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ABSTRACT

Major developmental processes such as the germination of seeds and ensuing establishment of
seedlings are tightly controlled at the transcriptional and translational levels, involving
exceedingly complicated changes in physiological conditions. Seeds go from a condition of
relative inactivity to intense activity through the action of phytohormones such as gibberellic
acid or GA and abscisic acid or ABA. It has been extensively documented and widely accepted
that numerous functions within plants are influenced by phytohormones and that the ultimate
resulting effect hugely depends on the precise hormonal amalgamation interplay as opposed to
the functionality associated with individual plant hormones. This means that the results of plant
hormone action depend on a unique hormonal combination as opposed to the actions of each
hormone independently. In the last 20 years, many aspects of the channels for transmitting
signals of different phytohormones have been elucidated. This has led to the discovery of parts of
or full cascading mechanisms. These results offer a foundation of framework, needed to start
figuring out how different hormone signal transduction pathways talk to each other. This kind of
cross-talk includes a multitude of processes that work at both the hormone sensitivity and at
metabolic level, making an intricate system of responses. The research and understanding of
gibberellins (GAs) has significant implications in both agriculture and horticulture for plants’
ability to adapt to changing environmental stress. In this review, the focus is on how gibberellin
works in conjunction with other plant growth promoters and plant growth inhibitors.

KEYWORDS: Abscisic acid; Aleurone; Alpha-amylase; Cordycepin; Cross talk;
Cycloheximide; Phytohormones; Polyadenylation; Poly(A)polymerase; RNA Polymerase.

INTRODUCTION

The phytohormone gibberellic acid (tetracyclic diterpenoid carboxylic acids) is an endogenous
plant growth promoting hormone. The genes responsible for gibberellin production have been
cloned and well characterised in both Fusarium fujikuroi and Arabidopsis thaliana by
Tudzynski, (2005). Despite a stark structural similarity between the fungal and higher plant GA,
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there exist significant differences in both enzymes involved and pathways for biosynthesis,
indicating that the two biosynthetic routes have had divergent evolution.

While plant-to-fungus gene transfer is inconceivable, the non-existence of the genes in
phylogenetically associated Fusarium species is intriguing and prompts researchers to speculate
its emergence. Basic research affects biotechnology and can potentially enhance production
strains (Tudzynski, 2005). Enhancing production strains may be possible through the adoption of
molecular management research, involving genetic engineering and biotechnology techniques
such as gene cloning (creating copies), gene amplification (increasing the number of copies),
DNA constructs with the mutation of interest (knock-out mutants) and investigations of
molecular level regulation (Tudzynski, 2005).

Regulation of changes in physiological conditions are intricately orchestrated in terms of gene
expression (transcriptional and translational) throughout the crucial developmental processes of
seed germination and subsequent development of embryo into the establishment of seedling. The
passage of seeds from an arguably quiescent to an intense activity phase is governed by the
phytohormones gibberellin (plant growth promoter) and abscisic acid (plant growth inhibitor).

In grain aleurone tissue, GA turns on alpha-amylases and ABA turns them off. Alpha-amylases
are needed to use starch stored in the endosperm (Zentella et al., 2002). Since GA and ABA
antagonise one another, cereal aleurone layers provide an excellent framework for investigating

the cellular processes’ underlying hormonal regulation of the expression of genes (Bethke et al.,
1997; Lovegrove and Hooley, 2000).

Interaction amongst plant growth regulators

Phytohormones have interconnected and interrelated impacts on various biological functions,
and the outcome of plant hormone activity is therefore contingent upon the composition of the
combination of hormones as opposed to the actions of an individual hormone all by itself
(Castro-Camba, et al., 2022). Numerous constituent elements of the signal transmission channels
utilised by different phytohormones have over the past years been unravelled, which has allowed
for the partial or complete elucidation of signalling cascades. These discoveries have provided
the means to start dissecting the mechanisms causing the interference between various hormone
signal transduction pathways. Such interactions involve several processes that work at the level
of the steps of enzymatic biosynthesis and responsiveness, resulting in an intricate reaction
system.

Dormancy in seeds is a normal occurrence in plants, which is responsible for suppressing
germination in unfavourable environmental circumstances and guarantees that seeds reach the
grain-filling stage first. ABA is produced by the mother plant and causes the developing seeds to
enter a dormant state. The hormonal equilibrium among ABA and GAs functions as a modulator
to either remain in a quiescent stage or to begin its growth phase, and a drop in ABA
concentration is a prerequisite for germination following seed maturation (Wang et al., 2018).
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When seeds have a weak dormancy, they are more likely to sprout before harvest, which causes a
big drop in grain output and quality. Strong dormancy, on the other hand, keeps the seed from

germinating. The synergistic activity of ABA and GA-associated regulation largely determines
the seed dormancy or germination outcome during development. Hence, abscisic acid and

gibberellic acid-related signal pathways work together to mostly control how seeds develop
during dormancy or germination (Liu et al., 2010; Zhao et al., 2019). As opposed to GA, which
promotes seed germination and drives plant growth, ABA primarily encourages seed dormancy,
limits root growth, and makes it easier to tolerate abiotic stress (Muhammad Aslam et al., 2022).

According to Wang and associates (2018), other phytohormones that work in conjunction with
ABA or GA, are auxin (IAA), ethylene (C,H,), strigolactone (STR), and brassinosteroid (BR), as
well as internal signalling pathways like nitric oxide and ROS (reactive oxygen species).
Environmental variables like heat and light intensity, also contribute to the processes of seed
dormancy or germination. Additionally, Bouquin and associates, (2001); Traw and Bergelson,
(2003) and Weiss and Ori, (2007), have shown that GA interacts with brassinosteroids.

The transition from embryogenesis to germination in seeds is regulated in large part by the
interplay between phytohormones, specifically gibberellin and abscisic acid. Ritchie and Gilroy,
(1998b) and Lovegrove and Hooley, (2000) have illustrated the secretion and translocation of
GA from the embryo to the aleurone layer during germination of cereal grains, wherein it
stimulates the amplification of many genes that encode enzymes that hydrolyze carbohydrates.
ABA on the other hand suppresses the manifestation of these genes. Thereby causing inhibition
of germination processes and seed growth, resulting in seed dormancy, according to Bethke and
associates, (1997) and also Lovegrove and Hooley, (2000). Furthermore, according to Razem,
and associates, (2006), the ratio and antagonistic connection between these two hormones
controls the steps involved in the onward journey of plant growth from embryo to seed
germination, involving events such embryonic maturation, the development of seeds, and finally
culminating in germination.

