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Plant hormones are versatile chemical
regulators of plant growth

Aaron Santner!, Luz Irina A Calderon-Villalobos? & Mark Estelle2

The plant hormones are a structurally unrelated collection of small molecules derived from various essential metabolic pathways.
These compounds are important regulators of plant growth and mediate responses to both biotic and abiotic stresses. During the
last ten years there have been many exciting advances in our understanding of plant hormone biology, including new discoveries
in the areas of hormone biosynthesis, transport, perception and response. Receptors for many of the major hormones have now
been identified, providing new opportunities to study the chemical specificity of hormone signaling. These studies also reveal a
surprisingly important role for the ubiquitin-proteasome pathway in hormone signaling. In addition, recent work confirms that
hormone signaling interacts at multiple levels during plant growth and development. In the future, a major challenge will be to

understand how the information conveyed by these simple compounds is integrated during plant growth.

Pioneering studies in the nineteenth century by Julius von Sachs and
Charles Darwin demonstrated that various plant growth processes
are regulated by “substances” that move from one part of the plant to
another!2, Over a century later we know that the substances in question
are small molecules derived from various essential metabolic pathways.
In general these compounds are present at very low concentrations and
act either locally, at or near the site of synthesis, or in distant tissues. Over
the years, the pantheon of plant hormones has been growing and now
includes (but is not limited to) abscisic acid (ABA), indole-3-acetic acid
(TIAA or auxin), brassinosteroids (BRs), cytokinin, gibberellic acid (GA),
ethylene, jasmonic acid (JA) and salicylic acid (Fig. 1). Collectively these
compounds regulate every aspect of plant life, from pattern formation
during development to responses to biotic and abiotic stress. Plants also
use several peptide hormones to regulate various growth responses, but
this class of hormones will not be discussed further in this review?.
Although the physiological function of most of these compounds
has been studied for decades, the last 10 to 15 years have seen dramatic
progress in our understanding of the molecular mechanisms of hor-
mone biosynthesis, transport and response. The biosynthetic pathways
for most of the hormones are either well characterized (as in the case
of ABA, BR and GA) or emerging (as for auxin and JA). What we are
learning is that hormone levels are highly regulated and responsive to
a changing environment. In the case of auxin, local and long-distance
transport of the hormone have an essential role in many aspects of plant
growth and development, whereas transport of volatile compounds such
as ethylene and methyl jasmonate is important for plant defense.
There have also been dramatic advances in the area of hormone
response, including the identification of receptors for most of the major
hormones. Several themes have emerged from this work. First, plant
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hormone receptors are diverse and different from animal hormone
receptors. Second, regulated protein degradation plays a central role
in hormone signaling. Several receptors are themselves enzymes in the
ubiquitin-protein conjugation pathway. In addition, the levels of key
downstream signaling proteins are regulated by ubiquitin-dependent
degradation. Third, hormone signaling generally leads to major changes
in transcription. Although there are likely to be nongenomic hormonal
responses, in general these are not as well characterized as the transcrip-
tional responses. Fourth, the hormones interact at multiple levels to
regulate various growth and defense processes. In this article we review
some of the exciting recent advances in hormone biology.

Auxin

The major naturally occurring auxin is IAA. Synthetic auxins such as 2,4-
dichlorophenoxyacetic acid are widely used as herbicides*. IAA has been
implicated in virtually every aspect of plant growth and development,
as well as defense responses. This diversity of function is reflected by the
extraordinary complexity of IAA biosynthetic, transport and signaling
pathways. IAA is synthesized from tryptophan via at least two pathways:
the tryptamine (TAM) and indole-3-pyruvic acid (IPA) pathways’. At
least in Arabidopsis thaliana, studies indicate that these pathways have
overlapping functions because plants deficient in either pathway have
similar growth defects. To further complicate matters, genes that func-
tion in the TAM and IPA pathways are present in gene families®. In
addition, studies in Arabidopsis and maize indicate that IAA can also
be synthesized from indole, bypassing tryptophan®. All of this suggests
that auxin levels are highly regulated, which is consistent with its central
role in plant growth.

