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Brassinosteroid (BR) signaling is essential for plant growth and development. In Arabidopsis (Arabidopsis thaliana), BRs are
perceived by the BRASSINOSTEROID INSENSITIVE1 (BRI1) receptor. Root growth and hypocotyl elongation are convenient
downstream physiological outputs of BR signaling. A computational approach was employed to predict root growth solely
on the basis of BRI1 receptor activity. The developed mathematical model predicts that during normal root growth, few
receptors are occupied with ligand. The model faithfully predicts root growth, as observed in bri1 loss-of-function mutants.
For roots, it incorporates one stimulatory and two inhibitory modules, while for hypocotyls, a single inhibitory module is
sufficient. Root growth as observed when BRI1 is overexpressed can only be predicted assuming that a decrease occurred in
the BRI1 half-maximum response values. Root growth appears highly sensitive to variation in BR concentration and much
less to reduction in BRI1 receptor level, suggesting that regulation occurs primarily by ligand availability and biochemical
activity.

Brassinosteroids (BRs) play a key role in plant
growth and development. In Arabidopsis (Arabidopsis
thaliana), BRs are perceived by the plasma membrane-
located receptor kinase BRASSINOSTEROID INSEN-
SITIVE1 (BRI1). Detailed models (He et al., 2000; Wang
et al., 2006; Jaillais et al., 2011a; Ye et al., 2011) of BR
signaling describe the binding of BR to the extracel-
lular leucine-rich repeat domain of BRI1 followed by
activation of the receptor through autophosphorylation
(Wang and Chory, 2006). Subsequently, BRI1 phos-
phorylates BRI1-KINASE INHIBITOR1 (BKI1), result-
ing in the release of BKI1 from the intracellular BRI1
kinase domain (Jaillais et al., 2011b). BKI1 restricts the
association between BRI1 and another leucine-rich repeat
receptor-like kinase, the BRI1-ASSOCIATED KINASE1

(BAK1; Li et al., 2002; Nam and Li, 2002). The release of
BKI1 from the kinase domain of BRI1 enables transphos-
phorylation between BRI1 and BAK1 (Wang et al., 2008),
initiating a phosphorylation-and-dephosphorylation
cascade mediated by cytoplasmic BR signaling kinases
(Kim et al., 2009). This cascade results in the transcrip-
tional regulation of BR-responsive genes (Yin et al.,
2002; Sun et al., 2010; Wu et al., 2011; Yu et al., 2011)
mediated by the BRASSINAZOLE RESISTANT1 (BZR1)
and BRI1-EMS-SUPPRESSOR-1(BES1)/BZR2 transcrip-
tional regulators (Wang et al., 2002; Yin et al., 2002).
The PROTEIN PHOSPHATASE2A (PP2A) regulates
at least two different steps in the BRI1 signaling path-
way, dephosphorylation and degradation of BRI1 after
activation (Wu et al., 2011) and dephosphorylation of
BKI1, thereby promoting its translocation to the nucleus
(Tang et al., 2011). Thus, both negative (BKI1 and PP2A)
and positive (BAK1 and BR signaling kinase) regulators
exist in the pathway (Supplemental Fig. S1). Disruption
of BR signaling results in complex phenotypes such as
extreme dwarfed stature, impaired photomorphogene-
sis, fertility defects, and impaired root growth (Clouse,
1996; Wang et al., 2001). BRs stimulate root growth at
low ligand concentrations and are strongly inhibitory
at high ligand concentrations (Müssig et al., 2003).
Overexpression of BRI1, a reduction of BRI1 activity
by mutation, and exogenously applied ligands all
result in an arrest in cell cycle progression in the root
meristem (González-García et al., 2011). Hence, BRI1-
mediated BR signaling may not only affect root growth
by promoting cell elongation (Szekeres et al., 1996;
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Müssig et al., 2003) but also by affecting cell division.
In Arabidopsis roots, the meristem and elongation zone
are very sensitive to changes in BR concentration, with
the epidermis playing a major role in translating the BR
signal into a root growth response (Hacham et al.,
2011). Remarkably, BRI1 receptor density in wild-type
roots remains almost constant in the meristematic re-
gion (van Esse et al., 2011). To help understand the
complex cellular responses to BRI1-mediated BR sig-
naling, a mathematical model is beneficial. Modeling
was previously employed to describe the radial pat-
terning of the vascular bundles in shoots, which is
controlled by polar auxin transport and BR signaling
(Ibañes et al., 2009; Fàbregas et al., 2010), and to help
understand the role of the BREVIS RADIX (BRX) gene
in BR and auxin signaling (Sankar et al., 2011).