Conducting comprehensive gene localization investigations in a single species employing
techniques like in situ RNA hybridization (to observe the mRNA transcripts of interest in
cultured cells), target gene promoter-reporter fusion, by immunostaining with specialised
antibodies (specific to the protein of interest ) to track down all of the genes that make up the
complete pathway, it is obvious that molecular genetic analyses techniques are outstanding and
will potentially continue to be fruitful, as the impressive complexity of the GA responsiveness
channel elements are uncovered by these techniques (Olszewski, et al., 2002). To understand
how the genetically identified parts work once they have been cloned, further research into
molecular association investigations, biochemical and cell biology laboratory investigations, and
gene profiling by microarray analyses (using a gene to which numerous mRNA's bind and can be
quantified) will be required. Using diverse plant types has sped up the process of isolating new
GA signalling constituents and will potentially be crucial in elucidating distinctions in the
significance of these components across species. It will be important to research these
components in model organisms, in order to completely grasp the interdependencies amongst
them (Olszewski, et al., 2002).
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For several activities in plants, reactive oxygen species, ROS serve as signalling elements. The

functions of ROS are still unclear in many ways, though they serve an integral part in the

signalling of GA and ABA in aleurone cells of barley, wherein, GA promoted the generation of

hydrogen peroxide (H,0,), as an ROS, while ABA inhibited its synthesis. The addition of

exogenous H,0, also seems to facilitate GA's activation of a-amylases. But the production of a-

amylases is inhibited by antioxidants. Therefore, H,O, appears to have a role in GA and ABA
signalling and in regulating a-amylase synthesis in aleurone cells (Ishibashi, et al., 2012).

Plants need to be able to successfully protect themselves against biotic and abiotic stressors in
the wild. While it is very effective, this protection comes at a high cost and frequently slows
growth significantly. The fundamental question of how plants coordinate the ever-changing
growth-defence dynamics remains unanswered. Important plant hormones that mediate defence
and growth are gibberellic acid (GA) and jasmonate (JA) (Yang et al., 2012).

Plants and microorganisms are perpetually in conflict with each other, consequently both are
evolving multiple survival strategies. Strategies are defensive by the host, to protect themselves
and offensive by the attacking pathogen. According to Kazan and Lyons, (2014) plants
frequently leverage complex signalling channels governed by phytohormones, to protect
themselves from pathogens. Pathogens, in response, have devised cutting-edge strategies for
subverting phytohormone-controlled resistance. Plant pathogens manipulate hormonal signalling
routes and interplay. The pathogenic effectors must necessarily disrupt the molecular
mechanisms of host plant phytohormone signalling, in order to parasitise. They essentially
engage with phytohormonal receptors, transcriptional activators, and repressor molecules. In this
context, jasmonates, salicylates and ethylene are the principal defensive hormones. The
phytohormones gibberellin, auxin, cytokinin, abscisic acid, brassinosteroids and strigolactones,
in addition to predominantly being attributed with the role of growth, development and resilience
to stress, also regulate defence responses in plants, either alone or alongside the principal
defensive hormones (Kazan and Lyons, 2014).

a-amylase, which makes up 40-50% of salivary protein, is an essential enzyme for the digestion
of starchy foods. Patients with malfunctioning salivary glands necessitate salivary gland
restoration accomplished through tissue engineering techniques. The production of gibberellic
acid (GA3), a phytohormone, occurs early in the germination process and stimulates the
enzymatic production and the release of the hydrolysing enzyme, a-amylase by the embryo.
While researching GA; as a prospective technique for influencing stem cells to undergo
development into glands that produce saliva, Kasamatsu and co-workers, (2012), isolated
adipose-derived stem cells (ASCs), checked them out for toxicity of GA3; and identified markers
that were positive for the mesenchymal stem cell. The pluripotent cells (from human buccal fat
pads), are easily accessible to oral and dental surgeons. The toxicity of GA3; towards adipose-
derived stem cells (human ASCs) was also investigated. Morphological and viability
characteristics of the cells were not dose-dependently or time-dependently altered by GAs. An
evaluation of the levels of expression (using western blotting and RT-PCR) revealed a GA;
mediated enhancement of both the mRNA and the protein a-amylase, in the ASC's. On Day 21
following GAs3 (1 mM) therapy, the expression of a-amylase mMRNA was seven fold higher than
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it had been on Day 0. Day 0 showed no evidence of a-amylase bands, however after 7 days of

GA; therapy, the protein was clearly visible, peaking at Day 21. Salivary gland regeneration

could be aided by using this induction approach, as the results showed that GA3 can boost
cellular a-amylase expression (Kasamatsu et al., 2012).

Gibberellic acid mediated control of enzyme activity

In vivo application of plant hormones activates several preformed enzyme molecules, stored in
their dormant; inactive form during dehydration of seeds. In vitro addition of the hormone to
cell-free extracts can also bring about enzyme activation by generating some mediator chemical
signals in vivo that modulate enzyme activity. GA-mediated phosphorylation, acetylation,
methylation or glycosylation of proteins can also bring about covalent modifications (Doll and
Ingram, 2022).

Processing RNA is a crucial post-transcriptional step in regulating gene expression in
eukaryotes. One of the important RNA processing steps is the polyadenylation of mMRNA at the
3' terminal site. This is achieved through the catalytic activity of poly (A) polymerase. Both
hnRNA and mRNA are polyadenylated at the 3' end by incorporation of residues from the
substrate ATP in both plant and animal cells. Modulating poly (A) polymerase activity may be a
means of regulating MRNA polyadenylation.

Cereal aleurone layers are an ideal system for examining the pathway of the molecular processes
implicated in the expression of genes, monitored hormonally, according to Bethke and
associates, (1997) and Lovegrove and Hooley, (2000).

Activity of enzyme RNA-polymerase: Researchers have long been interested in the
connection between visible growth, apparent development and the activity of the enzyme RNA
polymerases. Transcription is potentially a logical option for the control of growth and
development processes. The DNA-dependent-RNA-polymerases undergo drastic changes during
different phases of development and are concomitant in response to various external or internal
factors. The enhancement in the activity of enzyme synthesising RNA (by the activity of the
enzyme RNA polymerase) may be either due to the preformed enzymes being activated or due to
the de novo production of the enzymatic protein.

