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Plant growth and development is influenced by mutual
interactions among plant hormones. The five classical plant
hormones are auxins, cytokinins, gibberellins, abscisic acid
and ethylene. They are small diffusible molecules that easily
penetrate between cells. In addition, newer classes of plant
hormones have been identified such as brassinosteroids,
jasmonic acid, salicylic acid and various small proteins or
peptides. These hormones also play important roles in the
regulation of plant growth and development. This review
begins with a brief summary of the current findings on plant
hormones. Based on this knowledge, a conceptual model
about interactions among plant hormones is built so as to
link and develop an understanding of the diverse functions of
different plant hormones as a whole in plants.

Introduction

Every stage of the plant’s life cycle is regulated by plant hormones.
In general, plant biological activity is manipulated by more than
one hormone, thus the biological phenomenon often reflects the
combined interplay of several different hormones. Meanwhile,
unlike animals which can escape from harsh environments,
plants can only survive through adjusting various biological
activities when encountering biotic and abiotic stresses. During
these situations, plant hormones also cooperate to modify biolog-
ical responses for the formation and maintenance of plant stress
tolerance.! In this review we aim to develop a model that can
be used as a foundation to investigate the interactions of plant
hormones that allow plants to survive the onslaught of various
environmental factors.

Hormones are compounds that work at low concentrations
where they are able to signal and control the response, growth
and development of living organisms via circulating through part

*Correspondence to: Helen R. Irving; Email: helen.irving@monash.edu
Submitted: 12/20/10; Accepted: 12/21/10
DOI: 10.4161/psb.6.4.14558

494

Plant Signaling & Behavior

or all of the organisms. The action of hormones involves processes
of signal transduction. Signal transduction is a relay involving
the conversion of intracellular or extracellular signals into cel-
lular responses. Such signaling processes can be separated into
three types according to transduction distances: (1) long distant
(plant) or endocrine (animal) signaling where signal cells and
target cells are at a long distance apart; (2) paracrine signaling
where signal cells and target cells are adjacent cells; (3) autocrine
signaling where signal cells and target cells are the same cells.?

The signaling process embodies synthesis of signal mol-
ecules (ligands), transport of signal molecules, binding of sig-
nal molecules with receptors, development of cellular responses
and removal/degradation of signal molecules. A conformational
change of receptor via ligand-binding plays a critical role in initi-
ating the signal transduction process. Most receptors are present
on the cell surface although some are localized in the cytosol.
Furthermore, cell surface receptors can be classified as: receptors
with intrinsic enzyme activities (e.g., receptor kinases), protein
coupled receptors (e.g., G protein-coupled receptors) and ligand-
gated ion channel receptors.® The cell surface receptors recognize
and perceive stimuli (ligands) in the extracellular environment,
thereafter they interact with the ligands and transduce the extra-
cellular signal into the cells.

Usually when an extracellular signal molecule binds to its
receptor, the initial cellular reaction involves activating the pro-
duction of a second messenger or an intracellular signaling medi-
ator, which consequently triggers a series of cellular responses.
Substances acting as second messengers can vary in their chemi-
cal composition. They include lipids, sugar, ions, nucleotides or
gases, such as Ca**, cAMP, cGMP, cyclic ADP-ribose (cADPR),
small GTPases (small or monomeric G proteins), 1,2-diacylglyc-
erol (DAG), inositol-1,4,5-trisphosphate (IP,), NO, inositol phos-
pholipids (phosphoinositides) and phosphatidic acid. Intracellular
signaling mediators refer to several classes of intracellular signal
proteins. They are mainly different kinds of enzymes including
kinases, phosphatases, phospholipases, phosphodiesterases and
so on.>? Notably, some of these intracellular signaling molecules
are shared between different signaling pathways. Hence these
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molecules are most likely to serve as crosstalk points in the sig-
naling network communication within the cell.