Once synthesized, auxin is distributed throughout the plant via a
sophisticated cell-to-cell transport system’. Cellular auxin influx and
efflux carriers promote the formation of local auxin maxima and gra-
dients that inform diverse growth and developmental processes. Just
to name one example, the initiation of leaves on the flank of the shoot
apical meristem requires local accumulation of auxin at the site of organ
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Figure 1 Phytohormones regulate all aspects of plant growth and development.
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cullin-based E3s are the SCFs, composed of
CULL, RBX1 (the RING protein), SKP1 (ASK
in plants) and an F-box protein (FBP)!3, E3s
confer specificity to the pathway, and for SCF-
type E3s, specificity is determined by the F-box
protein. The Arabidopsis genome encodes more
than 700 F-box proteins, which indicates that
SCFs have a prominent role in plants'4. Indeed,
SCFs have been implicated in diverse processes
including plant hormone signaling!®.

The ubiquitin-proteasome pathway, and an
SCF in particular, was initially implicated in
auxin response with the isolation and char-
acterization of an auxin-resistant mutant in
Arabidopsis called transport inhibitor response 1
(tir)'6. The TIRI gene encodes an F-box
protein that interacts directly with Aux/IAA
proteins (Fig. 2b). Importantly, this binding
o is enhanced by auxin!’~'°. Ultimately, struc-
tural studies demonstrated that auxin forms a
complex with TIR1 and the Aux/TAA proteins,
thus stabilizing the interaction?. One impor-
tant implication of the structure is that both
TIR1 and the Aux/IAAs appear to contribute to
high-affinity binding of auxin. In this sense, it
may be more appropriate to call TIR1 and the
Aux/IAA co-receptors. If true, this also implies
that different combinations of F-box protein
and substrate may have unique auxin-binding
characteristics.

The discovery that TIR1 functions as an
auxin receptor was a landmark event. This

Brassinolide

Salicylic acid

primordium formation’. The direction of auxin transport, and hence
the position of local auxin maxima, is determined by asymmetric local-
ization of transport proteins within cells. Cellular localization is highly
dynamic and responsive to both developmental and environmental cues.
Because of the importance of these processes to plant development, this
is an extremely active and exciting area of investigation.

There is evidence for both genomic and nongenomic auxin responses,
but the mechanisms of auxin-regulated transcription are much better
characterized®. Auxin regulates transcription through the action of two
large families of transcription factors called the auxin/indole-3-acetic
acid (Aux/TIAA) proteins and the AUXIN RESPONSE FACTORs (ARFs)
(Fig. 2). ARFs directly bind DNA and either activate or inhibit tran-
scription depending on the type of ARF®. The Aux/IAA proteins bind
to the ARFs and repress auxin-regulated transcription by recruiting a
co-repressor called TOPLESS (TPL)!°.

Importantly, the Aux/IAA proteins are short-lived and their deg-
radation requires the ubiquitin-proteasome pathway!!. This is a con-
served proteolytic pathway in which proteins destined for degradation
are tagged with the small protein modifier ubiquitin. Tagged proteins
are typically recognized by the proteasome and degraded. Ubiquitin is
covalently conjugated to protein substrates by the sequential activity
of three enzymes: the ubiquitin-activating enzyme (E1), the ubiquitin-
conjugating enzyme (E2) and the ubiquitin protein ligase (E3)'2. Most
eukaryotes have one or two E1 isoforms, and a larger family of related
E2 proteins. The E3 ligases are more diverse and can be divided into
several classes based on mechanism of action and subunit composition.
One large class of E3s is the cullin-based E3s. The best characterized

discovery indicates that F-box proteins, and
perhaps other E3s, can function as receptors
for small molecules. Indeed, further studies have demonstrated that this
is the case (see JA signaling below). In addition, the realization that a
small molecule can significantly enhance the E3-substrate binding offers
anew approach for the development of drugs that target the ubiquitin-
proteasome pathway?. Beyond the TIR1-Aux/IAA-ARF pathway, our
knowledge of the auxin-regulated transcriptional network is limited.
A DNA sequence that binds ARF proteins, called the Auxin Response
Element (AuxRE), has been identified. However, the function of this
element has only been established for a few genes. Further, the promot-
ers of many auxin response genes don’t have an AuxRE, which suggests
that other DNA sequences are probably involved in ARF function?!.
Microarray experiments have shown that auxin rapidly regulates a very
large number of genes with diverse cellular functions??. This list includes
transcription factors that presumably function to regulate downstream
gene cascades. In addition, auxin directly stimulates expression of the
genes encoding the Aux/IAAs, which indicates that auxin response is sub-
ject to a negative feedback loop!!. A variety of different cell wall-related
genes are also induced by auxin. The proteins encoded by these genes
probably facilitate cell wall changes associated with growth. However, it
should be noted that the function of these genes in auxin response has
not been determined.