The aim of this work is to develop a mathematical
model to link BRI1 receptor activity directly to a
downstream physiological response. Therefore, wild-
type Arabidopsis root growth was used based on its
reproducible and quantifiable response to BR signaling
activity. Sufficient biochemical parameters such as the
BRI1 dissociation constant (Wang et al., 2001) and the
BRI1 concentration (van Esse et al., 2011) are now
available for this purpose. The developed model in-
cludes one stimulatory and two inhibitory modules.
For validation, roots were used in which BRI1 receptor
activity was either increased by expressing an extra
BRI1 copy or decreased by using strong and weak
bri1 mutant alleles. Computer-generated model sim-
ulations show that the growth behavior of the bri1
mutant roots can be faithfully predicted in terms
of BRI1 receptor occupancy level. Interestingly, a
model structure with only one inhibitory response
faithfully predicts the hypocotyl elongation response,
previously reported to primarily rely on cell elongation
(Gendreau et al., 1997). We conclude that mathematical
modeling of the BRI1 plant signaling pathway helps to
explain complex physiological responses in both roots
and hypocotyls.

RESULTS

BRI1 Receptor Occupancy

Receptor occupancy is a widely used estimated pa-
rameter to describe signaling activity (Brent, 2009).
To accurately predict BRI1 occupancy at physiological
ligand concentrations, a good estimate of BRI1 receptor
and BR ligand concentration is required. BRI1 is capable
of binding the most active BR, 24-epibrassinolide (BL),
but also 22-homobrassinolide (HBL) and the bioactive
precursor castasterone (Wang et al., 2001), the latter two
being approximately 5-fold less active. The endogenous
level of castasterone is about 0.03 to 0.05 ng g21 fresh
weight (Bancoş et al., 2002; Shimada et al., 2003) or 0.06
to 0.1 nM, assuming an equal distribution throughout the
inside and outside of the cells. In roots, only trace
amounts of BL and HBL are detected (Bancoş et al., 2002;

Shimada et al., 2003). It is not known where the natural
pool of BRs exist; if this is exclusively outside of the cells,
it is reasonable to assume that physiological levels can be
about 10-fold higher (i.e. up to approximately 1 nM). To
accurately predict BRI1 receptor occupancy at physio-
logical ligand concentrations, all root growth experi-
ments described here were performed using seedlings
precultured in the presence of brassinazole (BRZ), a po-
tent inhibitor of BR biosynthesis (Asami et al., 2000).
To ensure that the stimulatory and inhibitory effects of
BRs on root growth entirely depend on the exogenous
supply of ligand, BRZ remained present in the medium
throughout the experiments. With this experimental
setup, we were able to monitor a clear stimulatory effect
of exogenously applied BL on root growth with con-
centrations up to 1 nM (Fig. 1A). For comparison, the
stimulatory effect of BL is hardly visible when wild-
type roots are treated without the presence of BRZ

Figure 1. BRI1 receptor occupancy is linked to root growth. A, Visu-
alization of root-promoting and -inhibitory effects of BL on root growth
at 4, 6, and 8 DAG. The medium was supplemented with 1 mM BRZ,
after which increasing amounts of BL were added. Error bars represent
SE for 30 roots per data point measured in three independent replicates.
The model is able to fit the predicted root length with the experimental
data set. B, Model predictions of Emax and R(0,0,t) at 4, 6, and 8 DAG.
The model was fit to the measured root length of seedlings at 4, 6, and
8 DAG.
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(Supplemental Fig. S2), confirming previous reports
(Müssig et al., 2003; González-García et al., 2011). To
estimate BRI1 occupancy under these physiological
ligand concentrations, several assumptions had to be
made based on the literature. First, the highest affinity
ligand is BL (Wang et al., 2001). Therefore, the model
only considers BL binding to BRI1. Second, BL is
bound at the island domain of BRI1 (He et al., 2000) in
a ratio of one molecule to one monomer (Hothorn
et al., 2011; She et al., 2011). At present, it is not clear
whether monomers, homodimers, or heterodimers
(Russinova et al., 2004) represent the active state. The
third assumption is that the affinity of BRI1 for BL
does not change between the monomeric, homodi-
meric, or heterodimeric state. For the BL dissociation
constant, values ranging between 7.4 to 15 nM (Wang
et al., 2001) and 55 nM (Caño-Delgado et al., 2004) have
been reported, so simulations were done at a compa-
rable range of values. Fourth, the BRI1 receptor con-
centration is estimated at 62 6 4 nM in wild-type
seedling roots (van Esse et al., 2011). The fifth as-
sumption is that BRI1 receptor concentration remains
constant during receptor activation and as long as re-
quired to record a downstream physiological effect
(Geldner et al., 2007).
With these assumptions, the concentration of ligand-

occupied BRI1 receptors can be described as a steady-
state equilibrium between free receptor and free
ligand.

