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Auxin polar transport, local maxima, and gradients have become an
important model system for studying self-organization. Auxin distri-
bution is regulated by auxin-dependent positive feedback loops that
are not well-understood at themolecular level. Previously, we showed
the involvement of the RHO of Plants (ROP) effector INTERACTOR
of CONSTITUTIVELY active ROP 1 (ICR1) in regulation of auxin
transport and that ICR1 levels are posttranscriptionally repressed at
the site of maximum auxin accumulation at the root tip. Here, we
show that bimodal regulation of ICR1 levels by auxin is essential for
regulating formation of auxin local maxima and gradients. ICR1 levels
increase concomitant with increase in auxin response in lateral root
primordia, cotyledon tips, and provascular tissues. However, in the
embryo hypophysis and root meristem, when auxin exceeds critical
levels, ICR1 is rapidly destabilized by an SCF(TIR1/AFB) [SKP, Cullin, F-box
(transport inhibitor response 1/auxin signaling F-box protein)]-depen-
dent auxin signaling mechanism. Furthermore, ectopic expression of
ICR1 in the embryo hypophysis resulted in reduction of auxin accumu-
lation and concomitant root growth arrest. ICR1 disappeared during
root regeneration and lateral root initiation concomitantly with the
formation of a local auxin maximum in response to external auxin
treatments and transiently after gravitropic stimulation. Destabiliza-
tion of ICR1 was impaired after inhibition of auxin transport and sig-
naling, proteasome function, and protein synthesis. A mathematical
model based on these findings shows that an in vivo-like auxin distri-
bution, rootward auxin flux, and shootward reflux can be simulated
without assuming preexisting tissue polarity. Our experimental results
and mathematical modeling indicate that regulation of auxin distribu-
tion is tightly associated with auxin-dependent ICR1 levels.
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The distribution of auxin in plants has become an important
model system for studying the links between cell polarity and

pattern formation. Polar auxin transport, maxima, and gradients reg-
ulate the initiation, positioning, shape, and size of new organs (1–9).
Auxin is synthesized in different parts of the plant, primarily in young
leaves (10, 11), from where it is transported to the root and a local
auxin maximum is formed close to the root tip (2). Directional auxin
transport depends on polar membrane localization of PIN auxin
efflux transporters (12, 13), their activating AGCVIII kinases
(group VIII of plant serine/threonine protein kinases related to
mammalian protein kinase A, cyclic GMP related protein kinases
and protein kinase C group VIII) (14–16), and close to the root
tip, the auxin influx transporter AUX1 as well (17).
It has been suggested that the formation of local auxin maxima

in the root depends on polar PIN localization (6), local auxin
synthesis at the root tip (18), and a combination of AUX1/Like
AUX1 auxin influx, which determine cellular auxin levels and
PIN-dependent directional auxin efflux (19). It is not known yet
how auxin levels are interpreted to regulate PIN polarization.
Earlier work and modeling that became known as the “canali-
zation hypothesis” suggested that auxin enhances its own flux by
a positive feedback loop, resulting in auxin transporting cell files
that, in turn, differentiate into vascular tissues (8, 20–24).
An example of an auxin-modulated feedback loop, which regu-

lates directional auxin transport, was found in the Arabidopsis shoot

apical meristem. The MACCHI-BOU 4/NONPHOTOTROPIC
HYPOCOTYL 3-like family proteins function redundantly in
regulation of PIN1 polarity. Auxin induces MACCHI-BOU 4
expression, which in turn, induces rootward PIN1 polarization at
the site of auxin maximum formation in the L1 layer. The root-
ward PIN1 localization is required for auxin transport away from
the meristem (25). However, it is not known whether similar
auxin-modulated feedback loops exist in other tissues, and the
molecular mechanisms that could explain the canalization hy-
pothesis are not well-understood (8).
Previously, we identified the RHO of Plants (ROP) effector

INTERACTOR of CONSTITUTIVELY active ROP 1 (ICR1) and
showed that it is required for recruitment of PIN proteins to the
plasma membrane (26, 27). ICR1 expression is induced by auxin,
and it is posttranscriptionally repressed at the site of auxin maxi-
mum formation at the root tip (26). Here, using experimental work
and modeling, we show that cellular auxin levels regulate ICR1
stability and that this mechanism can support polar auxin transport
and local maxima formation.