Jasmonic acid

The oxylipin JA and its metabolites, collectively known as jasmonates,
are important plant signaling molecules that mediate biotic and abiotic
stress responses as well as aspects of growth and development?3. In higher
plants, JA is synthesized via the octadecanoid pathway. Once synthesized,
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Figure 2 Auxin signaling in Arabidopsis. SCFT'R1 and related SCF complexes bind auxin and target
Aux/IAA proteins for degradation. (a) At low cellular levels of auxin, transcription of auxin response
genes is repressed by the Aux/IAAs. (b) When auxin cellular levels increase, auxin binds to TIR1,
enhances its affinity for the Aux/IAAs, and promotes their ubiquitination and subsequent degradation,

thus permitting the ARF proteins to promote transcription.
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Like the other phytohormones, GAs play a
major role in diverse growth processes includ-
ing seed development, organ elongation and

\ the control of flowering time?°. GAs are syn-

~ Cjﬂ J thesized from geranylgeranyl diphosphate
2 Aux/IAA in a multi-enzyme pathway that is subject to
degradation complex regulation. GA represses expression

of several genes whose products are involved
in its biosynthesis and promotes expression of
genes involved in GA inactivation?®3!, Further,
GA levels are influenced by other hormones
such as auxin and ethylene?’.

GA response is mediated by negative regu-
lators of GA response called DELLA proteins.
The DELLAs are named after the conserved
N-terminal DELLA domain and also contain
a C-terminal GRAS domain?2. GAs promote
degradation of DELLA proteins, thus inducing
the GA transcriptional response™.

The DELLAs accumulate in Arabidopsis and
rice mutants mutated in the genes encoding
F-box proteins: sleepyl (slyl) and gibberellin-

JA can be conjugated to isoleucine to form JA-Ile or converted to the
volatile methyl-JA. JA levels increase rapidly in response to a wide range of
inductive signals, including herbivory, mechanical wounding and various
other abiotic stresses. Increased hormone levels result in extensive changes
in defense gene expression. Recent results indicate that JA signaling is
strikingly similar to auxin signaling (Fig. 3). In the case of JA, the hor-
mone promotes the degradation of transcriptional repressors called JAZ
proteins, a process that requires an F-box protein called CORONATINE-
INSENSITIVEL (COI1)?%. Coronatine is a phytotoxin that is structurally
related to JA. The coil mutant was recovered in a screen for coronatine
resistance and is resistant to both coronatine and JA. These results sug-
gested that jasmonate response requires SCFCO!!- dependent degradation
of repressors, much like SCET™R! targets the Aux/IAAs. For JA, the relevant
repressors are called jasmonate ZIM-domain (JAZ) proteins?>2°. The JAZ
proteins are degraded in a proteasome-dependent manner following jas-
monate treatment but are stabilized in the coilmutant. In addition, the JAZ
proteins bind COI1 both in vitro and in a yeast two-hybrid test>>?°, Finally,
radiolabeled coronatine binds to COI1-JAZ complexes with high affinity,
which strongly suggests that COI1 functions as a receptor?”. Interestingly,
these studies also demonstrated that JA-Ile is the active molecule in the
plant rather than JA. These results were confirmed recently in experiments
showing that COI1 is required for JA-Ile or coronatine binding to the
COIN-JAZ complex?”28,

Gibberellins

The GAs are a large family of tetracyclic, diterpenoid growth regulators.
This hormone has a particularly interesting role in modern agriculture.
It was originally isolated in 1938 as a metabolite from the rice fungal
pathogen Gibberella fujikuroi®®. Infection of rice by the fungus results
in excessive stem elongation, ultimately causing the plant to fall over
(lodging). In the 1960s and 1970s, the “green revolution” was associ-
ated with the adoption of new dwarf varieties. Recent molecular genetic
studies show that these varieties are affected in now well-characterized
components of GA signaling pathways>’. Because these varieties have
shorter stems, relatively more of the plants’ resources are used to produce
grain. In addition, the dwarf strains are more resistant to wind and other
severe weather?®,

insensitive dwarf2 (gid2), respectively’$3>,
Thus, as for auxin and JA, GA appears to reg-
ulate the level of negative regulators through the action of SCF-type
ligases (Fig. 3). However, unlike Aux/IAA and JAZ proteins, the DELLAs
may not function directly as transcriptional repressors. Recent reports
indicate that DELLAs inhibit cell elongation by binding to the DNA
binding domain of a transcription factor called PHYTOCHROME
INTERACTING FACTOR3 (PIF3), as well as PIF4 and PIF5. This
binding prevents the PIF from interacting with promoter elements and
stimulating transcription of growth-related genes>®7.

