol-
vents and buffers. They are further purified by partition column chrematography®®
and by agar diffusion techniguete. Treatment with polyvinyl-pyrrolidine is highly effec-
tive in purification of GA from the extracts of vegetative tissues, presumably by selective
removal of inhibitory impurities such as phenolic compounds, abscicic acid and gluco-
sides of active GAs*L

Separation, identification and characterisation of minute quantities of GA metabolites
in plants have heen achieved by employing sensitive techniques based on TLC, GLC,
fluorimetry, paper chromatography, silica gel adsorption, ec?®. Isotope dilution method
is shown to correlate well with bioassay methods*®. Deuterium-labeled substrates are
used as internal standard for the determination of native GAs. In metabolic studies,
these can be distinguished from the labeled metabolites by using doubly labeled substrates
with tritium, and quantified by GLC and mass-spectroscopy®d. More recently, using
GLC with 3 liguid phases, all GAs and their glucosides have been separated and charac-
terised®. Similariy, a conclusive identification and sequence of interconversions of GA
derivatives present in sub-microgram quantities have been achieved by combined gas
liguid radio chromatography—mass spectrometry®® and radioimmunoassay technique®.
X-ray analysis and NMR spectroscopy are useful in determining the stereochemistry of

natural GAs*.
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A number of bicassay merhods for quantitative analysis of GA activity are developed
The barley aleurone g-amylase bioassay, though laborious and time consuming, is onc
of the most sensitive one®. In addition to widely employed dwarf mutant tests, rapid
bioassay methods using wheal, rice or barley endosperms, are routinely used; GA actj-
vity is measured in ierms of alpha-amylase production and reducing sugars released in
the medivm. Similarly, total proteins released from barley aleurones are measured to
determine GA-like activity over a wide range of concentrations®. Aitemp!s have been
made to use simple systems such as pale malt™ and soluble starch®® as substrates for
rapid assay of GA activity. The methods based on stimulation of pea shoot growth,
lithia or cucumber hypocotyl growth or retardation of senescence in leaf discs of Tara.
xacum afficinale and Rumex obtusifolins, have been reported for detection of GAss3,

6. Inhibiters of GA biogenesis

A number of synthetic compounds including, 2-chloroethyl trimethyl ammonivm chloride
(CCC), 2-isopropyl-4'~(trimethylammoniwm chloride)-5"-methyl phenyl piperidine-1-
carboxylate (AMO-1618), tributyl-2, 4-dichlorobenzyl phosphonivm chloride (Phos-
phon D), etc., are known growth retardants®. Some hydrazonium analogues of CCC
also have the same potency for growth retardation in wheat®. CCC and phosphon D
interact with GA; in a specific, non-competitive way for the sites of action®. The avail-
able evidence indicates that AMO-1618 inhibits in vifro incorporation of GGPP into (—)
kaurene in castor beans®. Quarternary ammonium compounds derived from ¢-ionone
and isophorones are more potent inhibitors of GA biosynthesis than AMO-1618, with
a similac site of action®s, CCC is shown to inhibit cyclization of GGPP to (—) kaurene,
causing the accumulation of the latier in F. moniliforme culture®. However, Paleg et g5
have.indicated that CCC inhibits acetate to mevalonate conversion, thereby blocking the
metabolism of barley embryos grown in soluble starch. Dennis ef al5¢ have suggested
that the sites of action of these two potent growth retardants on GA; may be different
and AMO-1618 may have a multiple action as shown schematically in Fig. 4. Further,
these inhibitors uncouple oxidative phosphorylation in pea seedlings, thus reducing the
availability of ATP for cell division and GA synthesis®. A bitter principle cucurbitacins
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cce FARNESYL PP

GIBBERELLINS (GAg) <—— (=) KAURENE <--— GERANYLGERANYL PP
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Fic, 4. Schematic representation of sites of action of growth retardants on GA biosynthetic pathway
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isolated from cucurbitaceae has alse a pronounced anti GA activity and reduces GA,-
induced plant growth®. Thus, these retardants, having high specificity of action limited
to one single stcp, can serve as very useful tools in studies of GA physiology. Treatment
with CCC results in increased cold-hardiness of winter wheat, cabbage, and peas®®. 'This
may be attributed to CCC-induced reduction in GA levels, which controls Jeaf size and
stem growth, both of which are retarded in cold temperatures.