Results and Discussion
Ectopic Expression of ICR1 in the Hypophysis.GFP-ICR1 (which can
complement the icr1 root phenotype) (26) was not detected at
the site of auxin accumulation in the embryo hypophysis [the
embryonic cell from which the quiescent center (QC) and the root
cap develop], the root QC, or neighboring initial cells (26) (Fig. 1
A and B and Fig. S1A). Even when overexpressed under regula-
tion of the constitutive 35S promoter, GFP-ICR1 or the ICR1
promoter (pICR1) -driven ICR1-mCherry was still undetectable in
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Fig. 1. ICR1 stability and auxin maximum formation. (A) ICR1 is down-regulated at the sites of auxin accumulation (DII-VENUS and DR5rev::GFP) in the root
QC. Down-regulation is seen with either GFP-ICR1 or ICR1-mCherry expressed from either the ICR1 or 35S promoter. (B) GFP-ICR1 (arrowheads) is absent from
the site of auxin maximum formation (DR5rev::GFP) in the embryo hypophysis of (Left) globular- and (Right) heart-stage embryos. (C) Ectopic expression of
GFP-ICR1 from the pCMI2 (pCMI2>>GFPICR1). Arrowheads denote expression of GFP-ICR1 in the hypophysis in (Left) globular- and (Right) heart-stage em-
bryos. (D, Left) A control pCMI2>>LhG4 plant with normally developed primary root and (Center and Right) two pCMI2>>GFPICR1 plants with short primary
roots. (E) Lugol staining showing reduced columella cell layers in pCMI2>>GFPICR1 plants. (F) DR5::β-Glucoronidase (GUS) expression in (Left) pCMI2>>LhG4
and (Center and Right) pCMI2>>GFPICR1 backgrounds. (Scale bars: A, E, and F, 50 μm; B and C, 20 μm; D, 2 mm.)
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the QC (Fig. 1A). Importantly, immunostaining with anti-ICR1
antibodies showed similar down-regulation of ICR1 at the root tip
(Fig. S1B), indicating that the expression pattern of GFP-ICR1
reflects that of the native protein.
In parallel studies, we identified a gene designated Ca2+

MODULATOR of ICR1 2 (CMI2), in which expression can al-
ready be detected in the suspensor of the globular embryo and
later, in the hypophysis and QC cells (Fig. 1C) before generation
of a stable auxin maximum. We expressed GFP-ICR1 under the
regulation of the CMI2 promoter (pCMI2) to examine if and how
ectopic expression of ICR1 would affect meristem maintenance
and auxin maximum formation. Expression of GFP-ICR1 under
regulation of the pCMI2 (Fig. 1D, pCMI2>>GFPICR1) using
a transcription/transactivation system (26, 28) resulted in a root
growth arrest (Fig. 1 D–F) that was associated with a collapse of
the root apical meristem as detected by reduced columella layers
(Fig. 1E) and a reduction in the auxin response at the root tip
(Fig. 1F). The transactivation effect often results in high ex-
pression levels (29). Furthermore, microarray experiments (30)
indicated that CMI2 is an auxin-induced gene. Hence, the cumu-
lative effect of the highly specific hypophysis and QC expression
together with the transcription/transactivation and auxin induction
resulted in high levels of GFP-ICR1 ectopic expression.
The auxin maximum in the root stem cell niche results from the

action of PIN4 aided by other PIN auxin transporters (31). Thus,
we tested whether PIN4 expression and subcellular localization were
affected in pCMI2>>GFP-ICR1 plants. Immunostaining with anti-
PIN4 antibodies showed that PIN4 levels at the plasma membrane
of the root meristem cells were lower and that the intracellular
signal increased in pCMI2>>GFP-ICR1 relative to levels and signal
in control pCMI2>>LhG4 (LhG4, a chimeric transcription factor
comprising transcription transactivation domain II of Saccharomyces
cervisiae GAL4 fused to mutant lac repressor) roots (Fig. S1 C–F
and Table S1). This effect led to a less pronounced polarity of PIN4
localization as observed in provascular cells (Fig. S1 D, arrowheads,
E, and F). Thus, the ectopic expression of ICR1 in the central root
meristem impaired both the local auxin response maximum and the
related auxin transport machinery. Because the PIN expression and
PIN polar localization are feedback-regulated by auxin levels (23,
32, 33), these effects can mutually enhance each other, leading to
the observed root meristem collapse.
Taken together, the data presented in Fig. 1 and Fig. S1 in-

dicate that expression of ICR1 in the hypophysis impairs auxin
accumulation and leads to root meristem collapse.

