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ABSTRACT In plants, the patterning of stem cell-enriched meristems requires a graded auxin response maximum that
emerges from the concerted action of polar auxin transport, auxin biosynthesis, auxin metabolism, and cellular auxin
response machinery. However, mechanisms underlying this auxin response maximum-mediated root stem cell mainte-
nance are not fully understood. Here, we present unexpected evidence that WUSCHEL-RELATED HOMEOBOX 5 (WOXS5)
transcription factor modulates expression of auxin biosynthetic genes in the quiescent center (QC) of the root and thus
provides a robust mechanism for the maintenance of auxin response maximum in the root tip. This WOXS5 action is bal-
anced through the activity of indole-3-acetic acid 17 (IAA17) auxin response repressor. Our combined genetic, cell biol-
ogy, and computational modeling studies revealed a previously uncharacterized feedback loop linking WOX5-mediated
auxin production to IAA17-dependent repression of auxin responses. This WOX5-1AA17 feedback circuit further assures
the maintenance of auxin response maximum in the root tip and thereby contributes to the maintenance of distal stem
cell (DSC) populations. Our experimental studies and in silico computer simulations both demonstrate that the WOX5-
IAA17 feedback circuit is essential for the maintenance of auxin gradient in the root tip and the auxin-mediated root DSC
differentiation.
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INTRODUCTION and stem cell differentiation (Benjamins and Scheres, 2008;
Cruz-Ramirez et al., 2012).

Recent theoretical studies suggest the prominent ‘reflux
loop’ hypothesis (Grieneisen et al., 2007; Cruz-Ramirez et al.,
2012) that envisions polar auxin transport as a sufficient

Dose-dependent cellular auxin responses are central to cell
growth and cell fate specification during embryonic and post-
embryonic plant development (Kepinski and Leyser, 2005).
The primary root development requires both the establish-
ment and maintenance of auxin response maximum in the | — )
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distal root tip (Vanneste and Friml, 2009). This auxin response edu.cn, tel. +8653188362351.
maximum is determined by the concerted action of polar
auxin transport, auxin production, auxin metabolism (Ljung
et al., 2005; Woodward and Bartel, 2005; Stepanova et al.,
2008; Tao et al., 2008; Petersson et al., 2009; Grunewald and
Friml, 2010) and auxin response machinery (Vernoux et al.,
2011). It is essential to control cell division, cell expansion,
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organizer of auxin response maximum in the QC cells of
the root. In contrast, the eminent role of local auxin pro-
duction in both the establishment and maintenance of the
root-associated auxin maximum has been recently postulated
(Stepanova et al., 2008; Tao et al., 2008; lkeda et al., 2009),
highlighting the importance of this process for the auxin-
maximum guided root patterning. However, developmental
cues underlying the regulation of local auxin production in
plants remain scarce.

The WOX5 transcription factor is an important member
of the WUSCHEL family of plant stem cell regulators that
is specifically expressed in the root QC cells to regulate the
activity of distal stem cell (DSC) niches (Sarkar et al., 2007).
Moreover, the specific WOX5 expression in QC largely relies
on IAA17-dependent repression of auxin response machinery
since the WOX5 expression was expanded to the endodermis/
cortex initials in axr3-7 (Ding and Friml, 2010). Here, we dem-
onstrate that WOX5 modulates the expression of key auxin
biosynthetic genes in the QC cells and thus feeds back on
the establishment and maintenance of auxin response maxi-
mum in these cells through IAA17-dependent repression of
cellular auxin responses. The IAA17-dependent auxin signal-
ing response was also found to be involved in the free IAA
production via the regulation of the expression of key auxin
biosynthetic gene TAA1 (Stepanova et al.,, 2008), and thus
contributes to the establishment and maintenance of auxin
response maximum in QC. Using combined in vivo and in
silico studies, we demonstrate that this previously uncharac-
terized feedback mechanism links the maintenance of auxin
response gradient in the root tip with the graded patterning
of the DSC niches.

RESULTS

Polar Auxin Transport Might Not Be Sufficient to
Explain Auxin Accumulation in QC Cells

Computer modeling is a commonly used tool to understand
the dynamics of auxin distribution in the root development
(Swarup et al., 2005; Laskowski et al., 2008; Cruz-Ramirez
et al., 2012). The role of polar auxin transport in coordinat-
ing the position of auxin response maximum in the root is
well established (Blilou et al., 2005; Grieneisen et al., 2007;
Vanneste and Friml, 2009). Notably, a localized auxin pro-
duction largely contributes to this process (Stepanova et al.,
2008; lkeda et al., 2009).