7. Effects of environmental stress on GA metabolism

Eavironmental factors such as light, photoperiod, vernalization, stratification and radia-
tion bring about quantitative and qualitative changes in GA levels in higher plants.
Involvement of endogenous GAs in photomorphogenic events have been proved con-
vincingly. Inhibitory effects of red light on stem growth in peas is attributed to the
depression of endogenous GA levels in tissnes and such physiological dwarfisin can be
reversed by exogenous GAz%. On the other hand, exposure to red light stimulates the
synthesis of extractable but transient GA4 in etiolated barley®™ and wheai® leaves. Elimi-
nation of this GA by incubation of leaf sections with AMO-1618 or CCC, suggests that
new synthesis of hormone is occurritig. The appearance of diffusible GA is increased
in unilaterally illuminated or geotropically stimulated sunflower skoot tips, duve to in~
creased GA. biosynthesis and transpori®. GA-induced inhibition and promotion of
sprouting in aerjal tubers is directly correlated with photoperiodic treatment and tvber
growih stage®”. The phytochrome-mediated dormancy of celery seeds responds (o GA,,
and treated seeds may germinate in dark at high temperatures®. GA. synthesis is inhi-
bited and biologically active acidic GAs areconverted into relatively inactive polar GAs
or GA-glycosides in cold-hardened wheat®. However, cold treatment triggers GA
synthesis in lulip and plum seeds™. This suggests that possible interacting effeci of
vernalization on GA metabolism may be a complex phenomenon. It is shown that
mechanical stress given by moderate shaking also retards seedling growth and GA pro-
duction in P. vulgaris™.

[onizing radiations induce numerous histological and cytological changes in plants.
Thovgh DNA is shown as the primary site of damage™, the lesion and/or depletion of
the meristem polulation, the site of avxin and GA synthesis during germination of seeds.
is strikingly radio-sensitive’. Stimulation of mitotic activity in suboptical region of
meristem and spindle orientation, preceding the cell elongation, are the earliest effecis of
GA treatment™  Treatment with exogenous GA; reverses the inhibition of seediing
growih in sub-lethally irradiated wheat™ by stimulating tte synthesis of mRNA or of
pelydisperse RNA fraction and thereby iriggering a-amylase synthesis™. High doses
of gamma irradiation induces physiological dormancy. Loss of viability in irradiated
seeds is attributed to the metabolic disturbances in the biosynthetic events leading 1o
protein synthesis™ which controls the in'raceliular GA concentration. GA is degraded
by gamma-irradiation in vivo and i vitro™. Incorporation cf radicactive precursors in
GA,, the most bioactive GA derivative in wheat, is reduced in gamma-irradiated wheat
during germniation and the responseis dose-dependent™. Ipitiations of RNA, DNA and
protein syntheses are defayed during eaily stages of germination in irradiated wheat®.
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Dunham and Cherry8? have shown that gamma-rradiation inhibits de nove synthesis
of RNA polymerase, subsequently leading to reduced RNA formation in sugar beet
tissues. Gamma iiradiation also affects the transcription and translation processes
leading to altered protein conformation®®. Recently, it has been reported® that gamma-
irradiation stimulates repair mechanism in barley aleurones and thisis accelerated by
GA treatment. The underlying mechanism which adversely affects the siructure and
function of GAs, is eluctdated in irradiated wheat during germination. The activities
of MVA kinase, ATPase and kaurene synthstase, involved in various intermediary steps
leading to GA synthesis from precursors, are impaired due to radiation treatment of
wheat (Fig. 5)"% Further, efficiency cf interconversion of a less active GA to a highly
active one is adversely affected. This results in accumulation of GA, and GA,, which
are biologically less active intermediate precursor products on GA biosynthetic pathway
leading to GA; formation™. Differential requirements for GA; to stimulate the syn-
thesis of total and of three major g-amylase iscenzymes (al, a2, a3) are noted in germi-
na.ing control and irradiated seeds. g,-soenzyme ‘s the most radiolabile and does not
appear in germinating wheat, irradiated at 200 krad. However, pre-treatment of seeds
with GA triggers its formation (Fig. €). Th's suggests that two aggregate systems
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Fic. 5. Individual peak activities of the enzymes, reaching maximum during germination were measured
for MVA kinase (at 4 hr), ATPase (at 7 hr) and kaurene synthetase (at 56 hr), The results are ex-
pressed as ¥ of the activity in irradiated seeds taking control (in unirradiated seeds) as 1009 activity.
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differing in their radiosensitivity and response to GA; application, are operating for the
synthesis of functional alpha-amylase molecule in germinating wheat®,