Auxin, cytokinin, gibberellin (GA), abscisic acid (ABA) and
ethylene are well accepted as five classes of classic plant hor-
mones. Nowadays, evidence has accumulated to extend this con-
cept to include brassinosteroids, jasmonic acid and salicylic acid.
Furthermore some biologically active peptides are also found to
be key signaling players in many aspects of plant life, like sys-
temin, polaris, phytosulfokines (PSKs), ENOD40, CLAVATA3
(CLV3), S-locus cysteine-rich proteins (SCPs) and plant natri-
uretic peptides (PNPs).*¢ Therefore it is likely that further new-
comers may be added to this list in the future. One such example
is strigolactones, which are essential for root colonization by
arbuscular mycorrhizae but are also important hormonal com-
pounds involved in inhibiting shoot branching.” To understand
signaling cross-talk among plant hormones, it is particularly
important to elucidate the signaling mechanism of each plant
hormone first. The main functions and signaling pathways of
the major plant hormones are briefly reviewed as a prelude to
developing a model to unravel the possible interactions among
different hormones in terms of the dynamic maintenance of a
normal plant.

Auxin

Auxin is an indispensable hormone for plant growth and develop-
ment. It is synthesized from actively growing tissues such as shoot
meristems, leaf primordia, young expanding leaves, developing
seeds, fruits and pollens. A number of biological processes are
regulated by auxin: cell division, cell expansion, ion fluxes, root
initiation, phototropism, geotropism, apical dominance, ethyl-
ene production, fruit development, parthenocarpy, abscission
and sex expression. One major cellular effect of auxin is to cause
hyperpolarization of the plasma membrane. This is a necessary
requirement for various auxin-triggered biological actions."®’
Meanwhile, auxin also seems able to stimulate GA biosynthesis
and suppress ethylene and ABA biosynthesis.'*!!

Auxin has been one of the plant hormones attracting research-
ers to hunt for its perception mechanism(s). Several reports indi-
cate that the levels of lysophospholipid and Ca** were increased
after auxin addition.” Thus these two components may be
intracellular signals for auxin. Receptors for auxin-binding are
separated into two types: soluble and those on the outer plasma
membrane. Some soluble auxin-binding proteins appear to be
directly linked with the plasma membrane ATPase as auxin bind-
ing can rapidly cause proton pumping,'* while others directly
regulate gene expression and include TIR1, the auxin receptor.
Auxin affects gene expression via interaction with the auxin
responsive element (AuxRE) which contains the characteristic
nucleotide sequence TGTCTC and is located in the promoter
region of auxin-inducible genes. Transcription factors bind to
AuxRE and are members of the auxin responsive factor (ARF)
family which can be repressed by the Aux/IAA family of tran-
scription factors. Aux/IAA is a target for ubiquitin degradation
by TIR1 which is the auxin receptor and a member of the Skpl/
Cullin/F-box (SCF) ubiquitin ligase (E3) family. The targeted
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Aux/IAA is degraded in the 26S proteasome after being attached
to polyubiquitin chains and this process is accelerated by auxin
application.®13:14

The ubiquitin/proteasome system degrades targeted pro-
teins. It plays a crucial role in maintaining proteomic plastic-
ity in plants where it occupies nearly 6% of the proteome.” In
this system, the 76 amino acids protein ubiquitin acts as a cova-
lent molecular tag, and is attached to a substrate by the cata-
lytic activities of three enzymes named: E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating protein) and E3 (ubiquitin
ligase), and this last group includes four different types of ligase
enzyme (RING, HECT, U-Box and SFC). Ubiquitin chains are
thus formed tagging the protein for degradation. The polyubiq-
uitylated substrate is delivered to a proteasome via ubiquitin-
binding proteins, and then is deubiquitylated and digested by
various proteases and/or proteolytic complexes. The free ubiqui-
tin molecules are then released and become available for another
attachment. TIR1 and other auxin-signaling F-box proteins
are the receptors for auxin which raises the question: are other
members of the F-box protein family (>700 in Arabidopsis alone)
functioning as plant hormone receptors? Many activities of plant
hormones are reported to be closely linked with the ubiquitin/

proteasome system.'¥1¢

Cytokinin

Cytokinins have many functional activities throughout the life
of plants. Cytokinins occur at highest concentrations in meriste-
matic regions, roots, young leaves, developing fruits and seeds.
Their main functions include regulation of cell division, induc-
tion of organ differentiation, control of stomatal movement,
delay of chlorophyll breakdown and attenuation of leaf senes-
cence."” Two different kinds of cytokinin hormonal activities are
present in plants. One is the local (paracrine/autocrine) activity
that mainly regulates cell division; whereas the other is the long
distance signaling (endocrine) that acts as a root to shoot signal
to control the functional response of above ground organs.'”*®