To test the minimal mechanistic requirements for the estab-
lishment and maintenance of auxin response maximum in the
root tip, we initially used computer simulation approaches
based on a simplified version of the ‘reflux loop’-root model
(Grieneisen et al., 2007). Our model neglects auxin gradi-
ents within the cell and in the extracellular space yet cap-
tures essential features of a proposed ‘reflux loop’ transport
mechanism (Figure 1A) (Grieneisen et al., 2007). Similarly to
the model proposed by Grieneisen et al., we modeled the

auxin influx as one effective permeability parameter to cap-
ture both free auxin diffusion and AUX/LAX-mediated auxin
influx to the cell (Bennett et al., 1996). Given an eminent role
of auxin efflux carriers in the polar distribution of auxin, we
additionally assumed non-polar localizations of AUX/LAX
influx carriers (Swarup et al., 2005). However, a possibility
for polarized auxin influx would be an interesting subject for
future studies.

The crucial assumption of the ‘reflux loop’ model is the
fixed inward orientation of PIN-FORMED (PIN) auxin efflux
transporters in the epidermis and cortex cells (Figure 1A)
(Grieneisen et al., 2007). This elegant model predicts an
efficient transport of auxin from outer to inner root tissues
and the subsequent accumulation of auxin in the QC cells
(Figure 1C) (Grieneisen et al., 2007). However, these inward-
oriented PIN localizations in the epidermis and cortex tissues
assumed in the ‘reflux loop’ model are not observed experi-
mentally (Kleine-Vehn and Friml, 2008). Instead, PIN proteins
largely localize to the apical side of epidermis cells and to
the basal-outer lateral side of cortex cells (Figure 1B and 1G)
(Kleine-Vehn and Friml, 2008; Wabnik et al., 2011), indicating
the clear separation of shootward and rootward auxin fluxes
(“flux separation’ model) (Figure 1B).

We tested whether the correction of PIN protein localiza-
tion in the ‘reflux loop model’ based on these experimental
observations (Kleine-Vehn and Friml, 2008) would eventu-
ally affect model predictions. Notably, we found that our
‘flux separation’ model could not reproduce an auxin accu-
mulation in the QC cells that is observed experimentally
(Figure 1D) (Blilou et al., 2005), regardless of auxin transport
rates (Supplemental Figure 1A-1C). Additionally, the pre-
dicted profile of auxin distribution was eventually flat and
the predicted auxin maximum has shifted to collumella cells
behind the QC center (Figure 1E) that has not been observed
experimentally (Blilou et al., 2005).

Taken together, these model predictions might indicate
the possibility for additional cues acting together with polar
auxin transport to establish and maintain an auxin response
maximum in the QC cells.

QC-Localized Auxin Signaling Maximum Requires the
Activity of IAA17 Auxin Response Repressor

Predictions from the computer model suggest that mecha-
nisms of auxin accumulation and subsequent auxin signaling
in the QC cells may involve additional cues, at least partially
independently of polar auxin transport. Good candidates for
such developmental signals are QC-localized auxin produc-
tion (Stepanova et al., 2008; lkeda et al., 2009) and the local
activity of auxin response machinery (Vernoux et al., 2011).
To test these two possibilities, we first addressed the
involvement of canonical AUX/IAA auxin response repres-
sors (Chapman and Estelle, 2009) in the regulation of
auxin responsiveness in the QC cells. Amongst these AUX/
IAA repressors, the IAA17 has a partial expression domain
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Figure 1. Comparison of ‘Reflux Loop’ and ‘Flux Separation’ Models.

(A) The schematic implementation of ‘reflux loop’ model proposed by Grieneisen et al. (2007). Five distinct regions of the root meristem were
incorporated into the model: one layer of root epidermis (1, ep), one layer for both root cortex and endodermis (2,c and 3, en), four central layers
of vascular cells (4, v), and columella initials (5, cin). Two QC cells correspond to the most distal vascular cells (4, v).

(B) The schematic implementation of the same root model as in (A) but with experimentally derived PIN2 polarities. Note the substantial differ-
ences in PIN2 localization assumptions between ‘reflux loop’ (Grieneisen et al., 2007) (A) and the ‘flux separation’ (B) models. In our simulations,
only the distal part of the root elongation zone is considered in which PIN2 localizations in cortex cells do not undergo switch to the apical side
of the cell.