De Novo Auxin Accumulation and Exogenous Auxin Treatments Induce
ICR1 Destabilization. To reveal whether the destabilization of ICR1
takes place before, concomitant with, or after formation of the auxin
maximum at the root tip, we followed the changes in ICR1 levels
during root regeneration and lateral root (LR) formation. It has
been shown that, when sectioned at positions ≤200 μm from their
tip, roots regenerated an apical meristem, whereas roots sectioned
at positions ≥270 μm did not (34). We took advantage of this system
and examined the persistence of GFP-ICR1 relative to the forma-
tion of the auxin maximum, which was detected with the auxin
sensor DII-VENUS (35) (Fig. 2A and B and Fig. S2 A and B). When
roots were sectioned 170 μm from the tip, GFP-ICR1 was desta-
bilized at the site of excision. However, when roots were sectioned
300 μm from the tip, the GFP-ICR1 signal did not decay, even after
48 h, and instead, an increased GFP-ICR1 signal was detected in
more shootward positions that corresponded to dividing pericycle
cells about to form a new LR (Fig. S2B).
We examined changes in DII-VENUS and GFP-ICR1 shortly

after the root tip excision. Already after 30 min, the DII-VENUS
signal was reduced by 40% adjacent to the site of root excision (Fig.
2A, arrowheads and Fig. S2 C and D), and at the same time, GFP-
ICR1 was observed in subcellular compartments that resembled
lytic vacuoles (Fig. 2B, arrowheads). After 1 h, the DII-VENUS

signal was reduced by 60% (Fig. S2D), and the number of observed
GFP-ICR1–containing compartments increased (Fig. 2B). Later,
after 12 and 24 h, the DII-VENUS and GFP-ICR1 signals con-
tinued to decrease, and a new auxin maximum was created just
above the site of root excision (Fig. 2 A and B and Fig. S2 C andD).
The reduction in the DII-VENUS signal was verified by curve fit-
ting: ratio = 1.123 − 0.126 × log(time) (R2 = 0.83, P ≤ 10−5).
To estimate the auxin concentration range at which GFP-

ICR1 decayed, we treated roots expressing DII-VENUS with
10 nM, 100 nM, and 1 μMnatural auxin indole 3-acetic acid (IAA),
which was similar to the experimental system described by Band
et al. (36). The initiation of GFP-ICR1 decay as observed by its
accumulation in intracellular compartments was detected within
30 min. The DII-VENUS signal decayed ∼15 and 45 min after
treatments with 1 μM and 100 nM IAA, respectively (Fig. 2G).
Based on comparison with the reduction in DII-VENUS during
root meristem regeneration, we estimate that the onset of GFP-
ICR1 decay in sectioned root tips occurred when cellular auxin
levels exceeded critical levels, resembling auxin concentrations in
root epidermal and cortex cells treated with 100 nM IAA.
To examine whether treatments with exogenous auxin could

induce the decay of GFP-ICR1 in not only root meristematic
cells, roots were treated with 0.5 μM synthetic auxin analog
naphthalene acetic acid (NAA) or 1 μM 2,4-dichlorophenoxy-
acetic acid (2,4-D), an auxin analog for which the AUX1-assisted
influx into cells is highly efficient, but efflux is less efficient than
that for IAA or NAA (37–39). After 3 h in NAA or 2,4-D, weak
signal of the auxin response sensor DR5rev::GFP (5) started to
appear in the stele and the epidermis ∼500 μm shootward from
the tip, concomitant with reduction in the GFP-ICR1 signal (Fig.
2C and Fig. S3). After 24 h, the GFP-ICR1 signal decayed
completely at ∼500 μm shootward from the tip, while remaining
less affected closer to the meristem (Fig. 2C, 24 h and Fig. S3).
The DII-VENUS signal completely disappeared after 1 h in
NAA or 2,4-D and reappeared closer to the root tip after 24 h.
After treatments with 0.5 μM NAA, there was a 15-fold increase
and a 3-fold decrease in the DR5rev::GFP GFP-ICR1 signals (Fig.
S3 B and C). After 24 h in NAA, the DR5rev::GFP signal increased
by 110-fold, whereas the GFP-ICR1 decreased by 10-fold (Fig. S3
B and C). Statistical analysis confirmed that the differences be-
tween each time point were significant (P ≤ 0.0022, Wilcoxon rank
test). Hence, the decay of GFP-ICR1 was correlated with cellular
auxin levels and not restricted to the meristem.
The persistence of the GFP-ICR1 signal after treatments with

10 nM, 100 nM, and 1 μM IAA was negatively correlated with
auxin concentrations (Fig. 2 D–F). Similar to regenerating root
meristem, GFP-ICR1 appeared in lytic vacuole-like compart-
ments after 4 h of incubation in 10 μM IAA (Fig. 2D). However,
GFP-ICR1 expression in the LR cap was not affected by exog-
enous auxin treatments, implying that ICR1 sensitivity to auxin-
dependent destabilization is tissue-specific. Importantly, the data
show that the natural auxin IAA (Fig. 2 D–F) and the synthetic
auxin analogs NAA and 2,4-D (Fig. 2C and Fig. S3) induced
similar decay of GFP-ICR1. Taken together, the results shown in
Fig. 2 and Fig. S3 indicate that the destabilization of ICR1
depends on auxin concentration and can take place in the pri-
mary root meristem, stele, and to a lesser extent, LR cap. Fur-
thermore, the treatments with exogenous auxins exemplified the
bimodal nature of the regulation of ICR1 levels by auxin. On one
hand, the 2,4-D and NAA treatments induced GFP-ICR1 ex-
pression in dividing pericycle cells and LR initiation sites that
became sinks for auxin (Fig. 2C, 24 h and Fig. S3 A and B, 24 h).
On the other hand, after accumulation of auxin in the tissue,
GFP-ICR1 decayed (Fig. 2C and Fig. S3 A–E).