Fic, 6. Effect of GA treatment on the formation of alpha-amylase isoenzymes in irradiated wheat,
Control and irradiated (20 or 200 krad) seeds were imbibed for 16 hr either with water or GA solu~
tion and germinated for 4 days. Zymograms depict the polyacrylamide gel electrophoretic pattern. of
the isoenzymes stained with starch - I, solution,

8. Physiological role of GA

In recent years, GAs have been implicated in several biochemical reactions and shown to
play an important role in physiological processes of diverse nature. These include :
breaking of dormancy, regulation of germination processes, control of synthesis and
release of various hydrolysing enzymes, etc. The processes controlled and stimulated
by GA in germinating grain, are summarised in Fig 7.

8.1, Dormancy and germination

Dormant seed embryos can be activated by the removal of seed coat, a physical barrier
for cell expansion, by increasing O, supply and leaching out the endogenous inhibitors,
Various environmental conditions like light, photoperiod, vernalization, etc., bring
about changes in endogenous metabolism®. GAs are implicated in reversal of thermo-
and photo-dormancy as well as osmotic dormancy imposed by mannitol®. Jarvis ef al®
have suggested that GA, breaks seed dormancy by derepression of dormant, repressed
gene in embryonic cells. Increase in mitotic activity, DNA. template availability for
transcription and RNA polymerase activity in embryonic axis, are the earliest visible

IL.LSc—3



84 7. P. MACHAIAH AND U. K, VAKIL

! 0, €0
d EX0GENOUS 2 €02
wo SuPPLY EXTERIOR )
RESFIRATION
o |
| e ENERGY
[ GIBBERELLINS: 1
g LIPIDSYNTHESIS
“ I INHIBITORS
STRUCTION
SUGARS CONJUGATION 108 MEMBRANE ALTERATIONS
GLYCOSYLATION,
oNA
INHIBITORS OF *
TRANSCRIPTION PROTEIN SYNTHESIS
INITIATION
B HYDRATION >
GERMINATION
, ALEURONE ENZYME RELEASE
MECHANISMS
EMBRYQ |ENDOSPERM [
EMBRYO AMINOACIDS BREAKDOWN AMYLASES
L»GROWTH o —|SUGARS OF STORED PROTEASES
FATIY ACIDS MACROMOLECULES | OTHER ENZYMES
NucLEOTIDES

Fic. 7. Schematic representation of biochemical reactions responding to GA action in germinating
grains,

and measurable effects of GA treatment®; although the exact inter-relationship, is still
obscure. Although GA, has no effect on endomitotic DNA synthesis, it increases epi-
cotyl DNA content and polyploidy of a cell®, which is an important factor in the con-
trol of cell length®*. GA increases total RNA content and enhances DNA-dependent
nuclear RNA synthesis in isolated pea and sugar beet nuclei®t, Application of GA
stimulates protein synthesis in shoot and root meristems and in the developing vascular
tissues of charlock seeds®2, Increase in the synthesis of cell wal', with concurrent elonga-
tion of internodes in dvena stem, is proportional to GA; concentratron®®. This is
attributed to stimulation of cell wall polysaccharide synthetase activity by GAg, which
in turn causes increased cell wall deposition®. GA, stimulates de novo synthesis and
release of hydrolyzing enzymes including a-amylase, ribonuclease and protease in aleu-
rone layers®s and other enzymes involved in intermediary metabolismin cotyledons
(Fig. 7). Importance of GA, has been recognised in regulating the mobilisation and
absorption of the solutes produced by the action of these enzymes for growth and deve-
lopment of embryos. However, GAg-induced inhibition in germination of various
species has also been reported. Existence of two covnteractive reactions (inhibition and
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promotion of sprouting) activated by GA,, are shown in the genus Diescorea‘s, These
reactions are related to light quality. In germinating D. tokoro, application of exo~
genous GA,; inhibits the seedling growth in dark and red but promotes in blue and far
red light®?,