(C, D) Simulations of ‘reflux loop’ model demonstrate the efficient auxin reflux through cortex and endodermis tissues that leads to preferential
auxin accumulation in the QC cells of the root. In contrast, the simulations of the ‘flux separation’ model did not predict the auxin maximum in
the QC cells.
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overlapping with the QC cells (Supplemental Figure 2A-2F).
We next used DR5rev::GFP synthetic auxin response reporter
(Friml et al., 2003) to analyze mutants impaired in 1AA17
function (Figure 2). The IAA17 gain-of-function (axr3)
mutant displayed a highly reduced DR5rev::GFP signal in
the root tips, with an exception of the QC cells, where the
DR5rev::GFP signal was more pronounced than that of con-
trol plants (Figure 2B). In contrast, the activated version of
IAA17 (35S::VP16-IAA17mImIl mutant) (Li et al., 2009) showed
a significant increase of DR5rev::GFP signal (Figure 2C) in root

axr3-1

DR5::GFP

Figure 2. IAA17-Dependent Cellular Auxin Response in the QC.

tips compared to that of controls (Figure 2A). Moreover, the
auxin response maximum was eventually shifted from the
QC cells towards columella cells (Figure 2C and 2D) similarly
to that predicted by our model (Figure 1D), indicating that
proper IAA17 function is required for the maintenance of
auxin response maximum in QC.

To substantiate on these findings, we engineered the
HA-IAA17mImll (inactivated version of IAA17, mimics gain-
of-function mutant axr3-7) plants that showed reduced
auxin responses (Li et al., 2009) specifically in QC under the

(A) Localization of the auxin response maximum in the QC cells shown with DR5rev::GFP.

(B) The strong auxin response in the QC cells and highly inhibited auxin response of axr3-1, shown by DR5rev::GFP.

(C) The enhanced DR5rev::GFP signals in the whole root tips of the gain-of-function IAA17 mutant (355:VP16-IAAT17mimll); the absence of auxin
response maximum in QC cells was observed which was shown with the same image captured with reduced laser power (D).

(E) The highly inhibited auxin response in QC cells of the gain-of-function IAA17 mutant (WOX5::HA-IAA17miImll), shown by DR5rev::GFP.

(F) DR5rev::GFP signal in the wox5 mutant shows similar characteristics to 355:VP16-IAA17mimlil in the case of the auxin gradient.

(E) Steady-state auxin concentration profiles along longitudinal sections through the vascular and columella tissues (distance from root tip in pm).
Steep exponential auxin gradients were observed between QC cells and columella initials (cin) in ‘reflux loop’ model (black) but not in the model

that integrates experimental PIN2 localizations (gray).

(F) Green color coding for relative auxin concentrations. Colors of arrows in (C) and (D) correspond to the colors of auxin gradient profiles in (E).
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QC-specific WOX5 promoter (WOX5::HA-IAA17mimll). We
found that WOX5::HA-IAA17miImlil plants showed substantial
reduced of DR5rev::GFP signals in the QC cells (Figure 2E), indi-
cating that QC-localized 1AA17 activity is likely to participate
in the maintenance of high auxin responses in the QC cells.

Optimal, IAA17-Dependent Auxin Signaling in QC Is
Required for Root Distal Stem Cell Maintenance

Our studies suggest a prominent role of IAA17-dependent
repression of auxin responses in the maintenance of auxin
response maximum in QC (Figure 2). To further figure out
the role of IAA17-dependent auxin response maximum in
maintaining root DSC identities, we examined WOX5::HA-
IAA17mImll lines which showed highly enhanced auxin sign-
aling responses specifically in QC. We found that, similarly to
the 355::VP16-IAA17mImll line, WOX5::HA-IAA17mimll also
displayed highly promoted root DSC differentiation when

compared to wild-type plants (Figure 3A-3C). However, the
axr3-1 mutant, which also showed a sharper QC-localized
auxin signaling maximum in QC, displayed highly inhibited
DSC differentiation which was shown by multiple layers of
DSCs (Ding and Friml, 2010) (Figures 2B and 3E). Our studies
indicated that either increased or decreased auxin signaling
via manipulating the function of IAA17 protein impaired the
maintenance of root DSC identity. Therefore, the pattern-
ing of root DSC might rely on the position of auxin response
gradient within the root tip which is balanced by 1AA17-
dependent repression of auxin responses.

WOX5 Modulates Free Auxin Production and Restricts
Its Own Expression via IAA17-Dependent Feedback
Regulation

Our experimental data indicate that IAA17-dependent auxin
signaling responses contribute to the maintenance of auxin

Figure 3. Manipulating IAA17-Dependent Auxin Signaling Influences Root DSC Differentiation.