Dynamic Changes of ICR1 Levels During LR Development. LRs initi-
ate from the pericycle at positions of localized auxin accumula-
tion, and the formation and maintenance of their apical meristem
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Fig. 2. High auxin concentrations initiate rapid GFP-ICR1 decay. Roots expressing (A) DII-VENUS or (B) GFP-ICR1 were sectioned 170 μm from the tip (dashed
line). After 30 min, GFP-ICR1 started to appear in intracellular compartments and then disappeared concomitant with reduction in the DII-VENUS signal.
Arrowheads denote (A) reduced DII-VENUS fluorescence and (B) intracellular GFP-ICR1 compartments and reduced fluorescence. (C) Incubation in 0.5 μMNAA
led to rapid decay of the DII-VENUS signal, induction of DR5rev::GFP, and decay of GFP-ICR1 500 μm from the root tip. (D) GFP-ICR1 was detected in in-
tracellular compartments ∼500 μm above the root tip after 4 h of incubation with 10 μM IAA (arrowheads). (E) Dose-dependent destabilization of GFP-ICR1 in
seedlings incubated for 20 h in increasing concentrations of IAA (0–1,000 nM). (F) Quantification of the GFP-ICR1 signal shown in E. (G) DII-VENUS signal
decreased after incubation of seedlings in increasing IAA concentrations (in nanomolar). Error bars are SE. (Scale bars: 50 μm.)
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depend on a tip-localized auxin maximum and gradient (4, 40, 41).
GFP-ICR1 expression was detected in LR founder cells and de-
veloping LR primordia (26) (Fig. 3 F–J and Fig. S4A). We fol-
lowed the expressions of DR5rev::GFP, pICR1>>GFP-ICR1, and
the QC marker pWOX5::GFPER [ER localized GFP driven by
the WUSHEL related homeobox 5 (WOX5) promoter] (42)
during LR development. The developmental stages of the LRs
were determined according to the work by Malamy and Benfey (41).
Similar to the results with regenerating root apical meristems, the
GFP-ICR1 signal started to decay concomitantly with the forma-
tion of a local auxin maximum at the LR tip in stage VI/emerging
LR initials (LRIs) (Fig. 3 B and G, asterisks and Fig. S4 A and B).
Quantification of the GFP-ICR1 signal showed that it was 20–25%
weaker in stage VI/emerging LRIs compared with stages III and
V LRIs (Fig. S4 B and C), and statistical analysis confirmed that the
differences between the developmental stages were significant (P ≤
0.002, Wilcoxon rank test). The analysis of GFP-ICR1 expres-
sion in developing LRs showed that ICR1 expression is induced by
auxin and destabilized when auxin levels increase. Notably, in
developing LRs, expression of the QC marker WOX5 starts in the
LR founder cells in the pericycle before the establishment of an
LR apical meristem or the formation of the auxin maximum (Fig.
3K). In contrast, ICR1 destabilization occurs during LR meristem
maturation and might mark a new fully differentiated organizing
center. Hence, auxin accumulation and ICR1 destabilization may
occur in cells that have already begun to differentiate as part of
the QC. The differential ability of cells to accumulate auxin and
degrade ICR1 is in line with gene expression studies that showed
that meristem regeneration competence is associated with specific
gene expression profiles (34). In the primary root, the competence

to accumulate auxin and degrade ICR1 is likely set in early em-
bryogenesis, when the QC is defined (43, 44).

Decay of ICR1 Depends on Auxin Transport and Signaling. To obtain
additional insight into the causal relationship between auxin
accumulation and GFP-ICR1 decay, we performed a series of
experiments with the auxin transport inhibitor N-1-naphtylph-
thalamic acid (NPA). Inhibition of auxin accumulation in sec-
tioned root tips was observed after 3 h of incubation in NPA (Fig.
4A, DII-VENUS and DR5rev::GFP in the +NPA 3 h column).
Concomitantly, no decay of GFP-ICR1 was observed (Fig. 4A,
GFPICR1 in the +NPA 3 h column). After prolonged incubation
with NPA for 24 h, locally synthesized auxin accumulated at the
root tip (45). Concomitantly with auxin accumulation, the GFP-
ICR1 signal decayed and was not detectable in the sectioned root
tips (Fig. 4A, GPFICR1 in the +NPA 24 h column).
To examine whether auxin signaling regulates ICR1 stability, root