It is clear now that cytokinin is perceived by membrane
located histidine kinase receptors. Signal transduction operates
through a bicomponent system where cytokinins bind to the
histidine kinases and then histidine phosphotransfer proteins
transmit the signal to nuclear response regulators, leading to
gene activation or repression.””"” Moreover, cytokinins also influ-
ence gene expression in chloroplasts, revealing that its receptors
may also be located in this subcellular site.” Some research shows
that auxin pretreatment may upregulate the expression of cyto-
kinin receptors.”’ Signaling manipulation of cytokinin shares
some similarity with the auxin control mechanism(s). Cytokinin
responsive genes are positively stimulated by transcription fac-
tors. These transcription factors are counteracted by a family of
specific proteins which are also subjected to degradation by the
ubiquitin recognizing proteasome system. Cytokinin promotes
the degradation of these specific proteins.?>** The removal of spe-
cific short-lived proteins may be essential feature of many hor-
mone responsive processes. The unstable proteins possibly serve
as transcriptional repressors.
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Gibberellin

Gibberellins (GAs) stimulate plant elongation, promote flowering
and release seed/tuber dormancy. It is believed that gibberellins
are produced and function in the same cell acting as an autocrine
signal.! GAs are synthesized from geranylgeranyl diphosphate
through several intermediate steps catalyzed by enzymes in plas-
tids and the cytosol and bioactive GAs are deactivated by epoxi-
dation or methylation processes.”® The regions of GA action are
mainly located in the meristematic zone and transition zone.”?%%

GA signaling also demonstrates the importance of protein
degradation in plant hormone regulation. GA binds to a solu-
ble, nuclear-localized receptor GA-INSENSITIVE DWARFI
(GID]1) that in turn binds to members of a family of transcription
repressors called DELLA after their signature Asp-Glu-Leu-Leu-
Ala (DELLA) motif. This in turn activates the F-box proteins
SLEEPY1 (SLY1)/GID2 culminating in ubiquitin mediated
degradation of DELLA and transcription of GA responsive
genes. In low GA levels, DELLA proteins sequester and inacti-
vate PHYTOCHROME INTERACTING FACTORS (PIFs),
which are basic helix-loop-helix transcription factors."*">2¢ The
discovery that DELLA proteins sequester PIFs is particularly
exciting as it provides a biochemical mechanism underpinning
the involvement of GA in light regulated seedling development.
Following GA perception, early responses of plants include the
increase of intracellular Ca**/calmodulin, decrease of intracellu-
lar pH and elevation of the second messenger cGMP.>

GA seems to cross-talk with several other hormones. In seeds,
the GA-induced Ca**/calmodulin signaling regulates the synthe-
sis and secretion of hydrolase; while ABA blocks the expression
of hydrolase.”® This may explain the antagonistic interaction
between GA and ABA. GA shows overlap or downstream effects
with auxin in numerous developmental reactions.** One of
the ultimate effects of GA is inducing cell elongation. The pre-
requirement of cell elongation is cell wall plasticity and cytoplas-
mic protein synthesis.*® To achieve these results, the cooperation
of other hormones such as auxin may be an underlying require-
ment. A recent study shows that auxin and DELLA proteins
independently regulate the GA synthesis pathway and promote
the accumulation of bioactive GAs.?! In addition, combined posi-
tive or negative interplays between GA and ethylene also exist,
depending on internal and external conditions, tissue types and
developmental stages. Transcript meta-analysis suggests that
applying exogenous ethylene to plants represses expression of
genes involved in GA metabolism while some ethylene synthesis
genes are upregulated by GA treatment.?* Overall, GA functions
in a complicated context with many interacting factors.