(A-F) Differentiation status of root DSCs (yellow arrowhead) below the QC (red arrowhead) in 4-day-old seedlings as inferred from the Lugol
staining. Wild-type roots show typically one tier of root DS cells (A), WOX5::HA-IAA17mimlil (B), 355:VP16-IAA17mimlil (C), and wox5 (D) all yielded
complete root DSC differentiation. Both axr3-1 (E) and wox5 axr3 (F) mutants showed similar defects in root DSC differentiation as revealed by

multiple tiers of DS cells (F).
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maximum in the QC cells and thereby the patterning of root
DSC niches. Interestingly, the IAA17-dependent repression
of auxin responses in the QC cells is required to promote
the activity of WOXS5 transcription factor (Ding and Friml,
2010). Notably, WOX5 and IAA17 expression patterns seem
to largely overlap with respect to the QC cells (Supplemental
Figure 2A-2F) (Ding and Friml, 2010).

To test the possibility of a feedback loop between I1AA17
and WOXS5 in the regulation of auxin responses in the QC cells,
we analyzed the expression of DR5rev::GFP reporter in the
wox5 loss-of-function mutant. We found that the maximum
of DR5rev::GFP signal was impaired in this mutant (Figure 2F),
similarly to that of 35S5::VP16-IAA17mImll line (Figure 2C and
2D), hinting at a possible role of WOXS5 in the maintenance of
the auxin maximum in the QC. Moreover, wox5 mutant plants
resembled the promoted root DSC differentiation phenotype
of 355::VP16-IAA17miImll plants (Figure 3C and 3D) that could
be rescued by introducing axr3-1 into wox5 (Figure 3D-3F).
These findings hint on the possible link between WOX5 activ-
ity and the 1AA17-dependent repression of auxin responses
in the QC cells.

To further complement our observations, we studied
WOX5 expression in 355::VP16-IAA17mImll and axr3-1 plants
using WOX5::ERGFP reporter (Figure 4A-4C). Notably, WOX5
expression was significantly down-regulated in 35S::VP16-
IAA17miImll (Figure 4B) but not in the axr3-7 mutant that dis-
played broader WOX5::ERGFP expression domain (Figure 4C)
than that of the control (Figure 4A). Notably, this expanded
expression of WOX5 in axr3-1 correlated with reminiscent,
ectopic up-regulation of DR5rev::GFP signals in endodermis/
cortex initials (Figure 2F). Our genetic analysis demonstrates
that WOX5 and IAAT77 act in the same regulatory pathway
(Figure 3D-3F), highlighting the possibility for the feedback
regulation between these genes.

To investigate potential mechanisms by which WOX5
contributes to the regulation of auxin response maximum
in the QC cells, we tested whether WOX5 could modulate
either auxin transport or localized auxin production in the
QC cells. We found that polar auxin transport was affected
neither in the wox5 mutant nor in an ectopic expression of
WOXS5 (355::WOX5-GR) (Supplemental Figures 3 and 4). Next,
we checked whether WOX5 would contribute to the regu-
lation of local auxin production. Notably, free auxin meas-
urements in wox5 and 35S::WOX5-GR plants indicated two
antithetic effects on free auxin content of the root. The wox5
mutant had notably less free IAA in the roots than the con-
trol (Figure 4D). Alternatively, WOX5-overexpressing plants
displayed significantly higher free IAA levels (Figure 4F). This
increased free 1AA level in 355:WOX5-GR was confirmed
by higher DR5::GUS signals in roots and young cotyledons
(Supplemental Figure 5).

Since WOX5 represents a downstream target for 1AA17-
repressed auxin responses (Ding and Friml, 2010) (Figure 3),
we substantiated our findings by measuring free auxin lev-
els in IAA17 mutants. We found that 355::VP16-IAA17mimll

plants displayed a decreased free auxin level (Figure 4E),
reminiscent of those of wox5. In contrast, the axr3-1 mutant
showed a significant increase of free IAA content, similar to
that of WOX5-overexpressing plants (Figure 4E).