½BRI1 BL� ¼
�
BRI1free

���BLfree
�

Kd
ð1Þ

In accordance with the first three assumptions, this
equilibrium is subject to the mass balance:

½BRI1tot� ¼ ½BRI1 BL� þ �
BRI1free

�
½BLtot� ¼ ½BRI1 BL� þ �

BLfree
� ð2Þ

By combining Equations 1 and 2, and the condition
that without ligand there is no signaling, the number
of BRI1 molecules occupied by ligand can be calcu-
lated analytically as:

½BRI1 BL� ¼
Kd þ ½BRI1tot� þ ½BLtot�2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½BRI1tot� þ ½BLtot�Þ2 2 4 � ½BRI1tot��½BLtot�

q

2
ð3Þ

Here, [BRI1 BL] is the amount of BRI1 receptor occu-
pied by ligand, Kd is the dissociation constant, [BRI1tot]
is the total amount of BRI1, and [BLtot] is the total
amount of BL. To calculate the BRI1 receptor occu-
pancy, concentrations of 1 and 10 nM BL were used in
the calculations, in line with the root growth stim-
ulatory and inhibitory modes, respectively (Fig. 1A).
From Equation 3, it follows that ligand occupancy of
the BRI1 receptor at a physiological, stimulatory BL
concentration is less than 1% and at full inhibitory
mode is not more than 15% (Supplemental Fig. S3).

Relationship between BRI1 Receptor Occupancy and
Root Growth

A model was developed to describe root growth in
terms of ligand-dependent receptor occupancy. The
model structure with the best predictive power has
one stimulatory module and two inhibitory modules
(Eq. 4). Which biological entities represent the inhibi-
tory modules is not clear at present. As discussed in
the previous section, the receptor ligand concentration
is considered constant over time, as are the half-
maximum response values in the pathway. However,
BRI1-dependent and -independent root growth are an
unknown function of time. This gives the following
root growth model:

dRðBRI1tot;BLtot; tÞ
dt

¼

rð0; 0; tÞ þ emaxðtÞ�½BRI1 BL�
k1 þ ½BRI1 BL�

k2
k2 þ ½BRI1 BL�

k3
k3 þ ½BRI1 BL� ð4Þ

Here, r(0,0,t) is the root growth at time t in the absence
of BRI1-mediated signaling, emax(t) is the maximum
possible root growth when no inhibitory mechanisms
are present, and k1, k2, and k3 are the half-maximum
response values (k values). Integrating Equation 4 over
time gives the root length at time t:

RðBRI1tot;BLtot; tÞ ¼

Rð0; 0; tÞ þ EmaxðtÞ � ½BRI1 BL�
k1 þ ½BRI1 BL�

k2
k2 þ ½BRI1 BL�

k3
k3 þ ½BRI1 BL� ð5Þ

with

EmaxðtÞ ¼
Ðt
0
emaxðtÞdt

Rð0; 0; tÞ ¼ Ðt
0
rð0; 0; tÞdt

ð6Þ

in which t is the integration variable representing the
time over which it is integrated, going from 0 to t. The
model structure in Equation 5 can be fitted precisely to
the biological data (Fig. 1A). Emax(t) and R(0,0,t) are
regarded as free parameters that are changed over
time (Fig. 1B). According to the Akaike (AIC) and
Bayesian (BIC) information criteria (Klipp et al., 2009),
several model structures explain the data equally well.
To select the best model, the predictive power with
respect to the bri-116 null mutant was also taken into
account. Of all tested model structures, there was only
one with a better prediction, although with higher AIC
and BIC scores (Supplemental File S1; Supplemental
Table S1; Supplemental Figs. S4–S6). Models with only
one module or with a single inhibitory module had
significantly higherAICandBIC scores, clearly indicating
a minimal necessary model complexity (Supplemental
File S1; Supplemental Table S1).

Plants treated with BRZ display similar phenotypes
to deetiolated2 (det2) mutants (Nagata et al., 2000). The
det2 mutant has been reported to contain less than 10%
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of the wild-type levels of BRs (Fujioka et al., 1997).
Therefore, the model assumes that there is still a small
amount of endogenous BRs (0.1 nM or less in the ex-
tracellular compartment) present despite the BRZ
treatment. However, the stimulatory effect of BL on
root length is only observed in roots depleted from
endogenous BL using BRZ. The model can explain this
observation by fitting the root length of seedlings
treated with BL only. Assuming a physiological BL
level of 1 nM, only the inhibitory effect of BL on root
growth is observed (Supplemental Fig. S7).