Recently, the GA receptor was identified in rice38. The
GIBBERELLIN INSENSTIVE DWARF1 (GID1) protein is local-
ized in the nucleus and binds biologically active gibberellins3®.
Three orthologous genes (GIDIa, GIDI1b and GIDIc) are present
in Arabidopsis’®*0. The triple mutant lacking all three proteins is
GA-insensitive, which indicates that GA responses require functional
GID1 proteins in both rice and Arabidopsis®®. The GID1s interact with
DELLA proteins in a GA-dependent manner. Further, the DELLAs
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Figure 3 Similarities between auxin, JA and GA signaling. SCF-E3-type
ubiquitin ligases promote the ubiquitination and degradation of repressors of
auxin-, JA- and GA-regulated transcription. In the case of auxin and JA, the
hormone directly binds to the SCF and promotes binding and ubiquitylation
of the repressors. In the case of GA, an additional protein (the GA receptor
GID1) facilitates substrate recognition by SCFGID2/SLY,
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Figure 4 Model of cytokinin signal transduction. Cytokinin is perceived

by the AHK plasma membrane receptors. Cytokinin signal is further
amplified by phosphorelay events starting from AHKs, which lead to the
activation and subsequent nuclear translocation of AHP proteins. AHP
proteins transfer the phosphoryl group to type A or type B ARR proteins.
The former act as repressors of cytokinin signaling, whereas the latter act
as positive transcriptional regulators of cytokinin-induced genes, including
those encoding type A ARRs. CRF proteins are also activated by cytokinin,
and after translocation to the nucleus they act as activators of cytokinin-
regulated genes.

are better able to interact with SCFGIP2/SLY while in a complex with
gibberellin-bound GID1 (refs. 38,39,41). This interaction ultimately
leads to ubiquitination and degradation of the DELLA repressor, thus
promoting GA-mediated transcription.

The structures of rice GID1 and Arabidopsis GID1a support this
model*>*3, GID1 is a member of the hormone-sensitive lipase (HSL)
family?®. The receptor contains a deep binding pocket whose access is
regulated by a flexible lid*>*3. GA binds to the pocket and probably causes
the lid to fold back and interact with the DELLA domain*?*3. It is not
clear how complex formation enhances the DELLA-SCFSIY/GID2 jnterac-
tion, but it may involve a conformational change in the C-terminal GRAS
domain of the DELLA proteins.

Cytokinins
The cytokinins are N6-substituted adenine-based molecules that
were originally discovered in the 1950s by Carlos Miller on the basis
of their ability to promote plant cell division*4. They have since been
implicated in a broad range of developmental processes including
germination, root and shoot meristem function and leaf senescence®.
In addition, cytokinin has an important role in the formation of
nitrogen-fixing nodules and other plant-microbe interactions*®47.
In general the first step in cytokinin biosynthesis is the produc-
tion of N6-(A2-isopentenyl)adenine (iP) riboside 5” -tri-, 5 -di- or
5’ -monophosphate by the enzyme adenosine phosphate-isopentenyl-
transferase (IPT)*3. Active cytokinins are produced by a phosphoribo-
hydrolase enzyme that converts the nucleotide to the free base**. The
regulation of cytokinin levels is complex and involves changes in both
synthesis and metabolism. Recent studies have focused on the complexity

of IPT gene regulation and the role of other hormones, including auxin
and ABA, in the regulation of cytokinin biosynthetic genes*®.