Taken together, our data suggest that WOX5 modulates
either free auxin production or auxin deconjugation and
therefore could participate in the maintenance of auxin
response maximum in the QC cells. To address this hypothe-
sis, we analyzed the expression level of auxin deconjugation-
related genes in the 355:WOX5-GR plants. We found that
the expression of auxin deconjugation-related genes was
not changed after ectopic WOX5 induction (Supplemental
Figure 6). Notably, a significant increase of the key auxin bio-
synthetic gene YUCT was observed in WOX5-overexpressing
plants (Figure 4G). YUC1 acts downstream of TAA1/WVEI8-
dependent auxin biosynthesis (Zhao, 2010) and, similarly to
TAA1, it is preferentially expressed in the QC cells and their
proximity (Supplemental Figure 7). Subsequently, we found
that the expression of TAAT gene was decreased by two-fold
in 35S::VP16-IAA17miImlil (Figure 4H) and increased by four-
fold in axr3-1 mutant (Figure 4H). Our results demonstrate
that WOXS5 is presumably involved in free IAA production by
modulating tryptophan-dependent auxin biosynthetic path-
way (Zhao, 2010). Taken together, our data reveal the feed-
back mechanism linking WOX5-mediated auxin production to
IAA17-dependent repression of auxin responses in the QC cells.

Simulations of WOX5-IAA17 Feedback Loop Predict
Robust Auxin-Maximum Guiding the Patterning of
Root Stem Cell Niches

Our experimental data revealed the WOX5-1AA17-dependent
feedback mechanism underlying the maintenance of auxin
maximal responses in the QC cells that is mediating the pat-
terning of the root DSC niches (Figure 5).

To gain further insights into dynamics of this feedback
mechanism, we used a computer modeling approach that inte-
grates the WOX5-1AA17 feedback loop (Figure 5) into our “flux
separation’ root model (Figure 1B). To account for the feed-
back mechanism linking IAA17, WOX5, and auxin production,
we made the following experimentally derived assumptions:

(1) WOXS5 activity modulates the rate of auxin production
in the root (Figure 4l).

(2) 1AA17 activity represses cellular auxin response (Figure 2)
and thus promotes WOX5 transcription (Figure 4ll) (Ding
and Friml, 2010).

(3) Auxin promotes proteasome-dependent degradation
of IAA17 protein (Chapman and Estelle, 2009) through
a canonical TIR1-dependent pathway (Chapman and
Estelle, 2009) (Figure 4lll).

(4) ARF-mediated cellular auxin responses regulate the
IAA17 transcription (Guilfoyle and Hagen, 2007)
(Figure 4VI).

To assure no bias in our model predictions, we assumed that
each cell of the root is capable of expressing both IAA17 and
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Figure 4. IAA17 Acts Upstream of WOX5-Dependent Modulation of Free Auxin Production.
(A) WOX5::ERGFP signal visible solely in the QC cells in the wild-type plants.

(B) Highly repressed WOX5::ERGFP signals in the 355:VP16-IAA17mImil mutant.

(C) Expanded WOX5::ERGFP signals to the endodermis/cortex initials in the axr3-1 mutant.
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WOX5 proteins that are controlled locally by the proposed
feedback mechanism. For full mathematical model descrip-
tion, we refer to the Supplemental Methods.

Simulations of our feedback-driven model predicted the
highest expression of WOXS5 in the QC cells that eventually
led to WOX5-mediated auxin production and the main-
tenance of auxin maximum in these cells (Figure 6A) as
observed experimentally (Figure 2A). Moreover, our model
predicted the drop of auxin concentrations from the QC cells
towards distal columella cells, indicating the formation of
steep auxin gradient in the root tip (Figure 6E). Interestingly,
the profile of this root tip-associated auxin gradient seems to
closely resemble the recent report with a novel auxin biosen-
sor (Brunoud et al., 2012).

We hypothesize that an auxin gradient in the root tip
could be instructive for the patterning of root DSC niches.
Although an adequate molecular mechanism for the root
DSC patterning remains to be investigated, we attempt to
epitomize this process by non-linear mapping between auxin
concentrations and the level of DSC differentiation (see the
Supplemental Methods). With this assumption, our model
simulations could reproduce the wild-type-like pattern of
root DSC differentiation (Figure 3A). These model predictions
were generally robust for fluctuations of parameters such as
auxin transport rates (Supplemental Figures 1D-1F), auxin-
dependent IAA17 transcription and IAA17 degradation rates
(Supplemental Figure 8), or WOX5-dependent auxin produc-
tion rates (Supplemental Figure 9).

Next, we performed simulations of wox5 mutant by setting
WOXS5 transcription rate to 0 (Figure 6B). Notably, wox5 simula-
tions predicted all features of the wox5 mutant (Figures 2 and
3) including the lack of auxin maximum in the QC cells, lower
overall auxin levels, and enhanced root DSC differentiation pat-
terns (Figures 2F, 3D, and 6B). A nearly identical phenotype was
observed in simulations of 35S::VP16-IAA17mImil (Figure 6B,
6C, and 6E) that assumed a strong ARF-mediated repression
of WOXS5 transcription. Interestingly, the opposite phenotype
was observed in the simulated IAA17 gain-of-function mutant
(axr3) that had a lower rate of auxin-mediated degradation of
IAA17 protein. The predicted axr3-1 phenotype displays higher
overall auxin levels, clear auxin maximum in the QC cells, broad
domain of WOXS5 expression, and reduced root DSC differentia-
tion (Figure 6A, 6D, and 6E), therefore reassembling our experi-
mental observations (Figures 2B, 3E, 4C, and 4E).