Abscisic acid

Abscisic acid (ABA) is a “stress hormone,” named for its roles in
response to stress environments. One notable effect of ABA is
causing stomatal closure and preventing water loss by transpi-
ration.”” Besides the traits of stress response, ABA is also asso-
ciated with normal physiological manipulations like storage of
compounds, dehydration at later stages of embryogenesis, seed
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maturation, dormancy formation and abscission.” ABA is a carot-
enoid derivative produced in chloroplasts and other plastids and
its synthesis is increased under stress conditions such as drought,
salinity and cold."* ABA is also circulated throughout the plant
as an inactive glucose ester that can be rapidly released into the
active by B-glucosidases present in the apoplast and endoplasmic
reticulum® allowing a combination of long distance and para-
crine/autocrine effects to occur.

Multiple candidates for ABA receptors have been reported
but the core signaling pathway involves PYRABACTIN
RESISTANCE (PYR)/REGULATORY COMPONENT OF
ABA RECEPTOR (RCAR) family of ABA receptors. The
PYR/RCAR receptors are found in the cytoplasm as an inactive
dimer that dissociates upon ABA binding to inhibit PROTEIN
PHOSPHATASE 2C (PP2C) activity and thereby allow SNF1-
RELATED PROTEIN KINASE 2 (SnRK2) to activate various
downstream effectors including ion channels and transcription
factors. However other candidates including membrane bound
proteins are still potential ABA receptors (reviewed in refs.
34-39); therefore ABA is capable of inducing different signal-
ing effects. Phosphatidic acid and IP, have been reported to be
involved in the ABA signaling pathway where they probably act as
second messengers. For instance in guard cells, IP, activates Ca**
channels within the endoplasmic reticulum and vacuoles, leading
to the release of Ca?* into the cytosol from internal stores.” Along
with the increase of Ca?* level, Ca?* inhibits the plasma mem-
brane H*-ATPase to prevent K* uptake and further drive K*, CI
efflux.® As a result, guard cells are closed. Obviously, multiple
signaling pathways are involved in ABA transduction, demon-
strating that ABA functions in a network rather than in a chain.
Signal molecules involved in ABA signaling include: increases
in pH, phosphatidic acid, IP,, Ca**, NO, cADPR, mitogen acti-
vated protein kinase (MAPK) cascades and so on.

Interestingly, ABA biosynthesis is largely regulated by its
endogenous levels via a positive feedback system.**# This kind of
synthesis pattern can further stimulate ABA accumulation and
represents a critical step of stress adaptation, since ABA plays an
important role in stress responses by mediating considerable gene
expression. ABA-responsive gene promoters often contain cis-act-
ing elements. The cis-acting elements commonly have a G-box
ACGT core motif. Most proteins binding to the DNA sequences
with this ACGT core motif share a basic region that adjoins to a
leucine zipper domain.***> However, these leucine zipper proteins
are particular targets for ubiquitin mediated degradation involv-
ing RING E3 ligases.” ABA can promote or protect proteins

from ubiquitin mediated degradation.'***

Ethylene

Ethylene is a gaseous hormone that activates fruit maturation,
stimulates germination, accelerates senescence, inhibits elonga-
tion, increases horizontal growth, initiates adventitious roots and
programs cell death. Ethylene is produced from 1l-aminocyclo-
propane-1-carboxylic acid (ACC) and the production of this com-
pound is rate-limited by the activity of ACC synthases, which are
short-lived enzymes whose stability is increased by ethylene itself
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in a feed forward process.”® However, the production of ethylene
is tissue-specific and depends upon the stage of plant develop-
ment."* Ethylene levels may also increase or decrease in response
to abiotic and biotic stresses.”

Ethylene receptors like cytokinin receptors are members of
the bicomponent regulatory system family. Echylene binds to the
receptors via a copper co-factor and ethylene binding induces a
mitogen-activated protein kinase (MAPK) cascade.”** Ethylene
receptors are localized in endoplasmic reticulum membranes.
Since ethylene is a gas, such a binding site is in accord with the
diffusion of ethylene in either aqueous or lipid environment. The
ubiquitin 26S proteosome system plays a key part in ethylene
responses. For instance the ETYLENE INSENSITIVE3 (EIN3)
is constitutively synthesized and degraded by SCF E3 ligases co-
assembled with F-box proteins in the absence of ethylene. The
presence of ethylene inhibits EIN3 degradation and allows it to
act as a transcription factor which means that a very rapid and
robust response will occur when ethylene levels rise.” In addition,
microarray studies demonstrated that a high level of coordination
in gene expression was present with ethylene, jasmonic acid and
salicylic acid treatments. This implicates close linkages among

these hormones.®

Brassinosteroid

Brassinosteroid is a plant steroid hormone. Brassinosteroids have
been detected in pollens, leaves, shoots, flowers, stems and seeds,
but not roots." They affect cell expansion and division, tissue dif-
ferentiation, reproductive development and stress resistance.
Brassinosteroids act in a paracrine/autocrine manner with lim-
ited signal transport between tissues and organs.”’