The model parameters R(0,0,t), Emax(t) at discrete t,
as well as k1, k2, and k3 were calibrated with the actual
measured root lengths in wild-type plants after treat-
ment with BL in increasing amounts. Roots of different
ages do not have the same sensitivity to BRs. There-
fore, calibration was done on root lengths of wild-type
seedlings at 4, 6, and 8 d after germination (DAG).
For this, a controlled random search parameter-fitting
procedure was conducted (Price, 1976) that found the
same minima as a hybrid algorithm consisting of two
runs of the Matlab Genetic Algorithm, a global search
algorithm, followed by the Matlab gradient-based
search algorithm lsqnonlin (Supplemental File S2;
Supplemental Table S2).

Model Validation Reveals New Insights into
BRI1-Mediated Root Growth

The bri1 mutant roots typically exhibit enhanced
resistance toward BL. For modeling purposes, this is
considered as a reduced concentration of active BRI1.
Therefore, it was of interest to validate our model by
varying the BRI1 receptor concentration. The model
was first calibrated based on the wild-type root length
assays, after which the BRI1 receptor concentration
was theoretically reduced stepwise to 0 (Fig. 2A). The
model predicts that a 2-fold reduction will not have a
severe effect on root growth, either at BL concentra-
tions below 1 nM or at a high BL concentration. This
is obviously in line with the recessive nature of bri1
loss-of-function alleles, corroborated here by the ex-
perimental evidence showing no difference between
wild-type seedlings and a segregating population of
the bri1-116 mutant (Fig. 2B). Similar results were
obtained for the bri1-201 mutant (Supplemental Fig.
S8). Further theoretical reduction in receptor concen-
tration to 0 nM BRI1 yields roots that are predicted to
become completely insensitive toward BL (Fig. 2A).
The model also predicts that the root length at 0 nM

BRI1 will be about 20% of the wild-type value (Fig.
2A), which is exactly what is observed for real bri1-116
roots (Fig. 2B).

Interestingly, the model predicts that at an active
BRI1 receptor level of about 1% to 3% of the wild type,
there is a more severe effect on the inhibition of
root growth when compared with the stimulation
of root growth. Although it requires much more ligand
to obtain the stimulatory effect, eventually such roots

will exhibit the same growth as the wild type, while at
high ligand concentrations they exhibit insensitivity
(Fig. 2A). This pattern is experimentally demonstrated
using the weak bri1-301 mutant. bri1-301 harbors
a two-nucleotide change (GG-AT) resulting in a Gly-
989Ile conversion that causes reduced sensitivity
toward BL (Xu et al., 2008). When bri1-301 is exposed
to BL in the presence of BRZ, there is a stimulatory
effect on root growth (Fig. 2B), while roots are insen-
sitive to BL at higher BL concentrations. Assuming a
30-fold decrease in activity of the BRI1 receptor in
bri1-301, the model output (Fig. 2A) agrees well with
the experimental data (Fig. 2B). Similar results were
obtained when the root lengths of seedlings at 4 and

Figure 2. Experimental validation of the mathematical model. A,
Model predictions of the root length when only the BRI1 receptor
concentration and ligand concentrations are altered. At 62 nM, the
model predicts the Col-0 wild-type root length, 31 nM represents the
heterozygous bri1-116 line, and 2 and 0 nM represent the bri1-301 and
the homozygous bri1-116 lines, respectively. B, Experimental verifi-
cation of the model predictions using Col-0, bri1-116 heterozygotes,
bri1-116 homozygotes, and bri1-301 homozygotes. Error bars repre-
sent SE for 30 roots per data point measured in three independent
replicates.
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8 DAG were predicted (Supplemental Fig. S9). A
striking observation is that below 3 nM BL, wild-type
root growth is highly sensitive to variation in BL
concentration but not very sensitive to moderate re-
duction in the amount of BRI1 receptor. This suggests
that under physiological conditions, BR signaling ac-
tivity depends on ligand availability rather than on
receptor density.
As a final validation of the model, the response

of the roots toward the less potent ligand HBL was
simulated by decreasing the Kd between BRI1 and BL.
The resulting predictions indicate that the slope of the
root growth curves and the ligand concentration at
which maximum root growth is observed are altered,
although the eventual root lengths are the same for
both BL and HBL (Supplemental Fig. S10, A and B).
The model predictions were experimentally corrobo-
rated using HBL (Supplemental Fig. S10, C and D).