Activity of the RNA transcription enzyme, RNA polymerase Il has been reported to be
significantly enhanced in soyabean during germination (Guilfoyle and Malcolm, 1980). During
liver regeneration, both RNA polymerases | and 11 were preferentially reported to have increased
(Matsui et al., 1976 Yu, 1975). RNA polymerase levels preferentially increase in resting
fibroblasts as they transition into a state of growth, (Mauck, 1977). All the RNA polymerases (I,
I1 and 111) have been reported to show enhanced activity during Xenopus oogenesis (Order, et al.,
1974).
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Temporal regulation: Alteration in the enzymatic activity of RNA-polymerases during various

developmental stages has been demonstrated in a number of eukaryotes (Willmann et al., 2011;
Tognacca et al., 2020).

Hormonal regulation: Many plant and animal systems have been linked to the regulation of RNA
polymerase activity by hormones (Thiel et al., 2008; Yamamuro et al., 2015).

The addition of gibberellic acid during the enzyme isolation steps (such as grinding, layering, or
incubation buffers) increased RNA production in the plant system, as discovered by Johri and
Varner (1967). However, no increase in RNA synthesis occurred when the nuclei, in isolation,
were exposed to GA for as long as two hours before the RNA synthesis. Adding GA early on
(during chopping and grinding) resulted in the greatest boost to RNA synthesis; adding GA later
on resulted in a diminishing enhancement effect. Adding GA to either the filtrate or the crude
extract with nuclei resulted in a similarly significant increase in RNA production response.
Furthermore, it has been demonstrated that the average molecular weight of RNA generated by
hormone-treated nuclei is greater than that of RNA synthesised by control nuclei. Despite the
lack of an in vitro reaction, chromatin preparations from plants treated with 2,4-
dichlorophenoxyacetic acid (a herbicide) exhibit more polymerase activity than those from
untreated plants (O'Brein et al., 1968).

Chromatin isolated from 2-day etiolated cucumber embryonic axes treated with the plant
hormones indoleacetic acid (IAA), gibberellin A7 (GA-), or kinetin demonstrated enhanced
capacity to carry out RNA synthesis in both the presence as well as in the absence of bacterial
RNA polymerase (Johnson and Purves, 1970). The preparations from washed beetroot tissue
have been shown by Duda and Cherry (1971) to alter chromatin and nuclei-directed RNA
production, additionally the supply of subsequently isolated chromatin templates is improved by
washing the tissue with a combination of gibberellic acid and auxin. Studies on sugar-beet nuclei
in isolation show that these hormones have an impact on gene transcription, which in turn affects
RNA production. Further research on this topic by Hou and Pillay (1975) revealed that
chromatin RNA polymerase activity is increased when gibberellic acid is applied on to soybean
hypocotyls, but it is decreased when chromatin is isolated from hypocotyls that have been pre-
treated with AMO-1618 (inhibits gibberellin biosynthesis and slows down germination). The
increased ability to synthesise RNA in response to gibberellic acid therapy may be caused by
increased RNA polymerase synthesis.

Auxin has been shown to enhance RNA synthesis activity (i.e., rRNA) in etiolated soyabean
tissue by increasing RNA polymerase | activity (to a tune of 5-8-fold) directly and not by altering
the chromatin template (Guilfoyle et al., 1975). Further study by Gulfoyle, (1980) has shown that
auxin-treated etiolated soybean seedlings showed a 10-20-fold rise in RNA polymerases | and a
6-fold rise in levels of RNA polymerases Il. This rise in the concentration of RNA polymerases
is the result of the enzymes' de novo production, as demonstrated by the incorporation of **[S] to
the sulphur containing amino acid, methionine, into the subunits of the enzyme RNA
polymerase. The control of transcription in auxin-induced soybean hypocotyl does not appear to
be caused by structural changes to the subunits of RNA polymerase (Guilfoyle, 1980).
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Enhancement in activity of the transcriptional enzyme (RNA polymerases 1) has been

demonstrated in pea buds following GA3 treatments (Tomi et al., 1983a). RNA polymerase

activities from tissue treated with GA3 and control tissue were assessed after partial purification

and GA; was found to enhance RNA polymerase Il activity but produced no noticeable alteration

in the properties of RNA polymerase 1l. Boosting RNA polymerase activity and enhancing the

chromatin template are both signs of elevated RNA synthesis after GA3 interventions (Tomi et
al., 1983a, 1983b).

Activity of enzyme Poly (A) polymerase: According to a study on barley aleurone
layers (Jacobsen and Zwar, 1974), GA; increased poly (A)" RNA. Wheat embryo-less half-seeds
treated with GA3 showed poly (A) polymerase activity that was two- to three-fold higher than
control seeds, which may explain why cereals have higher rates of polyadenylation of mRNA
(Berry and Sachar, 1981). The strong suppression of GAsz-mediated promotion of poly (A)
polymerase by cycloheximide (CHI, a fungicide obtained from the bacterium Streptomyces
griseus) and amino-acid substitutes demonstrates that hormonal control of enzyme activity relies
on de novo protein synthesis.

Using cordycepin (a potent inhibitor of transcription), Berry and Sachar (1982) demonstrated
that GAs-triggered poly (A) polymerase activity was unaffected, lending support to the idea that
the aleurone layers of wheat are equipped with a conserved message for poly (A) polymerase
that can facilitate enzyme protein synthesis. A GAs-induced upregulation of a conserved poly
(A) polymerase gene was suppressed by ABA.

In germinating wheat excised embryos, cycloheximide and amino acid analogues significantly
suppress GAs-mediated augmentation of poly (A) polymerase activity, whereas cordycepin has
no effect, as reported by Lakhani and associates, (1983). These outcomes imply that the stored
mMRNA in the latent wheat embryos is accountable for the transcription of the poly (A)
polymerase that is essential for wheat seed development. Treatment of an excised embryo with
cordycepin substantially boosted the activity of poly (A) polymerase compared to untreated-
standards, suggesting that cordycepin has an adverse effect on a blocker of the activity of poly
(A) polymerase.