Cytokinin signaling is remarkably similar to the two-component
signaling systems that are commonplace in bacterial species**. In two-
component pathways, ligand binding initiates a phosphorelay that
involves both histidine and aspartate kinases. Cytokinin is perceived
by a membrane-associated hybrid kinase that transfers a phosphate to
ARABIDOPSIS HIS PHOSPHOTRANSFER (AHP) proteins (Fig. 4).
The AHPs are translocated into the nucleus where they phosphorylate
ARABIDOPSIS RESPONSE REGULATOR (ARR) proteins. The ARRs
can be either negative (type A ARRs) or positive (type B ARRs) effectors
of cytokinin signaling. Microarray studies indicate that type B ARRs are
direct regulators of the cytokinin transcriptional response. As for auxin,
alarge number of genes are regulated by cytokinin?>*°. Among these are
members of a family of transcription factor genes called CYTOKININ
RESPONSE FACTORS. Mutants deficient in members of this family
exhibit defects in cytokinin-regulated transcription, which indicates that
these proteins mediate downstream effects of cytokinin on the tran-
scriptional response’!.

Ethylene

The gaseous hormone ethylene is best known for its role in fruit ripen-
ing. In fact, the Greek philosopher Theophrastus recognized that syca-
more figs don’t ripen unless they are wounded by scraping with a metal
tool’2. It turns out that wounding causes the formation of ethylene,
which in turn promotes ripening. We now know that ethylene has an
important role in many other developmental processes. It is synthe-
sized from methionine via the intermediate 1-aminocyclopropane-
1-carboxylic acid (ACC)>* in a pathway called the Yang cycle, for its
discoverer, Shang Fa Yang™>. Ethylene can be synthesized in essentially all
plant organs, although the pathway is regulated by both environmental
and developmental cues such as the onset of fruit ripening. One of the
key enzyme families in the biosynthetic pathway, the ACC synthases, is
a focus of this regulation. For example, auxin induces ethylene synthesis
by directly promoting transcription of ACC synthase genes (ACS). In
addition, various signals modulate ethylene levels by regulating the levels
of the ACS proteins. This is accomplished through the action of another
type of E3 enzyme called a BTB (broad-complex, Tramtrack and bric-
a-brac) complex. In this case, the BTB protein is the specificity factor.
Three BTB proteins, called ETHYLENE OVERPRODUCERI, ETO1-
LIKE1 (EOLI) and EOL2, are responsible for promoting degradation
of ACS proteins>®>7.

Like cytokinin, ethylene is perceived by a two-component protein
kinase receptor53. In this case, however, the receptor is localized to the
endoplasmic reticulum membrane. In the absence of ethylene, the recep-
tor negatively regulates ethylene signaling via a Raf-like protein kinase
called CONSTITUTIVE TRIPLE RESPONSE1 (CTR1). CTR1 in turn
negatively regulates a second membrane protein called ETHYLENE
INSENSITIVE2 (EIN2). Through an unknown mechanism, EIN2 acti-
vates members of a small family of transcription factors including EIN3.
As for the other hormones, the ubiquitin pathway has an important role
in ethylene signaling®. Both EIN2 and EIN3 levels are controlled by E3
ligases. In the absence of ethylene, SCFETP!/2 (with the F-box protein
EIN2 TARGETING PROTEIN1 (ETP1) or ETP2) promotes degrada-
tion of EIN2, thus reducing the ethylene response®. Ethylene acts to
decrease ETP gene expression, thus permitting the accumulation of EIN2.
Similarly, another pair of F-box proteins called EIN3-BINDING F-BOX1
(EBF1) and EBF2 promote degradation of EIN3 at low levels of hormone.
As hormone levels increase, EIN3 degradation decreases and ethylene-
regulated transcription is stimulated. Finally, EBFI and EBF2 RNA levels
are regulated by an exoRNase called EIN5, or XRN4 (ref. 53).
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Abscisic acid

ABA is an isoprenoid compound associated with seed dormancy,
drought responses and other growth processes®>®. The ABA biosyn-
thetic pathway was defined through genetic studies of mutants with seed
dormancy defects, primarily in maize and Arabidopsis. It is thought that
nearly all of the genes in the pathway have now been identified>®. ABA
levels are regulated by a variety of environmental conditions. Particular
attention has been paid to changes in ABA levels during seed maturation
and in response to drought conditions. In both processes, changes in bio-
synthesis and catabolism appear to be important for ABA regulation.