BRI1 Kinetics Is Altered in BRI1-GFP Lines

According to themodel prediction, an increase of BRI1
receptor should only have a minor effect on root growth
(Fig. 3A). To verify this, commonly used BRI1-GFP lines
in the wild type were used. Surprisingly, actual root
growthofBRI1-GFP line1 and2 is already inhibitedat 0.4
and 0.1 nM BL, respectively (Fig. 3B). These lines have
about two times (120 nM) and three times (200 nM) more

BRI1 receptor when compared with the wild-type line
(van Esse et al., 2011). In particular for BRI1-GFP line 2,
hardly any stimulatory effect is seen, while even in the
presence of BRZ the roots indeed grow faster than the
wild type (Geldner et al., 2007). Alternative model
structures (Supplemental File S2)werenot able to explain
the enhanced BL sensitivity observed in the BRI1-GFP
lines. These results suggest that there may be an addi-
tional component in the pathway not detected in wild-
type seedling roots. Most likely, upon introduction of
another copy of the BRI1 receptor, a normally present
rate-limiting component is out-titrated, making these
roots almost constitutively sensitive to the ligand. In the
model, thiswould result in a reduction of the k values. To
test this hypothesis, we ran the model (Eq. 5) now cali-
brating the system to the BRI1-GFP lines instead of the
wild type. A good fit was obtained between the model
and the actual data set (Fig. 3C). However, this is only
obtainedwhen k values are decreased by at least a factor
of 4 (Fig. 3D). Therefore, ourmodel unexpectedly reveals
that BR signaling in the BRI1-GFP lines is altered in a
way that cannot simply be explained at the level of ini-
tial ligand-receptor interaction (Supplemental File S3;
Supplemental Fig. S11). Interestingly, an increase in the k
values to 15 nM results in a similar trend to that observed
in the bri1-301 line (Figs. 2B and 3D). This suggests that
the 30-fold reduction of receptor activity predicted for
the bri1-301 line (Fig. 2, A and B) could also be due to a

Figure 3. The BRI1-GFP lines are more sensitive
to BL. A, Model prediction for the behavior of a
BRI1-GFP line. B, Root length assay of BRI1-GFP
lines 1 and 2 containing two and three times
more BRI1, respectively. The effect of the addi-
tional BRI1 copy is more severe than what the
model predicts. All points in the graph are
shown 6 SE for 30 roots per data point measured
in three independent replicas. C, The model is
able to fit the results of the BRI1-GFP lines. All
parameters were fit to the BRI1-GFP lines and
Col-0 wild-type lines separately. The BRI1 con-
centrations used for modeling are 62 nM for Col-0,
120 nM for BRI1-GFP line 1, and 200 nM for
BRI1-GFP line 2. D, The behavior of BRI1-GFP
lines can only be modeled when k1, k2, and k3 are
altered when compared with the Col-0 lines. The
following values for k1, k2, and k3 were used for
modeling: 2 nM for Col-0, 0.5 nM for BRI1-GFP
line 1, 0.2 nM for BRI1-GFP line 2, and 15 nM for
bri1-301. The maximum root length and the
minimum root length were 12 and 0.35 cm, re-
spectively.
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failure to interact with a positive regulator. In modeling
terms, this is the same as a reduction in the total number
of functional BRI1 receptors.

Modeling of Hypocotyl Elongation

To determine if the developed model is generally
applicable to other BRI1-related developmental pro-
cesses, hypocotyl elongation was used as an alterna-
tive physiological readout. In the presence of BRZ, a
clear stimulatory effect of BL on hypocotyl elongation
can be observed, while inhibition of hypocotyl elon-
gation is observed at 1 mM BL (Fig. 4A; Supplemental Fig.
S12). Different model structures (Supplemental File S2;
Supplemental Table S3; Supplemental Fig. S13) were
evaluated using the same criteria as described for the
model comparison for root growth.

Strikingly, only one inhibitory module was sufficient
to explain the experimental data, in contrast with the
root, where two modules are required. The following
model structure was selected, based on low AIC and
BIC scores as well as a good prediction with respect to
the bri-116 null mutant:

HðBRI1tot;BLtot; tÞ¼

Hð0; 0; tÞ þ EmaxðtÞ�½BRI1 BL�
k1 þ ½BRI1 BL�

k2
k2 þ ½BRI1 BL�

ð7Þ
Here, H(0,0,t) is the measured hypocotyl length at

time t in the absence of BRI1-mediated signaling,
Emax(t) is the maximum possible hypocotyl length
when no inhibitory mechanisms are present, and k1, k2,
and k3 are the k values. Similar to the root, the model
parameters H(0,0,t), Emax(t), k1, k2, and k3 were cali-
brated to the measured hypocotyl lengths in wild-type
plants under variation of the BL level. The model was
validated using homozygous bri1-116 and bri1-301
mutants (Fig. 4B). The BL concentration to which hy-
pocotyls respond is about 10-fold higher when com-
pared with roots. This is in agreement with previous
observations showing that the endogenous BR con-
centration is higher in shoots (Shimada et al., 2003) and
requires more exogenous BL (Gou et al., 2012). This
implies that in hypocotyls, BRI1 receptor occupancy is
much higher or the Kd of BRI1 is much lower when
compared with the root. A good prediction of the
hypocotyl length was only obtained when the Kd was
increased from 7.4 nM to almost 1 mM (Fig. 4B;
Supplemental Fig. S12), while a comparable BRI1 re-
ceptor density was found in leaf epidermal cells (van
Esse et al., 2011). Thus, BRI1 has a much lower affinity
for BL in the hypocotyl or accessibility to exogenous
BL is impaired.

DISCUSSION

This work describes a mathematical approach in
which BRI1 receptor activity, expressed as receptor

occupancy, is used to model root growth and hypo-
cotyl elongation in Arabidopsis. The model parameters
employed were tuned on wild-type root growth and
required a stimulatory module and two inhibitory
modules. The in silico root growth predictions of bri1
mutants fitted well with the experimental data. A good
prediction of bri1 mutant hypocotyl elongation re-
quired a stimulatory module and only a single inhib-
itory module besides an approximately 100-fold higher
BRI1 dissociation constant. Both impaired and en-
hanced BRI1 signaling result in shorter roots and re-
duced hypocotyl elongation. For roots, it was recently
proposed that this effect is due to a decrease in meri-
stem size via the control of cell cycle progression as
well as a reduction in elongation (González-García

Figure 4. BRI1 receptor occupancy linked to hypocotyl elongation. A,
Hypocotyl lengths at different BL concentrations when 1 mM BRZ is
added to the medium. Seedlings were grown for 5 d in the dark, after
which the hypocotyl length was measured. All points in the graph are
shown 6 SE for 15 hypocotyls per data point measured in three inde-
pendent replicas. B, A good fit and prediction of the model described
in Equation 7 was possible when assuming a Kd between 750 and
3,000 nM and total BRI1 concentrations of 62 nM for Col-0 and 0 nM
for bri1-116. Whereas in bri1-301 roots, a 30-fold reduction in BRI1
activity was predicted, bri1-301 hypocotyls required only a 6-fold
reduction. The graphs show a fit at Kd values of 7.4 and 1,500 nM,
respectively.
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et al., 2011). This hypothesis is in line with our obser-
vation that the best fit and prediction of root growth are
obtained when incorporating one stimulatory module
and two inhibitory modules. It is attractive to propose
that these two inhibitory modules reflect cell expan-
sion and cell division, but no evidence is available at
present to support this idea. Hypocotyl elongation is
thought to be affected only through cell expansion
(Gendreau et al., 1997). Therefore, it is of interest to
note that the use of a single inhibitory module gave
the best fit between BRI1-mediated BR signaling and
hypocotyl elongation. Clearly, our model is applica-
ble to BR-controlled responses in general.
In Arabidopsis, there are various mathematical

models that describe plant architecture in terms of
auxin signaling (Grieneisen et al., 2007; Laskowski et al.,
2008; Ibañes et al., 2009; Vernoux et al., 2011). These
models are used to study the effect of polarized auxin
transport resulting in local auxin maxima to evaluate
root growth (Grieneisen et al., 2007; Laskowski et al.,
2008) or auxin-mediated signaling on the shoot apex
(Vernoux et al., 2011). Kinetic models of auxin-mediated
signal transduction have resulted in the identification of
genes involved in auxin/ethylene/cytokinin cross talk
(Liu et al., 2010) and the effect of auxin/cytokinin cross
talk in cell fate determination (Muraro et al., 2011). In
the case of BR signaling, mathematical modeling is
applied to evaluate auxin/BR cross talk (Ibañes et al.,
2009; Sankar et al., 2011). Boolean logics have been used
to analyze auxin and BR gene networks, which led to
new insights in the role of the BRX gene in BR and
auxin signaling (Sankar et al., 2011). In shoots, radial
patterning of vascular bundles is controlled by auxin
polar transport and BR signaling. Ibañes et al. (2009)
used mathematical modeling combined with quantita-
tive biological data. Their model uses the appearance of
DR5::GUS expression as a readout for auxin maxima,
whereas detailed studies of the vascular bundle pat-
terning on various auxin transporter and bri1 mutants
was used to evaluate the effect on radial patterning.
However, to our knowledge, none of the modeling
studies in Arabidopsis so far completed have employed
the biochemical activity of a key component as a start-
ing point. Therefore, the mathematical description of
BRI1-mediated BR signaling in root growth as de-
scribed here represents a novel approach in plant
modeling.
At physiological concentrations, ligand availability