Berry and Sachar (1984) revealed that the activity of enzyme poly (A) polymerase is highly
correlated with the maturation of wheat kernels. Young kernels showed increased activity, while
mature kernels showed decreased activity. It has been shown that there is only one molecular
variant of poly (A) polymerase present in the kernel at any given time. Lakhani and Sachar
(1985) demonstrated a threefold elevated levels of poly(A)polymerase activity and a concomitant
increase in the polyadenylated (poly (A)'RNA in excised-wheat embryos, after 72 hours of
germination. GAs treatment of wheat embryos resulted in a 1.8-2.0 fold increase in the activity of
the poly(A)polymerising enzyme and an increase in the amount of tagged polyadenylated-RNA
by a factor of two compared to controls. Cycloheximide (CHI) counteracted the stimulatory
impact of GAs by decreasing the levels of both (poly(A)polymerase activity and poly(A)"RNA).
The authors hypothesised that ABA and GA3z work at the post-transcriptional level to control the
activity of the enzyme (poly(A)polymerase) in the wheat embryos. The degree at which the
activity of the enzyme (poly(A)polymerase) dipped in control and GAs-incubated embryos of
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wheat after translational inhibition with CHI was compared. The GAs-treated embryos showed a

faster fall. Thus, GA; stabilises the enzyme, allowing for an increase in its activity; it also

regulates the enzyme's activity post-transcriptionally, leading to a higher concentration of poly

(A)" RNA. Labelling the enzyme gave conclusive proof that poly (A) polymerase is synthesised

de novo, in wheat embryos (Lakhani et al., 1989) and in mungbean (Mathur et al., 1989) in the

presence of *[SO4]* and subsequently recovering the **[S] -labelled cysteine from the purified
preparation.

Activity of enzyme acid phosphatase: Half-seeds of wheat (without embryos) treated
with GA; and P! showed selective de novo enzyme production of an acid-phosphatase isozyme
that was labelled with P*. Presence of stored mRNA for acid phosphatase was indicated by the
fact that cycloheximide and not cordycepin could inhibit the hormone stimulated enzyme activity
(Akiyama et al., 1981a; Akiyama et al., 1981b). In barley endosperm, GAs-treatment was
reported to activate preformed enzyme molecules of acid phosphatase (Bailey et al., 1976).

Activity of enzymes o-diphenolase, RNAse, peroxidase, protease: MicroRNAs or
miRNAs are a type of highly preserved tiny pieces of non-coding RNA that are very important in
controlling how genes are expressed. Stored miRNAs have been identified in wheat embryos for
proteins like o-diphenolase, RNAse, and peroxidase and in cotton embryos for protease (Taneja
and Sachar, 1976). Additionally, lectins have been reported to be translated from their saved
MRNAs, as reported by Peumans and coworkers, (1980) in pea, (Pisum sativum), and in wheat,
and by Peumans and associates, (1982) in rye, (Secale cereale).

Activity of enzyme S-adenosyl methionine synthetase: Stimulation of S-adenosyl
methionine synthetase in germinated wheat embryos was considerably inhibited by
cycloheximide and analogues of amino acids. However, the inhibitory influence of amino acid
equivalents was reduced, when they were added together with their corresponding amino acids.
Labelling the enzyme with *[SO4]* in vivo gave conclusive proof of its de novo synthesis.
Cordycepin, which is an effective transcription inhibitor, did not prevent AdoMet synthetase
from being synthesised de novo thereby suggesting that wheat embryos store mMRNA for this
enzyme (Mathur et al., 1991b). Thus, stored MRNASs serve as a template for de novo translation
of specific enzymes. How the regulatory control mechanism triggers active translation of stored
MRNAS in germinating embryos is not known (Sano, et al., 2020).

Activity of enzyme zymogen B-amylase: In barley aleurone, GA; is responsible for
activation of zymogen B-amylase by proteolysis and cleavage of disulphide bonds (Jacobsen et
al., 1970; Shinke and Mugibayashi, 1972). GAs-stimulated activity of PCG transferase
(phosphorylcholine-cytidyl and phosphorylcholine-glyceride transferases) in barley aleurones
was not inhibited by amino acid analogues, thereby, supporting the activation hypothesis as the
basis of enzyme regulation, according to Johnson and Kende, (1971) and Ben-Tal and Varner,
(1974). However, since one of the substrates (diglyceride) of this enzyme was inseparable from
the membrane bound enzyme, its concentration was not under control during in vitro assay of
enzyme activity. Therefore, GA3 could be responsible only for increasing levels of diglyceride
and not of PCG transferase (Bewley and Black, 1978).
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Activity of enzyme monophenolase: The two-fold increase of monophenolase in
embryo-less wheat half-seeds that had been treated with GA3 was not substantially hindered by
RNA and protein synthesis inhibitors. (Taneja and Sachar, 1974), indicating that new (de novo)
synthesis of proteins was not mandatory for the phytohormone-triggered activity of the enzyme.
Evidence in support of activation of monophenolase by GA3; has been provided (Berry and
Sachar, 1982) by showing that activated monophenolase exhibited altered molecular properties.
The GAgs-treatment brought about a shift in pH optimum from pH 7.0, (the optimum for control
enzyme) to pH 9.0. In GAgs-treated tissue, a relatively high thermostability was conferred on
monophenolase (55°C) and also the electrophoretic mobility of its multiple forms was altered.
Subsequently. Saluja and Sachar, (1982) observed two activity peaks of monophenolase (M.W.
45,000 and 1,80,000) in half-seeds treated with GA3 (48 hr) as against a single molecular form
(M.W. 45,000) of monophenolase in the untreated controls. The two kinds of monophenolase,
isolated from the half-seeds treated with GA;3; exhibited an ideal enzyme activity at pH 9.0,
compared to the pH optimum of the untreated control molecular type at pH 7.0. When half-seeds
were allowed to imbibe phosphate buffer for 48 hrs, the impact of GA; on monophenolase
enzymatic functionality was perfectly mirrored (Saluja et al., 1987) and the activation brought
about by GA3 and Pi was effectively stopped by ABA.

The hormonal regulation of monophenolase by GA;3 as early as 2-12 hours, is an early response
(Saluja et al., 1989a). Tissue treated with GA3 showed a shift in its optimal pH value, from 7.0 to
9.0. The GAs treatment of half-seeds for 12 hours, however, could not bring about
oligomerization of monophenolase into a high molecular weight form (M.W. 1,80,000) because
only one molecular form of monophenolase (45,000 Daltons) was observed.

Gibberellin binding proteins

It is currently thought that most of the physiological and biochemical responses elicited by plant
hormones, analogous with steroid hormones in animal systems, are initiated by interaction of
hormones with their respective receptors. Thus, the primary signal generated by hormones is a
conformational change in the receptor molecule (by binding at specific sites on the receptor),
which in turn modulates other enzyme proteins. These binding sites have been shown to have
high affinity and high specificity for different phytohormones and are present within the cell
membrane and cytosol of the cell. However, it remains to be seen whether such a recognition
mechanism truly represents hormone-receptor complexes that can elicit a biochemical response
(Ueguchi-Tanaka, et al., 2007; Ito, et al., 2018; Bao et al., 2020).