In conclusion, our model predictions largely agree with in
planta observations that include predictions of auxin levels,

the presumable location of auxin response maximum, WOX5
expression domain, and patterns of root DSC differentiation
(Figures 2-4). Therefore, both experimental data and in silico
computer simulations postulate the feedback mechanism
linking WOX5 and IAA17 that controls an auxin gradient-
guided patterning of the root tip.

DISCUSSION

Auxin gradients are central to the robust development of the
primary root in Arabidopsis (Benkova et al., 2003).

Polar auxin transport has been suggested as a minimal
mechanism to assure the establishment and maintenance
of auxin maximum in the QC of the root (Grieneisen et al.,
2007). In addition, localized auxin production and auxin
response machinery have been postulated to significantly
contribute to this process. Nevertheless, molecular mecha-
nisms underlying localized auxin production and auxin
responses during the establishment and maintenance
of auxin response maximum in the QC cells are largely
uncharacterized.

Here, we addressed these issues by using the combination
of experimental and computational modeling approaches.
We used the DR5rev::GFP reporter for the readout of local
auxin gradient across the root tip (Figure 2A). Our experi-
mental observations and model predictions are consistent
with other studies using an alternative auxin reporter (DII-
Venus) (Band et al., 2012; Brunoud et al., 2012). Our data sug-
gest that QC-localized auxin maximum together with graded
auxin concentrations in distal collumella cells behind the QC
region (also observed with DII-Venus reporter) (Band et al.,
2012; Brunoud et al.,, 2012) are required to maintain root
stem cell identities. We demonstrated that auxin response
maximum preferentially localizes to the QC cells and this
process requires the IAA17-dependent repression of auxin
responses. Consequently, these IAA17-dependent auxin
responses restrict the expression domain of WOX5 and there-
fore maintain the root stem cell identity. Finally, we found
that WOX5 modulates free auxin production locally in the QC
center, further helping to maintain the high auxin content
of QC cells. Our studies highlight WOX5 and IAA17-mediated
auxin responses that operate in a feedback-dependent man-
ner to regulate the root DSC differentiation. We found that
axr3-1 displayed enhanced auxin response in QC and reduced
auxin response in adjacent columella cells that resulted into
the strong inhibition of root DSC differentiation. In contrast,

(D, E) Decreased free I1AA levels in the wox5 mutant (D) and 355:VP16-IAA17mImll mutant and significantly increased IAA levels of axr3-1 mutant (E).
(F) Increase in the free IAA level in 355::WOX5-GR seedlings grown on medium with 1 pM DEX inductions.

(G) Long-term induction of WOX5 (seedlings grown on medium with 1 uM DEX) induced YUC1 expression level that was not absent under short-
term induction of WOX5 (4-day-old seedlings treated with 10 uM DEX for 4 or 24 h).

(H) Increased expression of TAA1/WEI8 gene in axr3-1 mutant and slightly decreased expression of TAA1/WEI8 in 355:VP16-IAA17mImll mutant

compared to the control.

Tubulin is the relative control for Q-PCR analysis. Error bars mark standard errors, from four independent biological repeats (Student’s t-test,

* P<0.05, ** P<0.01).
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Figure 5. Schematics of WOX5-IAA17 Feedback Mechanism.

Black arrows depict positive regulation and dashed arrows indicate
repression mechanism. Greek letters correspond to subsequent com-
puter model assumptions presented in the main text.

activated version of IAA17 in QC cells led to the highly pro-
moted auxin responses in QC and subsequently enhanced
differentiation of root stem cells. Additionally, our investiga-
tions indicate that a maximum of auxin signaling responses
in QC is not sufficient to maintain stem cell identities; it also
requires the reduction of auxin responses of adjacent colum-
ullar cells. Our data indicate the possibility for auxin response
gradient in the root tip that would modulate the patterning
of root DSC identity.

Finally, we designed the computer model of this proposed
feedback loop that was capable of faithfully reproducing
experimental observations, including predictions of auxin lev-
els, auxin distributions, and WOX5 expression and root DSC
differentiation patterns. This simplified model that captures
the essential features of the feedback regulation between
WOX5 and IAA17 was capable of predicting auxin signaling
maximum and root DSC differentiation phenotypes which
were observed experimentally.