rather than receptor concentration apparently deter-
mines BRI1-mediated BR signaling activity in roots. In
addition, less than 1% of the total number of BRI1 re-
ceptors are occupied by ligand under these conditions.
This does not appear to be unusual, as it is reported for
many animal systems as well. Epidermal growth factor
(EGF) binding to its receptor (EGFR) triggers a full
cellular response when less than 1% of the receptors
are occupied (Wiley et al., 1989; Uyemura et al., 2005;
Teramura et al., 2006). In EGFR-mediated signaling,
ligand-independent signal propagation is important
(Verveer et al., 2000) and thought to be occurring

at increased receptor density (Sawano et al., 2002).
Clustering of receptors is important in autocrine
signaling (DeWitt et al., 2001), while the ratio bet-
ween high- and low-affinity EGF receptors in the
plasma membrane also assumes a large number of
non-ligand-binding receptors (Kuszynski et al., 1993).
It has been proposed that EGFR affinity for EGF is
reduced due to negative cooperativity (Macdonald
and Pike, 2008; Alvarado et al., 2010), resulting in more
single-occupied homodimers at low ligand concentra-
tion and double-occupied homodimers at high ligand
concentration (Macdonald and Pike, 2008). EGFR is
capable of regulating distinct biological processes,
depending on the ligand and its concentration (Krall
et al., 2011). In this model, the presence of a large
number of unoccupied receptors could function as
a mechanism to differentiate between downstream
pathways seen in the hourglass model of EGF (Citri
and Yarden, 2006; Warren and Landgraf, 2006). In the
case of BR signaling in Arabidopsis root cells, it is not
clear whether unoccupied BRI1 receptors contribute to
a physiological response. Therefore, it was of interest
to find that the switch between activation and inhibi-
tion of root growth depends on the BRI1 occupancy
level. This implies that, like EGFR, BRI1 might func-
tion as a core regulator capable of activating multiple
target proteins resulting in the activation of different
genes dependent on the activated target.

Endocrine signaling pathways in animals often em-
ploy receptor availability in target cells as a means to
regulate responses. Given our previous observation
that BRI1 receptor density is kept constant throughout
the root meristem (van Esse et al., 2011), it is unlikely
that differential receptor density is an important
mechanism in BR signaling. Our modeling suggests
that at least a 10- to 30-fold reduction in BRI1 con-
centration is required to markedly change the BR sig-
naling output. Taken together, ligand availability
appears to be a more restrictive factor. In this respect, it
is of interest that BRs appear to be largely immobile.
This is based on the observation that cell type-specific
expression in epidermal cells of BR synthesis can res-
cue the stature phenotype, while expression in vascu-
lar cells does not (Savaldi-Goldstein et al., 2007). A
similar scenario was developed for the root meristem,
where again the importance of the epidermis was
noted as an important source of BR signaling activity
(Hacham et al., 2011). Because all of the cells in shoots
and in roots have BRI1 receptors, it was suggested that
other diffusible BR pathway-related signals exist
(Savaldi-Goldstein et al., 2007).

Unexpectedly, simulation experiments revealed that
the properties of BR signaling are altered in commonly
used BRI1-GFP reporter lines. The extra copy of the
BRI1 gene results in a higher ligand sensitivity of the
roots than predicted. To explain this, we propose that a
negative regulator is out-titrated, rendering the roots
almost constitutively sensitive to BRs. Alternatively,
the GFP tag on the C-terminal end of BRI1 may in-
terfere with the interaction with downstream targets,
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similar to what has been demonstrated for BAK1
(SERK3), one of the BRI1 coreceptors (Ntoukakis et al.,
2011). In modeling terms, both mechanisms would re-
sult in a change in half-maximum response values. In-
terestingly, this is corroborated by the mathematical
model that demonstrates that these values are indeed
altered in the BRI1-GFP reporter lines. The bri1-301
mutant has a reduced sensitivity toward BRs (Xu et al.,
2008) and is unable to transphosphorylate BAK1 (Kang
et al., 2010). This indicates that the bri1-301 protein is
hampered in its interaction with a positive regulator of
the BRI1 signaling pathway, as predicted by our model.
Recently, it has been reported that the early events in
BRI1 signaling almost completely depend on the activ-
ity of the SERK coreceptor family (Gou et al., 2012). The
model of BRI1-mediated BR signaling presented here
is a starting point for more extended mathematical
models to fit existing and new components of the BRI1
signaling pathway in a precise cellular context.