8.2, Balance of hormones for germination

Though GAs are effective endogenovs regulators, it is now fairly well establisked ttat
appropriate balance between GA, growth promoters (cytokinins and mdolacetic acid)
and inhibitois (e.g., abscisic acid (ABA)) is necessary for the regulation oi growth and
development of plont in normal and stress conditions®®. Both ABA and GA are bic-
synthesised from MVA by commoun isoprenoid pathway® and dvring the later stages of
growth, ABA accumulates in the seed!®®. All GA,~stimulated germinative and enzy-
matic processes are strongly inhibited by ABA. ABA also blocks DNA and RNA
syntheses and delays the onset of germination, Similarly, alpha-amylase and protease
production in barley grains are inhibited by ABA and reversed by cytokinins but not
by GA1, These observations on competitive interactions between cytokinins and GA.
and non-competitive interactions of ABA and GA%, support the prevalent inhibitor
promoter hypothesis’®. Recently, Khan®® has suggested several possible hormonal
situations, which can control dermancy and germination, depending upon physiologi-
cally effestive or non-effective levels of GA, cytokinins and inhibitors, Thus, GA plays
a primary role in germination, whereas inhibitors and cytokinins are secondary and
essentially preventive and permissive, respectively.

8.3, Carbohydrate metabolism

Besides the well defined primary action of GA in alpha-amylase formation for initiation
of germination, the detailed characterisation of other carbohydrases is not achieved.
However, GA is shown to increase de novo synthesis and release of laminarinase (§-(1 — 3)
glucanase), alpha-glucosidase and diastase activities in germinating barley?®,

8.4, Lipid metabolism

Role of GA in lipid metabolism is elucidated by events occurring during lag phase of 2
to 8 hr preceding nearly germination, and therefore, cannot be considered as its primary
action. GA, enhances the rate of #C-choline'® and 3P!% incorporation into phospho-
lipid meoieties of semi-purified endoplasmic reticulum of aleurone layers of germinating
barley™?. This is attribuied to the activation of two key transferases, namely, phos-
phoryl choline-cytidyl and phosphoryl choline glyceride, involved in lecithin biosynthe-
sisto®. Similarly, GA stimulates the activities of the enzymes of gluconeogenic pathway
in castor bean seedlings™?,

8.5. Gd-indaced changes in membrane properties

GA is implicated in the biogenesis of endoplasmic reticulum®, nuclear membranes,
mitochondrial cristag’™, and binding of polysomes to the endoplasmic membranes™®,
GA; also stimulates extensive proiiferation of cellular membranes during early germi

LI.Sci—4
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nation®, GA, is shown to enhance the synthesis of marker enzymes of glyoxysomal
and mizochondrial (inner and outer) membranes in germinating almond seeds'. How-
ever, GA, is shown to inhibii cell-wall pentosan synthesis and membrane-bound arabi-
nosyl iransferase activity, present in barley aleurone layersi!s. A possible interaction
between GA and phospholipids is shown to govern the permeability and trans-
membrane potential of fiposomal membranes's. GA, also affects the phase transition
temperature of liposomes as a function of concentration'®”. Recently, studies with dwarf
maize mutant by electron microprobe analysis, have indicated that GA; selectively
changes the perimeability of aleurone plasmalemma and thereby regulates the influx of
monovalen: (Na-, K=, Ci-) and divalent (Mg) ions'8. Thus GA, alters the micro-
environment in different cell compartments. The synergistic effects beineen GA and
low pH compounds (e.g., EDTA), may be via removal of inhibitors and/or alteration
of membrane permeability through the chelating activity of EDTA'. However, acid
growth hypothesis, which explains auxin-induced elongation growth by cell-wall
acidification® js not applicable to GAg-induced elongation in lettuce hypocotyl