Hormone-receptor interactions

Kende and Gardner, in 1976 and Stodart and Venis, in 1980, outline the following conditions as
necessary for plant hormone receptor binding:

1. There must be a finite number of receptor molecules, so that GA uptake can be saturated.
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2. Since the hormone-receptor binding is potentially non-covalent, it can be shown that a non-
radioactive ligand can be substituted for a radioactive one, and vice versa.

3. The intensity of the biochemical response should be proportional to the concentration of the
hormone-receptor complex if binding sites accurately represent the receptor molecules. There
should be a correlation between Kd (dissociation constant of the complex between the hormone
and the receptor, refers to that concentration of hormone at which 50% of the total binding-sites
of the receptor are occupied by the bound hormone) and the quantity of hormone required to
induce fifty percent of the maximal biochemical response. At any given time, fewer hormone
molecules should be needed to occupy half of the accessible binding sites for a highly effective
hormone than for a less active ligand. If the Kd is lower, the more specific the binding is for the
ligand.

4. The binding must be biologically meaningful. Hormones bind not only to their receptors, but
also to their metabolising enzymes, transport proteins or to the enzymes involved in their
degradation. Hence, it is necessary to characterise the plant hormone after dissociating it from
the binding site. Conclusive evidence that one is working with receptor protein can be obtained
by demonstrating the known hormone-mediated activity in a mutated receptor by delivering a
hormone-receptor complex.

In vivo [*H] GA-binding

Presuming that GA must react with a macromolecule in the cell in order to effect a physiological
response, [*H]GA; or [*H]GAs have been administered to dwarf peas (Kende, 1967; Musgrave,
et al., 1969; Musgrave and Kende, 1970) but no stable macromolecule - GA complex was found.
These workers have also shown that there was no saturation of GA uptake in dwarf pea. Also, in
barley aleurones, no saturation of GA uptake with time or with increasing concentration was
observed (Srivastava, 1987).

In 1974, Stodart and coworkers established that [?H]GA; supplied to dwarf pea epicotyls (in vivo
by incubation for 12 hr) was bound non-covalently to a high mol.wt. (HMV) and an intermediate
mol.wt. (IMV) element from a 20,000 g extract and that only the bio-active form, [*H] Keto GA;
could compete for binding to these elements whereas the inactive form [*H] pseudo-GA, and
[*H] GA; could not.

These observations have been confirmed and extended by Keith and Srivastava, (1980) by
adopting a slightly modified procedure. Binding sites of GA; were detected when slices of dwarf
pea were subjected to pre-incubation in [°H] GA; (at 0°C, for three days) on at least 2 soluble
proteins with an estimated molecular weight of 6x10° Daltons and 4 to 7x10* Daltons. With a Kd
value of 6x10° and 1.4x10° M, respectively. It was demonstrated that binding for physiologically
active GAs was saturable and selective under in vivo circumstances. Applying low temperatures
prevented [°H] GA; metabolism or its accumulation into the inner compartments from
complicating a study of binding characteristics under equilibrium conditions.
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In vitro [*H] GA - binding

[*H] GA's binding to a soluble macromolecule (100,000 g) in cucumber cytosol was shown by
sephadex chromatography (Keith et al., 1981). That hormone binding to a protein was
experimentally shown by heat treatment and protease treatment which destroyed specificity of
the binding which was not disrupted by DNase, RNase or Lipase. Keith et al. (1981)
demonstrated that [°H] GA; binding was pH-sensitive, saturable, and reversible and was
considerably influenced by bioactive GAs but the inactive gibberellin is not. This can be
accomplished by performing equilibrium-dialysis utilising protein enriched fraction (made by
ammonium sulphate precipitation).

Sephadex filtration is based on noncovalent binding of [°*H] GA to a protein wherein the filter
paper assay, relies on the binding capacity of the protein onto the DEAE-cellulose-filter-discs
and that the binding is saturated and easily reversed with GA. The biologically active GAs
competed for binding of the soluble protein (Keith et al., 1982).

At 4° C, Sephadex chromatography was used to demonstrate the binding of [°H] GA; to a soluble
macromolecular component that was found in the cytoplasm (100,000 g) of maize leaf sheaths. It
appears that the high-molecular-weight binding constituent (of more than 500 kD), was a protein
that specifically bonded to [*H]GA; and not to a metabolite. The binding was pH-dependent and
blocked by both functional and nonfunctional GAs (Keith and Rappaport, 1987).

A subcellular fraction from wheat endosperm that was rich in aleurone grains and exhibited
specific binding for [*(H] GA; has been identified (Jelsema et al., 1975, 1977). The unique GA-
binding sites were 0.45 pmol. mg™ of protein, and the Kd was 1.5 x 106 M. Additionally, ABA,
which blocks the activity of GA in vivo, was demonstrated to block GA binding in vitro (Jelsema
etal., 1977).

As reported by Konjevic and coworkers, (1976), [**C] labelled GA; bound to pea stem protein
molecules was successfully isolated and examined. Using ion-exchange chromatography on a
DEAE-Sephadex A-50 column, it was demonstrated that these soluble GA-protein complexes
segregate into four radioactive zones, each of which elutes with a different KCI concentration.
The non-covalent interaction between the ligand hormone and the protein fraction was indicated
by its disruption upon ethanol treatment.

Possible mechanism of gibberellin receptor action

Gibberellic acid (GA3) exerts a pleiotropic effect on diverse physiological and biochemical
functions in plant cells. Possibilities of gibberellin-receptor action as given by Srivastava, (1987)
are:

1. Different receptor sites in the same plant tissue may have different affinities for binding to the
same chromatin region at different times in the plant's life cycle.
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2. Hormone-receptor complexes are formed when signal molecules local to a tissue or organ
engage with the receptor molecule and change the conformation of the chromatin binding region.

3. Different plant tissues have receptor molecules with varying chromatin-binding region
architectures and GA-binding region architectures.

CONCLUSIONS

There is a growing interest amongst researchers due to the profound pleiotropic effects that
gibberellins have on plants’ development, their defence mechanisms, and their general
performance. Interactions with other plant growth regulators (PGRs) are rather complex. The
gibberellic acid (GA) mechanism is in tandem with growth-inducing phytohormones (auxins,
brassinosteroids) and in contradiction to stress-related PGRs (ethylene, jasmonates, abscisic
acid). The characteristics and outcomes of these correlations in nature depend on the interplay of
all the hormones as internal factors and the variable external factors. The modulation of certain
plant responses is made possible by identifying the genes and proteins at the epicenter of these
complex associations. Additionally, the associations of GAs with novel potential PGRs and other
substances offer a way to precisely articulate plant performance patterns, especially in pertinent
crops.