MATERIALS AND METHODS

Plant Lines and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants (ecotype Columbia [Col-0]) were
used in all growth assays for calibrating the mathematical model. The bri1 null
mutants bri1-116 (Li and Chory, 1997) and bri1-201 (Bouquin et al., 2001), the
weak allele bri1-301 (Xu et al., 2008), and two transgenic BRI1-GFP lines
(Friedrichsen et al., 2000; Geldner et al., 2007) were used to verify the math-
ematical model. For more details on the plant lines used and genotyping in-
formation, see Supplemental File S4. Freshly harvested seeds were surface
sterilized for 10 min in 10% (v/v) bleach in ethanol, after which the seeds were
washed three times with ethanol and dried before plating. The seedlings were
grown vertically under fluorescent light with 16-h-light/8-h-dark photope-
riods on one-half-strength Murashige and Skoog medium (Duchefa) supple-
mented with 1% Suc (Sigma-Aldrich), 0.1% MES (Sigma-Aldrich), and 0.8%
agar. To equalize germination, the plates were kept in the dark at 4°C for 2 d
before they were placed in the light. For the root growth assays, the germi-
nating medium was supplemented with 1 or 5 mm BRZ (Tokyo Chemical
Industry [TCI]) and various concentrations of BL (Sigma-Aldrich) or HBL
(Sigma-Aldrich). For wild-type lines, no significant difference between 1 and
5 mM BRZ was observed (Supplemental Fig. S11). For the hypocotyl assays, the
germinating medium was supplemented with 1 mM BRZ and supplemented
with various concentrations of BL. Hypocotyl lengths were measured after 5 d
of growth in the dark. For all assays, at least three independent replicates were
performed, measuring five to 10 roots or hypocotyls per assay (n $ 15 roots or
hypocotyls in total). All values are shown 6 SE, and error bars indicate SE.

Software and Modeling

The model was programmed in Matlab, version 7.8 (MathWorks).
The model parameters RL(0,0,t), Emax(t), k1, k2, and k3 were calibrated on

wild-type root length of seedlings at 4, 6, and 8 DAG under varying BL
concentrations. Emax and R(0,0,t) are two functions of time. Per time point t,
they are regarded as free parameters. More details on the parameter estima-
tion method can be found in Supplemental File S1. A Kd value of 7.4 nM (Wang
et al., 2001) was used for all modeling experiments. To obtain an optimal fit
between the mathematical model and the biological data set, several models
were explored. More details about the different models tested and the criteria
for model selection can be found in Supplemental Files S1 and S2. Estimates of
endogenous BRI1 and BL levels are discussed in Supplemental File S4.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Schematic representation of BRI-mediated BR
signaling.

Supplemental Figure S2. Root length assay on Col-0 lines in the absence
of BRZ.

Supplemental Figure S3. BRI1 receptor occupancy levels at physiological
ligand concentration.

Supplemental Figure S4. Model fit and predictions models 1 and 2.

Supplemental Figure S5. Model fit and predictions models 3 and 4.

Supplemental Figure S6. Modeling stimulation as well as inhibition are
essential for a good fit and prediction of root length.

Supplemental Figure S7. Fit between model 1 and Col-0 after BL stimu-
lation in the absence of BRZ.

Supplemental Figure S8. Root length assays on heterozygous and homo-
zygous bri1-201 null mutants.

Supplemental Figure S9. Root length of bri1-301 at 4, 6, and 8 DAG.

Supplemental Figure S10. Model predicts root growth in response to less
potent ligand.

Supplemental Figure S11. Root growth assays on BRI1-GFP reporter lines
in the presence of 5 mM BRZ.

Supplemental Figure S12. Hypocotyl length assay using Col-0 when there
is no BRZ in the medium.

Supplemental Figure S13. Model fit and predictions on hypocotyl length.

Supplemental Table S1. Comparison between different models using root
length as readout.

Supplemental Table S2. Comparison between controlled random search
and Matlab genetic algorithm combined with lsqnonlin.

Supplemental Table S3. Comparison between different model structures
using hypocotyl length as readout.

Supplemental File S1. Model structures.

Supplemental File S2. Parameter estimation.

Supplemental File S3. The k values are altered in BRI1-GFP reporter lines.

Supplemental File S4. Supplemental Materials and Methods.
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