tips were sectioned 170 μm from the tip and then incubated with
5 μM SCF(TIR1/AFB) [SKP, Cullin, F-box (transport inhibitor re-
sponse 1/auxin signaling F-box protein)] inhibitor auxinole (46, 47).
After 5 h of incubation, the DII-VENUS signal increased rather
than decayed, confirming inhibition of TIR1/AFB function (Fig. 4B,
DII-VENUS in the auxinole 5 h column). The decay of the GFP-
ICR1 signal was also inhibited by auxinole (Fig. 4B, GFPICR1 in the
auxinole 5 h column), indicating that SCF(TIR1/AFB)-dependent auxin
signaling regulates ICR1 stability.
The SCF(TIR1/AFB)-dependent decay of GFP-ICR1 could have

been caused by a direct action of TIR1/AFB on GFP-ICR1 or
TIR1/AFB-dependent gene expression. To distinguish between
these two options, root tips were sectioned, and seedlings were

Fig. 3. Decay of GFP-ICR1 in developing LRs. (A–E) The auxin response marker DR5rev::GFP, (F–J) GFP-ICR1, and (K–O) the QC marker pWOX5::GFPER during LR
development starting from stage III (the LR developmental stages noted in A–E correspond to F–O as well). Note that changes in GFP-ICR1 levels correspond to
auxin accumulation at the root tip. Asterisks in G highlight the cells with reduced GFP-ICR1 levels. LR developmental states were determined according to the
work by Malamy and Benfey (41). (Scale bars: 50 μm.)
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incubated with 10 μM protein translation inhibitor cycloheximide
(CHX). After 5 h of incubation, the DII-VENUS signal was
weaker compared with control mock treatments (Fig. 4B),
presumably because CHX inhibited the replenishing of the
DII-VENUS pool. However, the GFP-ICR1 signal did not decay
from the sectioned root tips (Fig. 4B, GFPICR1 in the CHX 5 h
column), strongly suggesting that the SCF(TIR1/AFB)-mediated
destabilization of ICR1 occurs through gene expression.
Treatments of roots with the proteasome inhibitor MG132

inhibited the decay of GFP-ICR1 (Fig. 4B, MG132 24 h), in-
dicating that the absence of ICR1 at the root tip is proteasome-
dependent. As expected (35), DII-VENUS was also stabilized by
the MG132 treatment. From our data, we cannot conclude
whether the inhibition of GFP-ICR1 decay by MG132 resulted
from inhibition of auxin-dependent gene expression or direct in-
volvement of the proteasome in ICR1 degradation. To conclude,
the results in Figs. 2, 3, and 4 and Figs. S1–S4 established that ICR1
decay depends on auxin accumulation and SCF(TIR1/AFB)-dependent
gene expression.

It remained to be established whether GFP-ICR1 decay in non-
meristematic cells also requires auxin-induced gene expression. To
this end, seedlings were treated with 2,4-D. After 3 h of incubation
with 2,4-D, the DII-VENUS signal was not detectable, whereas the
DR5rev::GFP signal started to appear in cells located ∼500 μm shoot-
ward from the root tip (Fig. S3). Concomitantly, the GFP-ICR1 signal
decayed. After 24 h of incubation with 2,4-D, the GFP-ICR1 signal
further decayed. CHX treatments did not inhibit the decay of DII-
VENUS but inhibited the increase of the DR5rev::GFP signal and
GFP-ICR1 decay. Hence, ICR1 stability depends on auxin-induced
gene expression and de novo protein synthesis. Taken together, the
data in Fig. S3 reconfirmed that ICR1 stability depends on cellular
auxin levels and auxin-induced gene expression.

Asymmetric Destabilization of GFP-ICR After Gravitropic Stimuli.
Auxin levels change rapidly in response to gravitropic stimuli,
leading to its asymmetric distribution within minutes (36) (Fig. S5B).
Reduced levels of GFP-ICR1 were observed in the upper side of
gravitropic-stimulated roots as soon as 10 min after 90° root tilting
(Fig. 5). The GFP-ICR1 signal continued to decay up to 20 min after
gravitropic stimulation and in turn, gradually increased to its origi-
nal level (Fig. 5). Similar to the root tip sectioning experiments,
auxinole treatments inhibited the GFP-ICR1 and DII-VENUS
signal decay (Fig. S5), indicating that GFP-ICR1 stability during
gravitropic response also depended on auxin-induced gene ex-
pression. It has been shown that, in the upper side of a gravitropic-
stimulated root tip, PIN2 is targeted to the vacuole and degraded
in an SCF(TIR1/AFB)-dependent mechanism (48–51). However,
the degradation of PIN2 was observed only after 90 min of
gravistimulation, and its levels reached a minimum after 4 h (48, 51).
Hence, the decay of GFP-ICR1 coincides with the rapid change in
auxin levels and likely precedes the degradation of PIN2.
The primary roots of the icr1 mutant plants arrest soon after