Although several candidate ABA receptors have been proposed
in recent years, these reports are controversial. Magnesium proto-
porphyrin-IX chelatase H subunit (CHLH; also called GENOMES
UNCOUPLEDS5 or GUNS5 in Arabidopsis) is an unconventional site
of hormone perception®!. This protein is localized to chloroplasts
and was reported to have specific ABA-binding activity. Plants with
decreased CHLH levels have ABA-insensitive germination and stomatal
aperture phenotypes, whereas plants overexpressing CHLH are ABA-
hypersenstive in these assays. However, at this point it is unclear how
CHLH mediates these responses. Further, a recent study reported that
CHLH from barley does not bind ABA, and that mutants with reduced
CHLH levels do not display an ABA-related phenotype, thus calling into
question the function of this protein as an ABA receptor®.

A second report of a candidate ABA receptor involves a putative
G protein—coupled receptor from Arabidopsis called G-PROTEIN
COUPLED RECEPTOR2 (GCR2)%. This finding is also controversial
because it is not clear that GCR2 has a transmembrane domain®. In
addition, genetic analysis of the GCR2 family failed to detect an ABA-
related phenotype®>%°. At this point, GCR2 appears unlikely to function
as an ABA receptor.

The most recent report of ABA receptor function concerns another
pair of G protein—coupled receptors called GTG1 (GPCR-type G protein
1) and GTG2 (ref. 67). Plants lacking both GTG1 and GTG2 are deficient
in ABA responses during germination, flowering, root elongation and
stomatal closure®’. In addition, both proteins bind biologically active
ABA in vitro. Whether or not GTG1 and GTG2 are the only ABA recep-
tors is a question for the future. ABA responses are diverse, and it is
possible that this diversity requires multiple sites of perception®®,

ABA signal transduction pathways are complex and involve a variety
of small molecules and proteins. Two protein phosphatase 2C proteins
called ABI1 and ABI2 have a central role in ABA response, as mutations
in either gene affect all ABA responses. In addition, a variety of kinases,
RNA-modifying enzymes and transcription factors have been proposed
to function in ABA signaling®7?. In the guard cell, Ca**, ROS and NO
have all been implicated in ABA promotion of stomatal closing®. Finally,
the ubiquitin-proteasome pathway is known to be important. Two RING
E3 ligases, ABI3-interacting protein (AIP2) and Keep on Going (KEG),
promote normal ABA signaling by regulating the abundance of ABA-
responsive transcription factors, namely ABA-insensitive 3 (ABI3) and
ABI5 (refs. 71,72).

Salicylic acid

Salicylic acid (SA) is best known for its central role in plant defense
response’>7%. SA is synthesized from chorismate via isochorismate.
Infection of the plants by a broad range of pathogens results in an
increase in SA levels both at the site of infection and in distant tissues.
Many of the details of SA signaling have not been worked out, including
the mechanism of SA perception. However, it is clear that SA response
depends on a protein called NONEXPRESSER OF PR genes (NPR1).
When SA levels increase, NPR1 is translocated into the nucleus where
it promotes the transcription of a large family of PATHOGENESIS

REVIEW

RELATED (PR) genes. Some PR proteins have antimicrobial activity,
but in general the function of these proteins has not been clearly defined.
The precise mechanism of NPR1 function is also not clear. Interestingly,
NPR1 is a member of the BTB domain family of proteins, and like ETO1
itis probably a subunit in an E3 ligase’#7, which implies that SA action
also involves regulated protein degradation.

One of the most interesting aspects of SA biology is its role in systemic
acquired resistance (SAR)74. SAR is a defense pathway that provides
systemic protection to a broad range of pathogens. As mentioned above,
pathogen attack results in an increase in SA levels at the site of infection
and at distant sites. The response appears to require the synthesis of
the volatile compound methyl salicylate (MeSA) at the infection site.
MeSA moves to other parts of the plant, where it is converted to SA by
the protein SA BINDING PROTEIN2 (SABP2).

Interactions between hormones

Abundant physiological data suggest that all plant hormones interact
with one or more additional hormones. Depending on context, hor-
mone interaction can involve changes in hormone level or response.
For example, several genes required for auxin biosynthesis are under
transcriptional control of ethylene76‘78, while auxin can also influ-
ence ethylene biosynthesis by inducing expression of genes encoding
ACC synthase’®.

Hormone interactions also occur at the level of hormone distribu-
tion. A good illustration of this type of crosstalk is the opposing action
of auxin and cytokinin during lateral root initiation. It is widely known
that polar auxin transport and the establishment of an auxin gradient
is a very important determinant of plant growth and morphological
patterning®’. During root development, auxin promotes lateral root
initiation while cytokinin opposes this response. One way that cytoki-
nin does this is to influence the expression of the PINFORMED (PIN)
auxin efflux carrier genes®!. At least five PIN genes work collectively to
establish auxin gradients in roots by controlling the direction of polar-
auxin transport®2. By reducing PIN expression, cytokinin disrupts local
auxin gradient formation in lateral root founder cells, thereby inhibiting
lateral root initiation®!.