Unlike animal steroids that are perceived by nuclear receptors,
brassinosteroids are perceived by the leucine rich repeat recep-
tor like kinases (LRR RLK), which are members of the family
of membrane localized receptor kinases containing extracellular
leucine rich repeat regions. Brassinosteroids bind to a subdomain
of these repeats, thereby initiating intracellular signal transduc-
tion via activating a kinase cascade beginning with receptor auto-
phosphorylation and culminating in altered gene expression.*®
The sites of phosphorylation of the brassinosteroid receptor
BRASSINOSTEROID INSENSITIVEI (BRI1) and its down-
stream interacting partners are relatively well characterized.®>°
The homeostatic levels of brassinosteroids are manipulated by
brassinosteroid dependent transcriptional controls whose genes
are involved in brassinosteroid metabolism. Such controls lower
brassinosteroid production by reducing the transcription of bio-
synthetic genes or increasing the transcription of catabolic genes,
when brassinosteroid levels are too high.”!

Jasmonic Acid

Jasmonic acid and its derivatives such as methyl jasmonate are
cyclic fatty acid-derived regulators synthesized from linolenic
acid.® Jasmonic acid levels are the highest in areas of active divi-
sion such as stem apex, young leaves, immature fruits and root
tips.! Jasmonic acid and its bioactive derivatives and precursors
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have various activities in plants. Firstly, jasmonic acid can inhibit
germination in non-dormant seeds but stimulate germination
of dormant seeds. Secondly, jasmonic acid also inhibits root-
growth and tuber formation. Thirdly, insufficiency of jasmonic
acid affects anther or ovule development and results in sterile
flower organs. Fourthly, jasmonic acid may be associated with
senescence.”

Many frontline plant defense genes are induced by jas-
monic acid, which mediate numerous transcriptional responses
to wounding, herbivory and pathogenesis.”® The signaling of
jasmonic acid is via the ubiquitin system as the jasmonic acid
receptor is CORONATINE INSENSITIVEL (COI1) which is
an F-box protein related to the auxin receptor TIR1. The other
component of this system is the JA-ZIM domain (JAZ) repressor
proteins which inhibit MYB2 directed transcription. JA binds
COII and this assembles with JAZ to form an SCF complex that
tags JAZ with ubiquitin for degradation via the 26S proeasome
and so releases the transcription factors.'*>** Jasmonic acid is
also a potent lipid regulator, playing a central role in regulating
the biosynthesis of many secondary metabolites, so that plants

can tolerate a wide variety of biotic and abiotic stresses.”

Salicylic Acid

Salicylic acid is a phenol hormone critical for signaling innate
immunity in plants. It functions in flowering promotion, ther-
mogenesis and disease resistance. Salicylic acid has been identi-
fied in leaves and reproductive structures.'

Like the immune system of vertebrates and insects, plants
usually undergo apoprotic-like cell death in the sites surrounding
pathogen entry, causing a hypersensitive response in the nearby
region. During this period, plants continuously develop a broad
range and long lasting defense to further similar infections, known
as systemic acquired resistance.’® Salicylic acid is an endogenous
signal for the activation of both local and systemic resistance and
induces the production of “pathogenesis-related proteins” such as
catalase, peroxidase and hydrolase.”®” Microarray data demon-
strates that salicylic acid treatments share a large number of co-
induced and co-repressed genes with jasmonic acid treatments.’®
Therefore, salicylic acid and jasmonic acid display cross regula-
tion in gene expression, both being responsible for inducing the
production of resistance related proteins.