It is noteworthy to highlight that the relationship involving GAs signalling and the capacity of
plants to respond to various stresses makes it easier for them to acquire higher levels of
endurance, which may be essential for their ability to adjust to the circumstances brought on by
an environmental event involving climate change.

Since the phytohormone directly or indirectly impacts numerous aspects of plants,

Gibberellins are credited with sparking the "Green Revolution™ that dramatically improved crop
productivity during the 20th century. The complex challenges facing agriculture are currently
how to sustain or strengthen this output in the midst of a constantly expanding global population
and climatic variability, which will render crops vulnerable from rising biological and
environmental challenges.

REFERENCES

1. Akiyama T, Uchiyama H and Suzuki H (1981a). Gibberellic acid induced increase in
activity of a particular isozyme of acid phosphatase in wheat half-seeds. Plant Cell
Physiol. 22: 1023- 1028.

2. Akiyama T, Uchiyama H and Suzuki H (1981b). Gibberellic acid - stimulated de novo
synthesis of a particular isozyme of acid phosphatase in wheat half-seeds. Plant Cell
Physiol. 22: 1029- 1034.

16287
Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Section A-Research paper
ISSN 2063-5346

Bailey KM, Philips IDJ and Pitt, D (1976). Effect of Gibberellic acid on the activation,
synthesis and release of acid phosphatase in barley seeds. J. Exp. Bot. 27 :324-336.

Bao, S., Hua, C., Shen L., and Yu, H. New insights into gibberellin signaling in
regulating flowering in Arabidopsis[J]. J Integr Plant Biol., 2020, 62(1): 118-131.
Ben-Tal Y and Varner JE (1974). An early response to Gibberellic acid not requiring
protein synthesis. Plant Physiol. 54: 813-816. both

Berry M and Sachar RC (1981). Hormonal regulation of poly (A) polymerase activity by
gibberellic acid in embryo-less half-seeds of wheat (Triticum aestivum) FEBS Lett. 132:
109-113.

Berry M and Sachar RC (1982a). Expression of conserved message of poly (A)
polymerase through hormonal control in wheat aleurone layers. FEBSLett. 141: 164-168.
BOTH

Berry M and Sachar RC (1982b). Gibberellic acid -mediated activation of
monophenolase in de-embryonated half-seeds of wheat (Triticum aestival)
Phytochemistry. 21: 585-591. BOTH

Berry M and Sachar RC (1984). Poly (A) polymerase activity in developing kernels of
wheat: enzyme modulation and product characterization. Plant Sci. Lett. 33: 327-335.
Bethke, P. C., Schuurink, R., & Jones, R. L. (1997). Hormonal signalling in cereal
aleurone. Journal of Experimental Botany, 48(7), 1337-1356.

Bewley JD and Black M (1978). In physiology and biochemistry of seeds in relation to
germination, vol 1 (Springer Verlag, Berlin, Heidelberg, New York) 245-283.

Bouquin, T., Meier, C., Foster, R., Nielsen, M. E., & Mundy, J. (2001). Control of
specific gene expression by gibberellin and brassinosteroid. Plant Physiology, 127(2),
450-458.

Castro-Camba R, Sanchez C, Vidal N, Vielba JM. 2022. Interactions of Gibberellins with
Phytohormones and Their Role in Stress Responses. Horticulturae. 8(3):241.

Courvalin JC, Bouton MM, Baulieu EE Nuret and Chambon P (1976). Effect of
oestradiol on rat uterus DNA dependent RNA polymerases. Studies on Solubilized
enzymes. J. Biol Chem. 251, 4843-4849.

Doll NM and Ingram G 2022. Embryo—Endosperm Interactions. Annual Review of Plant
Biology, 73:293-321.

Duda (T and Cherry JH (1971). Chromatin and nuclei - directed ribonucleic acid
synthesis in sugar beet root. Plant Physiol. 47: 262-268.

Guilfoyle TJ (1980). Auxin induced DNA - dependent RNA polymerase activity in
mature hypocotyl Biochemistry 19: 6112-6118.

Guilfoyle TJ, Lin CY, Chen Ym, Nagao RT and Key TL (1975). Enhancement of
soybean RNA polymerase by auxin. Proc. Nat. Acad. Sci. USA 72; 69-72.

Guilfoyle TJ and Malcolm (1980). The amounts, subunit structures, and template
engaged activities of RNA polymerase in germinating soybean axes Dev. Biol. 78; 113-
125.

16288

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Section A-Research paper
ISSN 2063-5346

HOU GC and Pillay DTN (1975) Chromatin RNA polymerase activity from soyabean
hypocotyls treated with gibberellic acid and AMO-1618. Phytochemistry 14:403-407.
Igarashi, T, Mishimay, Muramatsu M and Ogata E 91980). Enhancement by thyroid N
hormone of free and bound RNA polymerase IB activities in rat lives nucleoli J.
Biochem, 88; 1723-1731.

Ishibashi Y, Tawaratsumida T, Kondo K, Kasa S, Sakamoto M, Aoki N, Zheng SH,
Yuasa T, Iwaya-Inoue M. Reactive oxygen species are involved in gibberellin/abscisic
acid signaling in barley aleurone cells. Plant Physiol. 2012 Apr;158(4):1705-14. Epub
2012 Jan 30. PMID: 22291200; PMCID: PMC3320179.

Ito T, Okada K, Fukazawa J, Takahashi Y. DELLA-dependent and -independent
gibberellin signaling. Plant Signal Behav. 2018 Mar 4;13(3):e1445933. Epub 2018 Mar
22. PMID: 29485381; PMCID: PMC5927702.

Jacobsen, JV, Scandalious JG and Varner JE (1970). Multiple forms of a-amylase
induced by gibberellic acid in isolated barley aleurone layers Plant Physiol. 45: 367-371.
Jacobsen, JV and Zwar JA (1974). Gibberellic acid causes increased synthesis of RNA
which contains poly (A) in barley aleurone tissue. Proc. Nat. Acid. Sci. USA 71:3290-
3293.

Jelsema CL, Ruddat M, Morre DJ and Williamson FA (1975). Specific binding of
gibberellic acid (GA1) to defined fractions from aleurone layers of wheat Plant Physiol.
(Suppl.) 45-56.