germination, preventing examination of their gravitropic re-
sponse. However, the icr1 mutant plants develop many adventi-
tious roots, and some of them reach a length of 1–3 cm. These
adventitious roots are agravitropic (27). The agravitropic phe-
notype of icr1 adventitious roots and the countercorrelation be-
tween ICR1 and auxin levels suggest that regulation of ICR1
stability is critical for asymmetric auxin distribution after gravi-
tropic stimuli. The transient destabilization of ICR1 may facilitate
auxin accumulation at the lower side of gravitropic-stimulated
roots, and at the same time, it may prevent formation of a new
stable auxin maximum and enable auxin redistribution after the
roots have reached the critical tipping point (36). It has yet to be
discovered how gravitropic stimulus induces decay of GFP-ICR1
in the Lateral Root Cap (LRC) and epidermis.

Expression Pattern of ICR1 in Cotyledon and Leaves. Previously, we
found that adaxial leaf epidermis pavement cells are deformed and
that leaf vasculature is reduced in icr1 (26, 27), suggesting a role
for ICR1 in regulation of auxin transport in the areal organs of the
plant. We recorded the expression patterns of GFP-ICR1 during
cotyledon development and in mature leaves to examine whether
the correlation between ICR1 expression and its function can be
extended to other parts of the plant in addition to the root.
Single optical scans were used to determine the expression pat-

tern of GFP-ICR1 in cotyledons and leaves at different develop-
mental stages (Fig. S6 A–H). In torpedo (Fig. S6A) and mature
embryos (Fig. S6 B and C), GFP-ICR1 was detected throughout
the embryonic cotyledon protoderm. Higher expression levels were
observed in the provascular tissues and the cotyledon tips (Fig. S6
A, arrowhead and B, arrowheads). In maturing cotyledon tips, 4 d
after germination, GFP-ICR1 expression was high at the tip and
the subtending provascular tissue (Fig. S6D). Strong GFP-ICR1
expression can be seen in a leaf primordium (Fig. S6E, arrowhead).
A similar expression pattern in the cotyledon tip and provascular
tissues of the embryo has previously been reported for the auxin

Fig. 4. GFP-ICR1 decay during root regeneration requires polar auxin trans-
port, auxin-induced gene expression, de novo protein synthesis, and protea-
some activity. (A) NPA inhibited GFP-ICR1 decay. DII-VENUS, DR5rev::GFP, and
GFP-ICR1 show the changes in auxin response and ICR1 stability in sectioned
roots treated with the auxin transport inhibitor NPA. (B) DII-VENUS and GFP-
ICR1 levels in sectioned root tips in the control and after incubation in the
SCF(TIR1/AFB) inhibitor auxinole, the protein translation inhibitor CHX, and the
proteasome inhibitor MG132. Arrowheads highlight the sites of auxin accu-
mulation and GFP-ICR1 decay. (Scale bars: 50 μm.)
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response reporter DR5rev::GFP (5). It was further shown that the
pattern of auxin distribution in the embryo is primarily because
of PIN1 and PIN4 function rather than auxin biosynthesis (52).
A closer view of GFP-ICR1 expression in the epidermis during

cotyledon maturation revealed a gradual decay of ICR1 expres-
sion in the epidermis. Two days after germination, GFP-ICR1 was
detected throughout the epidermis (Fig. S6F). However, 5 days
after germination, the GFP-ICR1 signal started to decay in ma-
turing pavement cells and stomata (Fig. S6G, asterisks) while
remaining high in dividing meristemoids. In a mature leaf (rosette
leaf number 10 taken from a 6-wk-old plant), GFP-ICR1 ex-
pression was detected in dividing stomata lineage cells and absent
from mature stomata guard and pavement cells (Fig. S6H). It has
recently been shown that polar auxin transport and gradients
regulate stomata development and patterning (53). The work by

Le et al. (53) showed that, similar to GFP-ICR1, PIN3 promoter-
driven PIN3-GFP levels were high in meristemoids and guard
mother cells and decreased in mature guard cells. Le et al. (53)
also showed that stomata patterning was compromised in auxin
transport and signaling mutants. Similarly, we also observed
compromised stomata patterning in icr1 (Fig. S6 I and J).
Taken together, the results shown in Fig. S6 indicate that,

similar to the root, in aerial organs of Arabidopsis, there is a close
correlation between ICR1 function in auxin transport and its
expression pattern. The increase in GFP-ICR1 levels in the
cotyledon tip and meristemoids, which corresponds to higher
auxin response, resembles the increase in GFP-ICR1 levels in
LR primordia (Fig. 3 and Fig. S4). The reduction in GFP-ICR1
in maturing cotyledon and leaf epidermis likely resulted from
reduced auxin levels. Our observations indicate that the auxin-
dependent posttranscriptional decay of GFP-ICR1 is specific to
the root meristem.