The salicylic acid receptor may be a member of the large gene
family, receptor like protein kinases (RLKs). Salicylic acid is
able to induce the expression of numerous RLKs. The salicylic
acid responsive RLKs often contain C-X8-C-X2-C motifs in the
putative extracellular domain. These RLK genes also contain the
TTGAC sequence in the promoter regions.”” Members of the
RLK family bind to other ligands, such as brassinosteroids and
several of the peptides discussed below.

Peptide Signaling Molecules
Peptide signaling molecules (or hormones) are a relatively new

class of growth regulators in plants used across all the kingdoms
that form a relatively ancient adaptation of paracrine/autocrine
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communication between cells. Several of the peptide signaling
molecules have distinct roles in development where they regu-
late cell differentiation and organogenesis or modulating general
growth in response to the environment. Other peptide signal-
ing molecules seem to act as endogenous danger signals.**° Some
relatively well known signaling peptides include: systemin,
polaris, phytosulfokine (PSK), ENOD40, CLAVATA3 and the
CLE family, S-locus cysteine rich proteins (SCP), PEP1, Rapid
Alkalization Factor (RALF) and plant natriuretic peptide (PNP).
Systemin is important in the induction of defense responses to
wounding in Solanaceae species and is intimately associated
with jasmonic acid signaling.®' Polaris and PSKs are required for
proper root growth and vascular development. The expression
of polaris is suppressed by ethylene and induced by auxin. PSK
promotes cell proliferation and longevity and PSK-a appears to
act in a cooperative manner with CLE41-44 to regulate vessel
development. ENODA4O0 is associated with legume nodule forma-
tion. CLAVATA3 and other members of the CLE family regulate
development of shoot and root apical meristems. SCP regulates
pollen determination. PEP1 and RALF (and systemin) act as
danger signals to stimulate the innate immune response in plants
in response to pathogen attack. PNP plays a role in water and
solute balance. Hence peptide hormones are involved in various
biological processes, regulating growth, development, reproduc-
tion and defense responses of plants. 46006263

Conserved domains of peptide hormones are found between
animals and plants, indicating evolutionary parallels occurred in
both kingdoms. However, receptors for peptide signaling mol-
ecules that have so far been identified are significantly different.
In animals peptide hormones are generally perceived by tyrosine
kinases and/or G protein-coupled receptors; whereas in plants
peptide receptors are mainly serine/threonine kinases of the LRR
RLK family which contain an extracellular domain with leucine-
rich repeats, a transmembrane domain and a cytoplasmic kinase
domain. These include the receptors of CLAVATA3, PSK and
PEP1.%%* Another interesting feature is that several of these recep-
tors also contain a predicted guanylate cyclase domain embedded
% and in some instances this has been
% This indicates that mul-
tiple signaling systems may be controlled by the ligand binding

within their kinase domain,
shown to have some catalytic activity.

the receptor.

Peptide signaling molecules are often generated from the
cleavage of their precursor polypeptides. Proteolysis is the com-
mon cleavage manner by various peptidases located within the
cell and also extracellular. A polypeptide can be processed into
multiple peptides, each with independent functions. The pep-
tides can also undergo a series of post-translational modification
such as hydroxyprolination, tyrosine sulphation or glycosylation
before they can function properly. Such complicated maturation
processes are usually completed in the endoplasmic reticulum or
Golgi apparatus.®®"¢8

Model of Hormone Interaction

Plants need to maintain homeostasis of water, ion and other
nutrients for survival. Various themes can be elucidated from
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the above discussion where plants have developed common sig-
naling processes. One such process involves the ubiquitin 26
proteasome as a means to remove abnormal and useless proteins
or, in the case of hormone signaling, proteins that are no longer
required.”™ Another common theme is that many of the plant
hormone receptors identified to date are intracellular, which sug-
gests that plants also have developed transport systems to not only
to allow the hormone to move over long distances (where it does)
but also to enter the destination cells. Auxin transport proteins
are relatively well characterized and recently ATP binding cas-
sette (ABC) transporters for ABA have been identified.*>* Also
another feature to emerge is that antagonist and competitive inter-
actions are also able to reduce the dominance of one hormone.
An example is the interplay between ABA and other hormones
such as GA and auxin® which is discussed in more detail below.
Thus there is the possibility of several hormone signals acting on
one response pathway simultaneously. The final output of a physi-
ological activity can be viewed as a combined result of the effects
of several different hormones that are raised in response to various
biological stimuli. This results in signaling interaction networks
which include positive and/or negative feedback loops rather than
simple linear signaling pathways. The above overview was used
to develop a hypothetical conceptual model (Fig. 1) about the
signaling network of plant hormones. This overview has been
developed employing the traditional Chinese thoughts regarding
mutual restraint and mutual promotion within the natural world.
The model is intended to build up a framework or guideline for
research thinking and to assist in the development of testable
hypotheses.