Hormonal signaling pathways are also known to interact at the level
of gene expression. For example, studies show that there is significant
overlap between auxin- and brassinosteroid-responsive gene sets>!8,
Generally, common target genes repressed by auxin are also repressed by
brassinosteroids, and genes induced by auxin are induced by brassinos-
teroids, which suggests coordination between the signaling pathways.
Furthermore, transcriptional profiling revealed that very few auxin
response genes responded normally to auxin in the BR-deficient mutant
brevis radix (brx)%. Conversely, many brassinosteroid-responsive genes
are misregulated in the yucca mutant that overproduces auxin?!. Taken
together, the data suggest that auxin and brassinosteroid signaling path-
ways partially converge on a set of common target genes.

Control over key components of signaling pathways by other
hormone signals is another common example of crosstalk strategy.
As described above, DELLA proteins are central regulators of the
GA-mediated signaling pathway and appear to be a common cross-
talk node for several interacting hormones including auxin, ethylene
and ABA®. GA signaling during root elongation is known to require
auxin, as disruption of polar auxin transport or signaling diminishes
the effects of GA on root elongation®. The attenuated growth response
corresponds with reduced RGA degradation in root cells. These obser-
vations indicate that auxin promotes the GA-induced destabilization
of some of the DELLA proteins to affect GA responses®. Similarly,
ethylene and ABA may also target DELLA proteins to exert antagonistic
actions with GA during root growth®>%7,

NATURE CHEMICAL BIOLOGY VOLUMES5 NUMBER5 MAY 2009

305



@ © 2009 Nature America, Inc. All rights reserved.

REVIEW

Emerging chemical signals

It seems likely that the signaling compounds described here are not
the end of the story. Given the metabolic complexity of plants, there
are probably more, perhaps many more, small molecules with signal-
ing function. Perhaps the most striking example of this is the recent
discovery that the carotenoid-derived molecule strigolactone is a
shoot branching hormone®®-, It has been known for many years that
auxin synthesized in the apex of the plant inhibits the growth of lateral
branches. This phenomenon is called apical dominance. More recently,
genetic studies in Arabidopsis, pea, petunia and rice have shown that a
signal originating in the root also inhibits shoot branching®. This signal
turns out to be strigolactone. The mechanism of strigolactone action
is still unclear, but some details are starting to emerge. Experiments
in Arabidopsis indicate that strigolactone inhibits auxin transport,
which suggests a complex interaction between these two hormones®'.
Further, one of the genes required for strigolactone-dependent inhibi-
tion of branching, MORE AXILLARY BRANCHES (MAX2), encodes an
F-box protein, which indicates that once again, protein degradation is
an important component of this regulatory system®8°2, In addition to
strigolactone, there is accumulating evidence that nitric oxide has a role
in plant defense and perhaps in aspects of growth”>%3,

Conclusions and future directions

During the last ten years, our understanding of the molecular
mechanisms of hormone biosynthesis, perception and response has
improved dramatically. Knowledge of hormone metabolic and trans-
port pathways will lead to new opportunities to manipulate hormone
levels and thus regulate plant growth. Receptors for many of the hor-
mone classes have been identified, thus leading to exciting new mod-
els of hormone perception. Detailed knowledge of receptor function
may stimulate the development of new plant growth regulators®.
Similarly, many downstream signaling components have been identi-
fied. In the future a major challenge will be to understand how these
signaling pathways are integrated during plant growth. For example,
we know that auxin, GA and BR all promote cell elongation in the
plant stem. However, the relative contribution of each signaling path-
way to growth regulation in response to changes in the environment is
uncertain. Similarly, it is not known whether cell elongation involves
the same set of genes for each hormone signal. Finally, as we learn
more about the mechanisms of hormone action, our ability to gener-
ate predictive models of plant growth will improve. Already robust
models for auxin-dependent regulation of shoot and root growth
have been developed®>=°. Ultimately we can expect these models to
incorporate the diversity of hormone and environmental signals and
thus enable an integrated view of plant growth and development.
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