Jelsema CL, Ruddat MD. Morre DJ and Williamson FA (1977). Specific binding of
gibberellin A, to aleurone grain fractions from wheat endosperm. Plant Cell Physiol. 18:
1009-1019.

Johnson KD and Kende H (1971). Hormonal control of Lecithin synthesis in barley
aleurone cells. Regulation of CDP choline pathway by gibberellin Proc. Nat. Acad. Sci.
USA 68: 2674.

Johnson KD and Purves WK (1970). Ribonucleic acid synthesis of cucumber chromatin
developmental and hormone induced changes. Plant Physiol. 46: 581-585.

Johri MM and Varner JE (1967). Enhancement of RNA synthesis in isolated pea nuclei
by gibberellic acid. Proc. Nat. Acad. Sci. USA 59:269-279.

Kasamatsu, A., lyoda, M., Usukura, K., Sakamoto, Y., Ogawara, K., Shiiba, M.,
Tanzawa, H., & Uzawa, K. (2012). Gibberellic acid induces a-amylase expression in
adipose-derived stem cells. International journal of molecular medicine, 30(2), 243-247.
Kazan K, Lyons R. Intervention of Phytohormone Pathways by Pathogen Effectors. Plant
Cell. 2014 Jun;26(6):2285-2309. Epub 2014 Jun 10. PMID: 24920334; PMCID:
PMC4114936.

Keith B, Brown S and Srivastava LM (1982). In vitro binding of gibberellin A4 to
extracts of cucumber measured by using DEAE-Cellulose filters. Proc. Nat. Acad. Sci.
USA. 79: 1515-1519.

16289

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

Section A-Research paper
ISSN 2063-5346

Keith B, Foster NA, Bonettemaker M and Srivastava LM (1981). In vitro gibberellin A4
binding to extracts of cucumbers hypocotyls. Plant Physiol. 68: 344-348.

Keith B and Srivastava L M (1980). In vitro binding of gibberellin Al in dwarf pea
epicotyls. Plant Physiol. 66: 962-967.

Keith, B., & Rappaport, L. (1987). In Vitro Gibberellin A(1) Binding in Zea mays L.
Plant physiology, 85 4, 934-41.

Kende H (1967). Preparation of radioactive gibberellin A1 and its metabolism in dwarf
peas. Plant Physiol. 42: 1612-1618.

Kende H and Gardner G (1976). Hormone binding in plants. Annu. Rev. Plant Physiol
27: 267- 290.

Konjevi¢, R., GrubiSic, D., Markovi¢, R. et al. Gibberellic acid—Binding proteins from
pea stems. Plantal31, 125-128 (1976).

Lakhani S, Kapoor R, Verma N and Sachar RC (1989). Evidence for de novo synthesis of
poly (A) polymerase in germinated wheat embryos. Phytochemistry 28 (4): 1031-1035.
Lakhani S, and Sachar RC (1985). Hormonal regulation of poly (A) * RNA and poly (A)
polymerase activity in wheat embryos. Plant Sci Lett, 42: 191-200.

Lakhani S, Thiru N and Sachar RC (1983). Synthesis of poly (A) polymerase from
conserved messenger RNA in germinating excised embryos of wheat. Phytochemistry.
22:1561-1566.

Leonard TB and Jacob ST (1970). Alterations in DNA -dependent RNA polymerases |
and Il from rat liver by thioacetamide: preferential increase in chromatin associated
nucleolar RNA polymerase IB. Biochemistry 16: 4538-4544.

Lin YC Bullock LP, Bardin CW and Jacob ST (1978). Effect of medroxyprogesterone
acetate on solubilized RNA polymerases and chromatin template activity in Kidney from
normal and androgen - insensitive mice Biochemistry 17; 4833-4838.

Litts JC, Simmons CR, Karrer EE, Huang N and Rodriguez KL (1990). The isolation and
characterization of a barley (1-3, 1-4) B-glucanase gene. Em. J. Biochem. 194 (3): 831-
838.

Liu, Y., Ye, N, Liu, R., Chen, M., & Zhang, J. (2010). H,O, mediates the regulation of
ABA catabolism and GA biosynthesis in Arabidopsis seed dormancy and germination.
Journal of experimental botany, 61(11), 2979-2990.

Lovegrove, A., & Hooley, R. (2000). Gibberellin and abscisic acid signalling in aleurone.
Trends in plant science, 5(3), 102-110.

Mathur M and Sachar RC (1991a). Phytohormonal regulation of s-adenosylmethionine
synthetase and s-adenosylmethionine levels in dwarf pea epicotyls. FEBS. Lett. 287: 113-
117.

Mathur M and Sachar RC (1991b). Post-transcriptional regulation of S-
adenosylmethionine synthetase from its stored MRNA in germinated wheat embryos.
Biochim. Biophys. Acta 1078 161-170.

16290

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Section A-Research paper
ISSN 2063-5346

Mathur M, Saluja D and Sachar RC (1989). De novo synthesis of poly (A) polymerase in
mung bean hypocotyls, involving stored mMRNA. Phytochemistry 28 (4): 1037-1042.
Matsui T, Onishi T and Muramatsu M (1976). Nuclease DNA dependent RNA
polymerase from rat liver-2 Two forms and their physiological significance. Eur. J.
Biochem. 71; 361-368.

Mauck JC (1977). Solubilized DNA-dependent RNA polymerase activities in resting and
growing fibroblast. Biochemistry 16, 793-797.

Muhammad Aslam M, Waseem M, Jakada BH, Okal EJ, Lei Z, Sagib HSA, Yuan W, Xu
W, Zhang Q. Mechanisms of Abscisic Acid-Mediated Drought Stress Responses in
Plants. International Journal of Molecular Sciences. 2022; 23(3):1084.

Musgrave A, Kays SE and Kendo H (1969). In vitro binding of radioactive gibberellins in
dwarf pea shoots. Planta 89 165-177.

Musgrave A and Kende H (1970). Radioactive gibberellin A5 and its metabolism in
dwarf peas. Plant Physiol. 45: 56-61.

Olszewski, N., Sun, T. P., & Gubler, F. (2002). Gibberellin signaling: biosynthesis,
catabolism, and response pathways. The Plant cell, 14 Suppl(Suppl), S61-S80.

Peumans WJ, Delaey BM, Manickam A and Carlier AR (1980). Efficient translation of
long-lived messenger in extracts from dry pea primary axes. Evidence for the presence of
Lectin mRNA. Planta 286-290.