sections'*,

8.6. Role of G4 in alpha-amylase synihesis

GA -induced alpha-amylase synthesis is one of the best understood hormone-conirolled
mevhanisms in plants. In germinating barley and wheat, the enzyme is synthesised by
the microsomal fraction®?? of the aleurone layers in response to GA?3,  GA-stimulated
formation of polyribosomes is shown as a pre-requisite for the enzyme synthesis in aleu-
rone fayers. It has been observed that GA stimulates the synthesis of specific mRNA
for g-amylase induction and accumulation of heterodisperse minor RNA fractions*®,
GA also activates some preformed RNA and inhibits the breakdown of mRNA. Carl-
son'® has postulated that GA regulates at the post-transcriptional level. However,
Chandra® has suggesied that GA can bring about specific structural modifications of
the transcribed RNAs, and consequently, a translational modulation of protein(s), with
molesular heterogeneity follows'®. Thus the effects of GA on synthesis, activation and
stability of mRNA are not clearly distinguished.

Besides GA, many natvrally occurring compounds including abscisic acid (ABA),
helminthosporal, (—) kaurene, cyclic 3'~5" AMP, and ATP as well as osmotic stress and
concentration of hydrolytic products, are shown to regulate alpha-amylase synthesis's,
ABA-inhibited alpha-amylase synthesis is counteracted by GA in barley'?® and
mustard'® seedlings. Photoinactivation of the enzyme in barley on exposure 1o light,
is correlated with the chlorophyll content and a change in the endogenous GA-
inhibitor balances?,

The subcellular pathway of the release of alpha-amylase is not yet well defined. Evi-
dence for enzyme packaging in lysosome-like bodies in GA-treated wheat aleurones is
reported!®! but not confirmed in barley'®2. The hypothesis, ihat the enzyme is trans-
ported from the cytoplasm both inside and outside the cell by distinct secretory vesicles! 2,
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is not supported by cytological evidences. It is suggested!® that alpha-amylase being
a soluble enzyme, is directly released from the cytoplasm across the aleurone cell plasma-
femma, without the involvement of discrete secretory organelles.

8.7. Hormonal regulation of alpha-amylase isoenzymes

Highly purified alpha-amylase is selectively oblained by complexing with giycogen,
though two apparently independent binding sites on the enzyme are demonsirated for
the formation of mujtimolecular complex'®, Heterogeneity of a-amylases Lave been
reported and 5 isoenzymes are separated from barley'®. Isocnzymes are separated by
starch or polyacrylamide gel electrophoresis, isoelectric focussing and by hmmvnodiffu-
sion methods'®". Quantitative separation canbe obtained by jon-exchange column
chromatography using a linear sall gradient.

It has been shown that in barley aleurones, GA-induced alpha-amylase isoenzymes,
synthesised in vitro and in vivo, are not similar'®. Two sets of isoenzymes having diffe-
rent electrophoretic mobilities have been isolated from germinating barley'® ; GA-lreat-
ment accelerates the formation of all the isoenzymes!®. Faster moving set of isoenzymes
is comparable to green alpha-amylase of immature wheat kernels and their quantity
varies at different stages of seed development. It is shown to be responsible for lowered
amylograph viscosity and thus governs the ultimate quality of wheat.

Studies on physico-chemical properties of four alpha-amylase isoenzymes of malted
wheat revealed that they have similar Km values, pH optima, activation energy and
molecular weights, but different electrophoretic and immunological properties. In
barley, seven alpha-amylase isoenzymes are present differing only in their net electrical
charges'#®. High acidic amino acid content of the enzyme explains their stability in
acidic pH. However, their individual contribution in governing the rheological and
bread making properties of wheat dough are not known, 'The failures to interconvert
alpha-amylase isoepzymes or to implicate them as preparation artifacts, suggests that
they have different genetic origin. The isoenzymes from barley, wheat and maize reflect
some differences in their molecular characteristics, which result from base palr altera-
tions in their structural gemes® Multiple loci controlling alpha- and beta-amylase
isoenzymes have been reported in wheat*, Furuta et o' have concluded that no
appreciable changes in the nuclear DNA content of A and B genomes of common wheat
have ozc irred during the entire course of evojution. The genetic characteristics of alpha.
amylase isoenzymes from genuine and reconstituted strains of tetra and hexaploid wheat
are compared and used to analyse the genetic regulatory rmechanism in plants®*S, The
indirect fluorescent antibody technique is used to analyse the celiular and intracelluiar
1ocalization of the enzyme more precisely and this helps te screen mutation in plants™,
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