WOXS5 has been shown to undergo transcriptional repres-
sion by the CLE40/ACR4 signaling cascade derived from the
columella cells (De Smet et al., 2008; Stahl and Simon, 2009,
2010). Therefore, it will be interesting to see how this and
as-yet unidentified layers of regulation could be further inte-
grated into our model and how this would impact on model
predictions and ultimately on our understanding of root pat-
terning processes. Also, future testing of the possibility for
the involvement of other AUX/IAA proteins and associated
ARF transcription factors in the proposed feedback regula-
tion would substantially extend our understanding of mecha-
nisms underlying root stem cell patterning.

To conclude, our combined experimental and modeling
study suggests the unexpected feedback loop that mechanis-
tically link WOX5-dependent auxin production, polar auxin
transport, and IAA17-dependent cellular auxin response
to facilitate the auxin-maximum guided patterning of root
DSC niches. It remains to be tested whether a similar mecha-
nism could be involved in the auxin-dependent patterning
of shoots, since WOX5 belongs to the functionally conserved
family of major plant stem cell regulators.

METHODS

Plant Materials and Growth Conditions

Published transgenic and mutant lines were: wox5-1,
355::WOX5-GR (Sarkar et al., 2007), WOX5::ERGFP (Xu et al.,
2006), DR5rev::GFP (Friml et al., 2003), axr3-1 (mimicking
IAA17 repressor) (Sabatini et al., 1999), 35S5::VP16-IAA17mimll
(representing IAA17 activator) (Li et al., 2009), PIN3::PIN3::GFP
(Dello loio et al.,, 2008). The wox5 axr3 double mutant
was generated by crossing wox5-1 with axr3-1; DR5::GUS
35S5::WOX5-GR by crossing DR5::GUS with 355::W0OX5-GR; and
DR5rev::GFP/wox5 and DR5rev::GFP/35S:VP16-IAA17mimil by
crossing DR5rev::GFP with wox5-1 or 355::VP16-IAA17mimlI,
respectively. The 2583-bp upstream region from the 1AA17
start codon was amplified and linked to the GUS reported
in gateway vector PKGWFS7.1 (Karimi et al., 2002) to obtain
IAA17Promoter::GUS reporter construct. The WOX5:HA-
IAA17mImlil (representing IAA17 repressor) line was gener-
ated by replacing the 35S promoter of 355:HA-IAA17mimil
(Li et al., 2009) with the 2583-bp upstream region from the
WOXS5 start codon. Seeds were surface-sterilized with chlorine
gas and incubated for 3 d after being plated onto Murashige
and Skoog (MS) medium before transfer to a growth room
with a 16-h day/8-h night regime at 19°C for 5 d.

Phenotype Analysis

Starch granules in root tips were stained with Lugol’s solu-
tion for 1-2min, mounted onto the slides with chloral
hydrate, and checked immediately. Histochemical analysis
of B-glucuronidase (GUS) activity was carried out by incuba-
tion of seedling roots in GUS staining solution (0.05 M NaPO,
buffer (pH 7.0), 5mM K;Fe(CN);,, 5mM K,Fe(CN);, 10mM
X-glucuronide) at 37°C until the blue staining was visible, fol-
lowed by two washes in distilled water and mounting in 70%
(w/v) chloral hydrate and 10% (v/v) glycerol for microscopy.
Image acquisition was carried out with an Axiocam HR camera
attached to an Olympus microscope. For confocal microscopy
images, a Zeiss LSM 510 or Olympus FV10 ASW confocal scan-
ning microscope was used. Cell walls were counterstained by
mounting seedling roots in 10 uM propidium iodide.

Immunodetections

The antibodies were diluted as follows: rabbit anti-PIN1
(1:1000), rabbit anti-PIN2 (1:1000; generously provided by
C. Luschnig), and Cy3 488-conjugated secondary anti-mouse
(1:600; Dianova and Sigma).

Free IAA Measurements

For free IAA contents analysis, approximately 30 roots of respec-
tive genotypes were pooled and analyzed in quadruplicates
as described earlier (Pencik et al., 2009) or it was quantified as
described (Pollmann et al., 2009). For the extraction of plant
metabolites, three samples (replicates) of each were incu-
bated at 60°C under constant shaking over 1h in 1ml methanol
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Figure 6. Computer Model Integrates WOX5-IAA17 Feedback Mechanisms to Predict the Patterning of the Root Tip.

