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Abstract (120 words)

Recent years have seen an impressive increase in our knowledge of the
topology of plant hormone signaling networks. The complexity of these
topologies has motivated the development of models for several hormones
to aid understanding of how signaling networks process hormonal inputs.
Such work has generated essential insights into the mechanisms of
hormone perception and of regulation of cellular responses such as
transcription in response to hormones. In addition, modeling approaches
have contributed significantly to exploring how spatio-temporal regulation
of hormone signaling contributes to plant growth and patterning. New
tools have also been developed to obtain quantitative information on
hormone distribution during development and to test model predictions,

opening the way for quantitative understanding of the developmental roles
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of hormones.



Main text: 2262 words

Introduction

Plant development is driven by multiple extracellular signaling
molecules, the most important of which are plant hormones. Hormones,
primarily auxin, cytokinin (CK), gibberellin (GA), abscissic acid (ABA),
brassinosteroid, jasmonic acid and ethylene, are small molecules with
chemical structures analogous to primary or secondary metabolites . In
each cell, perception of hormones stimulates signaling networks that
regulate gene expression and will eventually lead to cellular decisions, for
example a change in growth dynamics or the acquisition of a new cell
identity. The identification of hormone signaling network components and
understanding of how the activity of these components is affected upon
hormone perception, including possible feedback regulation, has recently
allowed the generation of essential information regarding the topology of
the networks controlling gene transcription in response to hormones
(Figure 1). A key remaining challenge is to infer the dynamic properties of
these signaling networks from knowledge of their topology, in order to
understand how hormonal inputs are transformed into appropriate output
responses. This is not intuitive but can be addressed by generating
mathematical models of the signaling networks that can subsequently be
used to predict the properties of the networks. In this review, we will
specifically highlight advances in the last two years relying on modeling
approaches to understand hormone signaling and function during

development.



Cell-autonomous processing of hormonal signals

The most studied hormone in plant biology is unquestionably auxin.
Auxin regulates gene expression primarily by promoting the degradation
of Aux/IAA transcriptional regulators. In the presence of auxin, Aux/IAA
proteins act as auxin co-receptors together with a TIR1/AFB F-box protein
of an SCF complex . This interaction leads to the ubiquitination and
degradation of Aux/IAAs . The degradation of Aux/IAAs releases their
repression of the ARF transcription factors, allowing ARFs to regulate the
expression of their targets, which include most of the Aux/IAA genes
(Figure 1A). Several modeling approaches have led to important insights
into how cells process the auxin signal. Considering the topology described
above and an ARF that can activate the transcription of an Aux/IAA
gene(Figure 2A), a first model of the signaling pathway * predicted two
different behaviour for Aux/IAA induction in response to exogenous auxin:
1- an increase in transcription before reaching a steady state level; 2-
transcription peaking then decreasing to reach a steady state. Both these
kinetics can be observed in planta and likely result from combinations of
Aux/IAAs and ARFs with different biochemical properties. This is notably
consistent with the distinct half-lives and binding affinities observed for
different Aux/IAAs . Oscillations in Aux/IAA transcription levels, despite
constant auxin levels, were also obtained using the model. This is

reminiscent of oscillations of the DR5 auxin-inducible reporter (reporting



auxin signaling transcriptional output [11-13]) that have been proposed to
play a role in positioning new lateral roots along the root primary axis [14].
Although DR5 oscillations appears to be under the control of an auxin-
independent clock mechanism [15], these simulations suggest that they
might also result, in part, from the properties of the auxin signaling
pathway itself.

The demonstration, using quantitative real-time PCR, that the
MONOPTEROS(MP)/ARF5 gene can be induced upon exogenous application
of auxin motivated the development of another model to analyze the
dynamics of induction of the MP-target BODENLOS/IAA12 [16]* (Figure 2B).
The model suggests that an additional positive feedback loop involving MP
allows for a switch-like activation of both MP and BDL in response to auxin,
consistent with experimental analysis of the transcription dynamics of the
two genes. Both MP and BDL are essential for the regulation of cell
identities during both embryonic and post-embryonic development and
such a feedback mechanism could be essential for the role of auxin in cell
fate decision during development.