Since hormonal influences mainly affect regulation of gene
expression and/or the interaction among signaling pathways, it is
therefore essential to adopt two approaches to unravel the action
of plant hormones. Firstly, a particular developmental process of
plants is generally controlled by some key players in a temporal and
spatial manner. Thus a single hormone influencing the quantita-
tive and qualitative changes of gene expression becomes a crucial
concern in a hormone study. Microarray studies are now identi-
fying coordinated expression of genes by one or more hormones
in time and spatially separated studies. This data can be used to
develop critical points that need to be investigated to confirm
hormone interaction and we will use an example to demonstrate
how the model predicts such interactions. Secondly, in a systemic
view, any biological phenomenon of plants is due to the mixed
responses of different signaling factors operating via a complex
and flexible network. Discovering the points of cross talk among
various signaling pathways is a central feature to dissecting the
integration of hormones. There appears to be mutual restraint and
mutual promotion within plant hormones signaling networks and
where this is described, it has influenced the development of the
model. Hence during the dissection of a plant hormone signaling
pathway, conflicting and complementary effects from other plant
hormones should be monitored simultaneously (this is indicated
by the dashed intersecting arrows in Fig. 1) to obtain a view of
hormonal interaction in the plant as a whole.

How effective is this model in practice? We use a recent publica-
tion®”° looking at whole plant responses in a spatial and temporal
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etc

CLV3, ENOD40,
etc

mature leaves were regulated by ABA under
these conditions.®>”° That is contrary to the
current dogma, ABA did not affect the leaves
undergoing division although it contributed
to the response in the expanding cells and
was the main player in mature leaves. These
exciting results demonstrate that different
hormonal responses are employed at different
developmental stages to adapt young leaves

Ethylene, ‘;' ‘\‘ Auxin, to stress. Furthermore, the model indepen-
JA, SA, PR L N > Polaris, dently developed in this review (Fig. 1) also
Systemin, ™ K N I etc predicts that these hormones could be can-

didates involved in the plant’s adaptations to
this environmental situation. Naturally, the
model will need to be examined and modi-
fied further in practice.

Conclusion

The last decade has revealed a lot about plant
hormone signaling pathways. Receptors for
several hormones have been identified at
the genetic level and confirmed biochemi-
cally and in some cases structural informa-
tion has been gained. The common theme of

protein degradation generally involving the

Figure 1. A conceptual model of potential interactions amongst plant hormones. The hor-

ubiquitin 26S proteasome system has been

mones within the same circle have complementary or similar actions. The solid arrows point to
a new circle containing hormones whose action has been promoted or substantially prepared
by the hormones in the previous circle. The dashed lines link the hormones that have competi-

clearly established. Microarray experiments
are revealing coordinated interactions among

tive or antagonistic interactions in plants.

plant hormones. The functional activity and

manner to test the model. The model predicts that the ethylene
group will provide a fundamental state for the plant to respond
to ABA and that ABA in turn does this for the auxin group. The
model also predicts that the actions of the ethylene and ABA
groups can be competed with or counteracted by GA for instance
although the auxin group will compete/antagonize with the eth-
ylene group and the cytokinin group with ABA. Skirycz et al.?
used microarray and metalabolomic analysis to probe leaf growth
and development under mild growth limiting osmotic stress con-
ditions. They found growing leaves with dividing and expanding
cells were regulated by ethylene and GAs but not ABA, whereas

signaling mechanism of plant hormones is
a very complicated system where the entire
biological response is the combined result of different hormone
actions. We have used the available data to develop a conceptual
model to describe how hormones interact. This model can be
used to develop testable hypotheses and further insights into the
mechanisms of maintenance of plant homeostasis by continuing
to explore coordinated regulation by different hormones.
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