(A-D) Compatible in silico wild-type simulations of the ‘flux separation’ model (Figure 1B) that integrates the WOX5-1AA17 feedback loop (A) and
the computer simulations of the in silico wox5 mutant (B), loss of IAA17 function (355:VP16-IAA17miImll) (C), and gain of IAA17 function (axr3-1)
(D) mutants to experimental observations (Figure 2A-2D). Auxin concentrations are in green and the relative WOX5 expression in red. The pre-
dicted WOXS5 activities and resulting stem cell layers (depicted by yellow triangles below the QC) correspond to those observed experimentally
(Figure 3C-3E).

(E) Steady-state auxin concentration profiles along longitudinal sections through the vascular and columella tissues for wild-type and mutant
simulations (distance from root tip in pm). Steep exponential auxin gradients were observed between QC cells and columella initials (cin) in
wild-type (black arrowhead) and axr3-1 (purple green arrow) simulations and were largely absent in the simulations of wox5 (blue arrow) and
35S:VP16-IAA17mImll (orange arrow) mutants, similarly to those in experimental measurements (Figure 2). Color coding is for the relative auxin
concentrations (green) and relative WOXS5 expression (red). Colors of arrows correspond to the auxin gradient profiles.
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supplemented with 30 pmol of [?H],-IAA (internal standard).
Supernatants and residual plant material were separated by
centrifugation and the cell-free extracts dried under vacuum.
Residues were dissolved in 30 pyl methanol to which 200 pl
diethyl ether was added. If necessary, dissolving was forced
by ultrasonic treatment (Sonorex RK510S, Bandelin, Berlin,
Germany). Particle-free samples were loaded onto a custom-
made microscale aminopropy! solid-phase extraction cartridge.
Columns were washed with 250 pl of CHCl;:2-propanol, 2:1 (v/v),
and IAA containing fractions eluted with 400 pl acidified diethyl
ether (2% acetic acid (v/v)). Eluates were dried, re-dissolved in
20 yl methanol, and finally derivatized by treatment with 100 pl
ethereal diazomethane. Thereafter, samples were transferred
into autosampler vials, dried under a gentle stream of nitrogen,
and taken up in 15 pl of chloroform. For IAA quantification, 1 pl
of the methylated samples was injected into the GC-MS system.
The spectra were recorded on a Varian Saturn 2000 ion-trap
mass spectrometer coupled with a Varian CP-3800 gas chroma-
tograph (Varian, Walnut Creek, CA, USA). Compounds were
separated by chromatography on a ZB-50 fused silica capillary
column (Phenomenex, Torrence, CA, USA). The mass spectrome-
ter was used in CI-MRM positive ion detection mode with meth-
anol as the reactant gas. The setting for endogenous IAA was as
follows: m/z = 190 [M+H]* and 0.50 V. In a second channel with
the same excitation amplitude, the [?H],-IAA standard was ana-
lyzed and the setting for the parent ion was: m/z = 192 [M+H]*.
The amount of endogenous IAA in the samples was calculated
from the signal ratio of the unlabeled over the stable isotope-
labeled mass fragment observed in the two analyzed channels.

Quantitative PCR Analysis

RNA was extracted with the RNeasy kit (Qiagen). Poly(dT) cDNA
was prepared from total RNA of 5-day-old seedlings. Superscript
Il reverse transcription (Invitrogen) and quantification were
performed on a LightCycler 480 apparatus (Roche Diagnostics)
with the SYBR Green | Master kit (Roche Diagnostics) accord-
ing to the manufacturer’s instructions. All individual reactions
were performed in triplicate. Data were analyzed with gBase
(Hellemans et al., 2007). Expression levels were normalized to
those of TUBULIN, which showed no clear systematic changes
in Ct value. The primers used to quantify gene expression levels
are described in Supplemental Tables 1 and 3.

GUS Staining

Histochemical B-glucuronidase (GUS) staining was performed
as described (Friml et al., 2003) overnight at room temper-
ature. Seedlings mounted in chloral hydrate (Fluka) were
analyzed with an automatic virtual slide-scanner microscope
frame (dotSlide BX51 microscope, Olympus).

Computational Methods

The cellular grid tissue template for the model was created
with the version of VV (Vertex-Vertex) programming lan-
guage (Smith et al., 2006). The simulations were performed
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by numerical computations of coupled ODE systems, with
an adaptive-size, fifth-order Runge-Kutta method. All fig-
ures were processed in Adobe Illustrator. Figures 1 and 4 are
screenshots from model simulations. Model parameters are
described in Supplemental Table 2.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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