Further exploration of the auxin signaling pathway was achieved
using a third model based on supplementary information on the topology
of the auxin signaling network obtained from a full Aux/IAA-ARF
interactome [19]**. Only 5 of the 23 Arabidopsis ARFs are predicted to act
as transcriptional activators as seen for MP, whilst 18 of them seem likely
to act as repressors [20]. Analysis of the Aux/IAA-ARF interactome showed
that, while Aux/IAAs and activating ARFs interact, repressing ARFs have

very limited interactions with other proteins **. This suggests a scenario



where repressing ARFs regulate transcription mostly by competing with
activating ARFs for binding sites in the promoters of auxin-inducible genes
(Figure 2C). The model predicts that co-expression of the activating ARFs
repressing ARFs provides buffering properties to the auxin signaling
network, allowing the stabilization of auxin-induced transcription in
conditions where the auxin input shows variations. Supporting this
prediction, it was found that auxin levels monitored with the DII-VENUS
auxin biosensor [21]** fluctuate in the shoot apical meristem (SAM), while
gene expression monitored using DR5 is stable [19]**. It is important to
stress that this model considers different topologies for the auxin signaling
network to the others discussed above (Figure 2). Further work is needed
to evaluate the diversity of these topologies in planta and to determine
whether the conclusions drawn from these studies can be generalized.
This will notably require the generation of expression datasets for the
effectors of auxin signaling from several other tissues [19,22].

A model has also been developed for the GA signaling pathway **.
GA signaling shares important similarities with that of auxin, in the sense
that GA triggers degradation of transcriptional repressors of the DELLA
family [24,25] (Figure 1B). On the other hand, GA biosynthesis genes
(GA200x, GA3ox) [26] and the GA receptor GID1 [27] are positively
regulated by DELLA proteins, thus creating a complex circuit of negative
feedback loops. The model was parameterized using both existing and
new datasets, including time-course expression data after exogenous GA
application for both GA signaling and biosynthesis genes [23]**. The

predictive value of the model was demonstrated by showing that it



predicted accurately gene expression dynamics after GA application in a
mutant accumulating bioactive GA. The model further suggests that the
GA200x feedback loop dominates the GA3ox loop, providing insights into
the relative importance of different feedback loops in the modulation of
the sensitivity of cells to GA.

Proteins of the PYR/PYL/RCAR family act as intracellular receptors of
ABA . These receptors bind and inactivate several PP2Cs, triggering ABA
signaling. A combination of structural and biochemical approaches
demonstrated that the PYR/PYL/RCAR proteins can act as either
monomeric or dimeric receptors [30]*. Dimeric receptors need to
dissociate before binding PP2Cs, and have a lower affinity for ABA.
Simulations using a model of ABA receptor activation indicate that the
balance between the two types of receptors can significantly modulate the
sensitivity of the cell to ABA, and thus provide testable hypotheses for

further exploration of ABA perception [30]*.

Differential hormone signaling capacities contribute to growth
and patterning

Systems biology analysis of, and modeling approaches to hormone
signaling have also shed new light on how differential hormone signaling
capacities across tissues contribute to growth and patterning. Auxin can
activate expression of the DR5 reporter at the periphery of the SAM, but
not in the meristem center [19,31]. An extensive analysis of the spatial
expression pattern of ARF and Aux/IAA genes in the SAM explains this

spatial pattern of auxin response [19]**. Most Aux/IAAs and both



activating and repressing ARFs are expressed in the meristem, more
weakly in the center than at the periphery. These differences in expression
levels were considered in the last of the auxin signaling models discussed
above (Figure 2B) resulting in the prediction that a low level of both types
of ARFs led to low sensitivity to auxin, whereas higher levels could trigger
a higher sensitivity to auxin [19]**. This difference in auxin sensitivity is
supported by the demonstration that auxin indeed accumulates at the
center of the SAM without triggering an activation of DR5 in these cells
[19]**.