Simulation of the Auxin–ICR1 Regulatory Feedback Loop. We de-
veloped a mathematical model describing ICR1-dependent auxin
distribution in the root. Although various previous models have
described PIN and AUX/Like AUX1 families regulated by auxin
distribution in the root (6, 19, 22, 24, 54–58), we tried to examine
a simpler model and see if it could explain some of the observed
auxin distribution using the ICR1–auxin interactions. Our model
assumes only that ICR1-dependent auxin transport polarizes to
the opposite side from where auxin enters and that there is a
nonmonotonic ICR1-dependent regulation of auxin transport
according to auxin efflux rates. For the sake of simplicity, the
ICR1-dependent auxin transport was depicted as a single entity,
and auxin-dependent patterning and developmental processes
were not taken into account. Our model consists of an m × n grid
of cells. Each cell, uniquely identified by its location on the grid
(i,j), is described by five differential equations: one equation
describes the change in the amount of auxin in the cell ðAUXi;jÞ
with respect to time, and four equations describe the change in the
level of ICR1-dependent auxin transport in a cell’s four-mem-
brane planes ðICR1Upi;j ;   ICR1Righti;j ;   ICR1Downi;j ;   and  ICR1Lefti;j Þ with
time. Given that the main sources of auxin during embryogenesis
and plant growth are the embryo and the shoot (10, 59), auxin is
assumed to enter the system through the upper row of cells
[(1,2),. . .(1,n − 1)] and be transported in both ICR1-dependent
and -independent ways between adjacent cells. Auxin can be
transported in all directions. The magnitude of auxin efflux in each
direction is determined by the level of ICR1-mediated transport
through a given membrane plane, the level of ICR1-independent
transport in the system, and the overall auxin levels in the cell. For
instance, the ICR1-dependent auxin efflux in the bottom mem-
brane plane of cell (i,j) is proportional to   ICR1Downi;j ×AUXi;j. In
turn, ICR1Downi;j is affected by ICR1Downi−1;j ×AUXi−1;j, which is the
amount of auxin transported through the bottom membrane plane
of the cell above cell (i,j). The lateral and shootward ICR1-
dependent transports are modeled similarly, allowing auxin to be
actively transported in all directions with no a priori constraints.
ICR1 synthesis and degradation increase with auxin influx, with
three relevant thresholds: one for ICR1-increased synthesis, one
for saturation, and one for ICR1 degradation (similar to PIN
regulation described in refs. 55 and 56). A detailed graphical
explanation of the model components and parameters are pre-
sented in Fig. S7 and Table S2.
Our mathematical model supports the assumption that ICR1-

regulated polar auxin transport is sufficient for generating the
auxin distribution observed in root tips without requiring any
specific assumption regarding auxin transporters. Our system has
reached a stable state similar to the experimental results: high
auxin concentration near the root tip and canalization (Fig. 6A) as
well as a “reverse-fountain” pattern (60), with auxin reflux through
the outermost cell columns (Fig. 6A). The corresponding ICR1

Fig. 5. GFP-ICR1 decay during gravitropic response. (A) Shortly after 90°
tilting, GFP-ICR1 levels transiently decrease in the upper side (arrowhead).
(B) Quantification of GFP-ICR1 levels in the upper and lower sides of 90°-
tilted root tips. Letters above the bars designate statistically significant
variance (P ≤ 0.01 Tukey Kramer ANOVA). Error bars represent SE. (Scale
bars: 50 μm.)
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pattern is also consistent with the observed ICR1 canalization and
a local ICR1 minimum at the location of the auxin maximum (Fig.
6B). We further examined our model under several additional
scenarios. First, we assumed no active transport of auxin, which
resulted in a gradual decrease of auxin toward the root tip (Fig.
6C) and is consistent with the dissipation of the auxin maximum
in icr1 mutant root tips (26, 27). Second, we studied the effect
of a slower ICR1 degradation rate. This condition resulted in
reduction of the auxin maximum at the root tip and a rapid
appearance of high auxin maxima at the outer layers of the top of
the root (Fig. 6D). This scenario is consistent with the dissipation
of the auxin maximum and the formation of adventitious roots
observed in pCMI2>>GFP-ICR1 plants (Fig. 1F). Third, we sim-
ulated root sectioning by removing the bottom rows of a root at
equilibrium—the ones containing the auxin maximum—and re-
placing them by typical rows in terms of auxin and ICR1 values
chosen from the middle of the root. The system resumed to
a similar pattern with qualitatively identical auxin distribution
(Fig. 6E). Fourth, similar to the results shown in Fig. 6A, local
auxin maximum formed at the bottom of the grid when the sim-
ulation was run assuming a low level of auxin synthesis at the site
of formation of the future auxin maximum (Fig. 6F).
The assumption made in our model that the ICR1-dependent