Peumans WJ, Stinissen HM and Carlier AR (1982). Lectin synthesis in developing and
germinating wheat and rye embryos. Panta, 156:41-44.

Razem, F. A., Baron, K., & Hill, R. D. (2006). Turning on gibberellin and abscisic acid
signaling. Current opinion in plant biology, 9(5), 454-459.

Ritchie, S., and Gilroy, S. (1998. b). Gibberellins: Regulating genes and germination.
New Phytol. 140, 363-383.

Saluja D, Ansari Al, Sood A and Sachar RC (1989a). Early response to gibberellic acid
monophenolase (tyrosinase) activity in de-embryonated half-seeds of wheat.

Saluja D, and Sachar RC (1982). GA; - modulated multiple forms of monophenolase in
wheat seed. Phytochemistry 21 : 2625-2631.

Saluja D, Berry M and Sachar RC (1987). Inorganic phosphatase mimics the specific
action of gibberellic acid in regulating the activity of monophenolase in half-seeds of
wheat. Phytochemistry 26(3): 611-614.

Sano N, Rajjou L, North HM. Lost in Translation: Physiological Roles of Stored mRNAs
in Seed Germination. Plants (Basel). 2020 Mar 10;9(3):347. PMID: 32164149; PMCID:
PMC7154877.

Shinke R and Mugibayashi N (1972). Studies on barley and malt amylase part XIX.
Activation of zymogen a-amylase in vivo and amylase formation in isolated aleurone
layers. Agri. Biol. Chem. 36 : 278-382.

Srivastava LM (1987). The gibberellin receptor. NATO ASI, Series Vol. 1110. Plant
HORMONE receptor, ed. D. Klambt. Springer - Verlag, Berlin Heidelberg. 7266-7270.

16291

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Section A-Research paper
ISSN 2063-5346

Thiel J, Weier D, Sreenivasulu N, Strickert M, Weichert N, Melzer M, Czauderna T,
Wobus U, Weber H, Weschke W. Different hormonal regulation of cellular
differentiation and function in nucellar projection and endosperm transfer cells: a
microdissection-based transcriptome study of young barley grains. Plant Physiol. 2008
Nov;148(3):1436-52. Epub 2008 Sep 10. PMID: 18784282; PMCID: PMC2577268.
Tognacca RS, Kubaczka MG, Servi L, Rodriguez FS, Godoy Herz MA, Petrillo E. Light
in the transcription landscape: chromatin, RNA polymerase 11 and splicing throughout
Arabidopsis thaliana's life cycle. Transcription. 2020 Jun-Aug;11(3-4):117-133. Epub
2020 Aug 4. PMID: 32748694; PMCID: PMC7714448.

Tomi H, Sasaki Y and Kamikubo T (1983a). Increased RNA polymerase activity in pea
buds treated with GAs. Plant and Cell Physiol. 24 (4) : 587-592.

Tomi H, Sasaki Y and Kamikubo T (1983b). Enhancement of template activity of
chromatin in pea by gibberellic acid. Plant Sci. Lett. 30 : 155-164.

Traw, M. B., & Bergelson, J. (2003). Interactive effects of jasmonic acid, salicylic acid,
and gibberellin on induction of trichomes in Arabidopsis. Plant physiology, 133(3), 1367-
1375.

Tudzynski B. (2005). Gibberellin biosynthesis in fungi: genes, enzymes, evolution, and
impact on biotechnology. Applied microbiology and biotechnology, 66(6), 597-611.
Ueguchi-Tanaka M, Nakajima M, Motoyuki A, Matsuoka M. Gibberellin receptor and its
role in gibberellin signaling in plants. Annu Rev Plant Biol. 2007;58:183-98. doi:
10.1146/annurev.arplant.58.032806.103830. PMID: 17472566.

Wang, M., Li, W., Fang, C., Xu, F., Liu, Y., Wang, Z., Yang, R., Zhang, M., Liu, S., Lu,
S.and Lin, T., 2018. Parallel selection on a dormancy gene during domestication of crops
from multiple families. Nature Genetics, 50(10), pp.1435-1441.

Weiss, D., & Ori, N. (2007). Mechanisms of cross talk between gibberellin and other
hormones. Plant physiology, 144(3), 1240-1246.

Willmann MR, Endres MW, Cook RT, Gregory BD. The Functions of RNA-Dependent
RNA Polymerases in Arabidopsis. Arabidopsis Book. 2011;9:€0146. doi:
10.1199/tab.0146. Epub 2011 Jul 31. PMID: 22303271; PMCID: PMC3268507.
Yamamuro C, Zhu JK, Yang Z. Epigenetic Modifications and Plant Hormone Action.
Mol Plant. 2016 Jan 4;9(1):57-70. Epub 2015 Oct 28. PMID: 26520015; PMCID:
PMC5575749.

Yang, D. L., Yao, J., Mei, C. S., Tong, X. H., Zeng, L. J., Li, Q., Xiao, L. T., Sun, T. P,
Li, J., Deng, X. W., Lee, C. M., Thomashow, M. F., Yang, Y., He, Z., & He, S. Y.
(2012). Plant hormone jasmonate prioritizes defense over growth by interfering with
gibberellin signaling cascade. Proceedings of the National Academy of Sciences of the
United States of America, 109(19), E1192-E1200.

Yu FI (1975). Increased levels of rat hepatic nuclear free and engaged RNA polymerase
activities during liver regeneration, Biochim. Biophys. Res. Commun. 64, 1107-1115.

16292

Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



GIBBERELLIC ACID: PHYSIOLOGICAL ROLES AND PHYTOHORMONAL INTERPLAY

Section A-Research paper
ISSN 2063-5346

80. Yu FL (1975). An improved method for the quantitative isolation of rat liver nuclear
RNA polymerases. Biochim. Biophys. Acta. 395: 329-336.

81. Zentella, R., Yamauchi, D., & Ho, T. H. (2002). Molecular dissection of the
gibberellin/abscisic acid signaling pathways by transiently expressed RNA interference in
barley aleurone cells. The Plant cell, 14(9), 2289-2301.

82. Zhao, X., Dou, L., Gong, Z., Wang, X., & Mao, T. (2019). BES 1 hinders ABSCISIC
ACID INSENSITIVE 5 and promotes seed germination in Arabidopsis. New Phytologist,
221(2), 908-918.

16293
Eur. Chem. Bull. 2023, 12 (Special Issue 4), 16276-16293