In the root apex, cells divide in the meristem at the root tip and then
are displaced into the elongation zone where they rapidly increase in
length to finally stop growing when entering the maturation zone.
Gibberellins regulate both cell elongation and division by promoting the
degradation of DELLA proteins, which function as growth repressors during
root development [32,33]. A multicellular model that incorporates the GA
signaling network in each cell of the root has tested the effect of cell
elongation on GA concentrations and how resulting changes in GA levels
feed back onto cell elongation [34]**. Simulations predict that dilution of
GA concentrations resulting from cell expansion in the elongation zone
creates a GA gradient along the root axis, a prediction supported by
transcriptomic data. In the model, GA dilution contributes to a progressive
stabilization of the DELLA proteins during growth and provides a plausible

mechanism explaining the growth patterns at the root tip.

Hormone signaling in non-cell autonomous developmental



regulation

Cell-cell communication is essential throughout plant development
and notably in the maintenance of stem cell niches. In the SAM, the size of
the stem cell niche is regulated by a negative feedback loop between the
transcription factor WUSCHEL (WUS) and the small secreted peptide
CLAVATA3 (CLV3). WUS is expressed in a small subapical region and
positively regulates CLV3 transcription in the cells above, which in turn
repress WUS expression, thus creating a negative feedback loop [35]. CKs
are also essential for stem cell maintenance and models have been
developed to test how CKs participate in positioning the WUS and CLV3
expression domains. Computational modeling indicates that CK acts both
in a CLV-dependent and independent manner to activate WUS production
and regulate its distribution [36,37]*. In addition, an accumulation of
bioactive CK in the L1 layer is predicted to lead to differences in CK
concentrations in the meristem that could, together with CLV3, provide
positional cues for specifying the WUS domain *. This is consistent with the
specific expression of a member of the LONELY GUY (LOG) family of CK
biosynthetic enzymes in the L1.

Auxin also represents a key non-cell autonomous signal since it is
transported between cells in a polar fashion. The polarity of the auxin flux
is mainly controlled by polar localization of efflux carriers of the PIN-
FORMED (PIN) family [39]. Auxin is a key regulator of its own transport
since it regulates both PIN transcription and localization at the plasma
membrane. Modeling approaches suggest either sensing of auxin

concentration in neighboring cells or sensing of auxin flux across the



plasma membrane as plausible mechanisms for the polarization of PINs in
tissues [40-43]. A recent mechanistic model tested how modulation of PIN
trafficking by an extracellular auxin receptor together with regulation of
PIN transcription through intracellular auxin signaling could lead to tissue
polarization [44]**. This model, like previous flux-based models, can
reproduce spatial patterns of PIN polarization observed during vascular
formation. The combination of extracellular auxin sensing, possibly by the
ABP1 auxin receptor [45,46], and intracellular auxin sensing by the
TIR/AFB-Aux/IAA-ARF pathway could thus provide the cell with a flux-
sensing mechanism controlling PIN polarization during tissue development.
The obtention of further information about the molecular mechanisms
underlying PIN polarization is still necessary to elucidate how PIN networks
establish spatio-temporal patterns of auxin during development. However,
the modeling described above establishes an exciting framework around

which to perform this exploration.