auxin transport polarizes to the opposite side from where auxin
enters is consistent with experimental data and modeling, which
showed that PIN-dependent auxin transport polarizes away from
the site of auxin synthesis (58, 59). The linkage between cellular
auxin levels, ICR1 stability, and auxin distribution is also con-
sistent with a recently described model, which showed that
asymmetric auxin distribution at the root tip results from PIN-
dependent directional auxin transport and cellular auxin levels
(19). Previous works modeled the auxin distribution assuming an
auxin sink, a specific spatial distribution of auxin transporters, or
a dependency on auxin gradient and/or flux (20, 22, 24, 61).
Differently, we assume a nonmonotonic relationship between the
auxin flux and ICR1 levels, which allows auxin to be concen-
trated at the root tip and create the backflow pattern.
Our experimental work and modeling imply that the cellular

levels of ICR1 are subject to dual regulation by auxin. ICR1
expression is induced as auxin concentrations increase and
destabilized rapidly in a cell-specific manner when auxin in-
tracellular concentrations exceed a critical level. Our work fur-
ther suggests that the function of ICR1 in recruitment of PINs to
the plasma membrane (26) together with the bimodal regulation
of its levels by auxin (this work) could be involved in regulating
directional auxin transport, canalization, formation of a local
auxin maximum, and shootward reflux in the root epidermis.
Hence, ICR1 could be part of an auxin-dependent self-organiz-
ing mechanism. Additional work will be required to elucidate
how ICR1 regulates PIN distribution and its integration with
ROP and possibly, other signaling networks in the cell.

Materials and Methods
Plant Material and Treatments. All transgenic plants are in the Columbia-0
background. Plants used in this study were DII-VENUS (35), DR5rev::GFP (5),
pICR1>>GFP-ICR1 (26), 35S::GFP-ICR1 (27), pICR1>>ICR1-mCherry, and
pCMI2>>GFP-ICR1 (this study). Plants were grown as previously described
(26). Root tip sectioning was carried out as previously described (34). Grav-
itropic stimuli were induced by a 90° tilting of vertically grown seedling for
the indicated time. Quantification of GFP-ICR1 and DII-VENUS levels was
carried out on about 10–30 seedlings for each time point.

Fig. 6. Simulation of ICR1-dependent auxin distribution. (A) WT root. The
system reaches a steady state, where auxin maximum is obtained near the
root tip when assuming that ICR1 is involved in directional auxin transport.
(B) ICR1 distribution in WT root at a steady state. The system did not stabilize
in the case of (C) absence of ICR1-mediated auxin transport or (D) low ICR1
degradation rate. (E) Simulation of auxin maximum regeneration after root
sectioning. The bottom rows of a root at equilibrium (where the auxin
maximum is formed) were removed and replaced with rows from the middle
of the root in terms of auxin and ICR1 values. The system reached a stable
steady state in terms of auxin distribution and fluxes similar to untreated
root. Arrows denote the direction of the auxin flow. (F) Auxin distribution
with auxin synthesis at the root tip. The model was simulated to (A) the

stable state, and then, an auxin biosynthesis term (AuxSynth = 0.001) was
added to cells with high auxin concentrations (Auxin > 1). The system reached
(A) a stable state similar to that reached without auxin biosynthesis, main-
taining a similar auxin flow patterns as well.
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Chemical Treatments. Stock solutions were prepared as follows: IAA (Sigma)
and NAA (Sigma) in ethanol, 2,4-D (Sigma) in 0.1 M KOH in ethanol, and NPA
(Duchefa), MG132 (Calbiochem), CHX (Sigma), and auxinole (a gift from
Ken-ichiro Hayashi, Okayama University of Science, Okayama, Japan)
(46, 47) in DMSO. Dilution into medium was at indicated concentrations.

Microscopy. Images were obtained with an SV-11 stereomicroscope (Zeiss),
Axioplan 2 Imaging microscope (Zeiss), TSC-SL laser-scanning confocal mi-
croscope (Leica), and LSM-780-NLO combined laser-scanning confocal mi-
croscope and multiphoton microscope (Zeiss). Image analysis was carried out
with Leica TCS, Zeiss Zen10, Fiji (Image J), and Adobe Photoshop 6. Each
experiment was repeated at least three times.

Mathematical Model. We constructed an m × n array of cells modeling a root
tip. In each cell (i,j), we modeled the auxin concentration ðAUXi,jÞ and the
level of ICR1-dependent auxin efflux through the four membrane planes
ðICR1Upi,j ,  ICR1Righti,j ,  ICR1Down

i,j ,  and  ICR1Lefti,j Þ  of each cell. Full experimental
procedures, details of the mathematical model, and associated references
are available in SI Materials and Methods.
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