Towards a quantitative understanding of plant hormone signaling

Testing the predictions of models relies on the production of
quantitative data. In the case of hormone signaling, acquiring quantitative
information about the spatio-temporal distribution of hormones during
developmental processes is absolutely crucial. Because they are small
molecules, plant hormones are difficult to detect with cellular definition
using classical histochemical approaches or direct biochemical
measurements. A major step forward in the quantification of auxin

distribution was provided by the development of the DII-VENUS sensor



mentioned above [21]**. DII-VENUS is a synthetic protein comprising an
Aux/IAA auxin-binding domain fused to a nuclear-localized YFP variant
(VENUS) and expressed under the constitutive 35S promoter. Aux/IAAs
exhibit rapid turnover and the use of VENUS, a fast-maturating YFP, means
that the detection of DII-VENUS fluorescence in tissues is inversely
correlated to endogenous auxin levels [21]**. Endogenous auxin levels
can be predicted directly from DII-Venus fluorescence levels using a
simplified auxin signaling model parameterized by quantifying DII-VENUS
degradation after auxin treatment [47]**. When applied to the analysis of
auxin redistribution during root gravitropism, this approach shows that an
asymmetric distribution of auxin across the root is established within
minutes of a gravitational stimulus. In the light of this study, we anticipate
that the development of new hormone biosensors, together with modeling,
should allow the generation of high-resolution spatiotemporal maps of
hormone distribution during development.

Synthetic reconstruction of hormone signaling pathways in
unicellular organisms is also emerging as an interesting means of
obtaining quantitative data from these pathways. The TIR1/AFB F-box
proteins and Aux/IAAs form pairs of co-receptors with a wide range of
binding affinity for auxin [4]. This system can be reconstructed in yeast
[48,49] and has been used to quantify Aux/IAA degradation dynamics in
the presence of auxin, demonstrating that each AFB-Aux/IAA couple has a
characteristic degradation behavior in response to auxin in yeast [49]**,
Such a synthetic biology approach can be viewed as a means of

performing biological simulations of a given network module. It thus



represents a powerful complementary strategy to computational modeling
for exploring the properties of signaling pathways, and in particular for the

extraction of quantitative data.

Conclusions

The recent development of computational models for plant hormone
signaling pathways has provided key insights into how signaling pathways
process hormone signals and integrate these signals during plant
development. This is only a first step in the exploration of the properties of
these pathways. Indeed, several cycles between a model and biological
experiments are required to fully assess its predictive value and to identify
missing elements. In this interplay between modeling and biological
experiments, the development of new tools and quantitative approaches
to explore the spatio-temporal distribution of hormones, and possible links
with changes in identity and growth patterns, will be instrumental. In
addition, models for additional hormone signaling pathways still need to
be developed. A key future challenge will be to be develop computational
approaches to analyze the coupling between different signaling pathways
in order to explore how hormones interact during plant developmental

processes.
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Figure legends :

Figure 1. Examples of hormone signhaling pathways.

A. In the presence of auxin, Aux/IAA transcriptional repressors act together
with TIR1/AFB F-box proteins as auxin co-receptors. This interaction leads
to the ubiquitination and subsequent degradation of Aux/IAAs, allowing
ARF transcription factors to regulate the expression of auxin response
genes. B. GA signaling is analogous to auxin signaling in the sense that GA
promotes the degradation of DELLA repressors thus allowing the
expression of GA response genes. However, unlike auxin, the GA receptor
is not an F-box protein. Instead, GA binding to the receptor GID1
promotes the interaction between GID1 and the GID2/SLY1 F-box protein,
which catalyzes the ubiquitination of DELLA proteins. C. CK perception by
AHKs causes phosphorylation of the phosphotransfer proteins AHP1-5,
which tranfers the phosphoryl group to type A and B ARR transcription
factors thus inducing transcription of CK-regulated targets. CK binding also
results in the rapid AHP-dependent nuclear translocation of the
transcription factor CRF.

Figure 2. Different network topologies used in auxin signaling models.

Network topologies for three published models of the auxin signaling
pathway are displayed. The three models are discussed in the text. Only
the elements that were explicitly included as variables or control
parameters in the models are shown. A. Model from reference [9°¢]. B.
Model from reference [16°]. C. Model from reference [19e-¢].
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