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Highlights: 

• Sterols are required for cell polarity in Arabidopsis leaf epidermal cells 
• Auxin promotes lipid ordering and polar distribution of ordered lipid nanodomains at the 

plasma membrane (PM) 
• Auxin stabilizes sterol-dependent nanoclustering of transmembrane kinase (TMK1), a 

PM auxin signal transducer 
• Auxin-induced TMK1 nanoclustering is required but insufficient for cell polarization 
• Microtubule-based feedback stabilization of the auxin-induced TMK1 nanodomains can 

generate cell polarity  

 

Abstract 

Cell polarity is fundamental to the development of both eukaryotic and prokaryotic organisms, 
yet the mechanism of its establishment remains poorly understood.  Here we show that signal-
activated nanoclustering of membrane proteins and a cytoskeleton-based feedback loop provide 
an important mechanism for the establishment of cell polarity. The phytohormone auxin 
promoted sterol-dependent nanoclustering of cell surface transmembrane receptor-like kinase 1 
(TMK1) to initiate cell polarity during the morphogenesis of Arabidopsis puzzle piece-shaped 
leaf pavement cells (PC). Auxin-triggered nanoclustering of TMK1 stabilized flotillin-associated 
ordered nanodomains, which were essential for auxin-mediated formation of ROP6 GTPase 
nanoclusters that act downstream TMK1 to promote cortical microtubule ordering. Mathematical 
modeling further demonstrated the essential role of this auxin-mediated stabilization of TMK1 
and ROP6 nanoclusters, and predicted the additional requirement of ROP6-dependent cortical 
microtubules for further stabilization of TMK1-sterol nanodomains and the polarization of PC.  
This prediction was experimentally validated by genetic and biochemical data. Our studies reveal 
a new paradigm for polarity establishment: A diffusive signal triggers cell polarization by 
activating cell surface receptor-mediated lateral segregation of signaling components and a 
cytoskeleton-mediated positive feedback loop of nanodomain stabilization.  

 

Introduction      

Cell polarity is a fundamental cellular property required for the specialization and function of 
essentially all cells. The initiation of cell polarity requires spatially controlled cell signaling and 
the dynamic spatiotemporal organization of signaling molecules at the cell surface (Etienne-
Manneville and Hall, 2002; Johnson, 1999; Yang and Lavagi, 2012). How this spatiotemporal 
organization is initiated, especially by uniform signals, remains unclear despite decades of 
studies into the mechanisms behind the establishment and maintenance of cell polarity.  To date 
two prevalent models have been proposed to explain self-organizing cellular symmetry breaking 
or that induced by spatial cues:  asymmetric recruitment of polarity signaling proteins or 
endomembrane-linked trafficking of these proteins (Butler and Wallingford, 2017; Nelson, 2003; 
Strutt and Strutt, 2009; Vladar et al., 2009). However, these models have difficulty explaining 
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how a uniform field of highly diffusible small signaling molecules can lead to symmetry 
breaking. Furthermore, neither of these models consider the heterogeneity of the plasma 
membrane (PM) lipid environment. Increasing evidence shows that many cell surface-signaling 
proteins are not uniformly mixed with membrane lipids via free-diffusion based equilibrium, but 
form nanoclusters with specialized lipids (Garcia-Parajo et al., 2014; Harding and Hancock, 
2008; Platre et al., 2019; Sezgin et al., 2015; Sezgin et al., 2017; Zhou and Hancock, 2015). 
Membrane domains enriched in sterols or saturated lipids, often referred to as lipid rafts, have 
long been suggested as a crucial platform for receptor-mediated signal transduction at the cell 
surface, particularly in the spatial regulation of key cellular processes, such as cell polarization 
(Gomez-Mouton et al., 2001; Makushok et al., 2016; Schuck and Simons, 2004; Simons, 2018; 
Simons and Sampaio, 2011) and immune response (Stone et al., 2017; Varshney et al., 2016; 
Vieira et al., 2010). In addition to sterol-dependent nanodomains, anionic lipids have been 
implicated in the regulation of nanoclusters of small GTPases, such as Ras, Cdc42 and ROP6 (a 
Rho-like GTPase from plants), on the PM (Platre et al., 2019; Sartorel et al., 2018; Zhou et al., 
2017; Zhou et al., 2015). Spatial segregation of signaling molecules into nanoclusters at the PM 
is a generic phenomenon during signal transduction (Ariotti et al., 2010; Garcia-Parajo et al., 
2014; Harding and Hancock, 2008). However, it remains unclear how distinct nanocluster-based 
signaling platforms are established and maintained by specific signals and how they may 
contribute to the spatiotemporal regulation of cellular processes. Here we show that in 
Arabidopsis the highly diffusible small molecule auxin regulates the formation of distinct PM 
nanoclusters via its PM signaling pathway, leading to cell polarization.  

Auxin, a molecule tightly linked with polarity (Pan et al., 2015), impacts virtually every aspect 
of plant growth and development via nuclear gene transcription and rapid non-transcriptional 
responses controlled by the nuclear/cytoplasmic TIR1/AFB auxin receptors (Chapman and 
Estelle, 2009; Dindas et al., 2018; Fendrych et al., 2018; Leyser, 2018; Monshausen et al., 2011; 
Salehin et al., 2015; Scheitz et al., 2013), as well as those mediated by the PM-localized 
transmembrane kinases (TMKs) (Cao et al., 2019; Xu et al., 2010). Auxin-induced activation of 
ROPs is involved in cellular symmetry breaking such as polarization of PIN proteins, which 
export auxin (Nagawa et al., 2012; Xu et al., 2010), and the morphogenesis of Arabidopsis 
thaliana leaf and cotyledon pavement cells (PCs) (Chen et al., 2015; Fu et al., 2005; Xu et al., 
2014; Xu et al., 2010). These cells form the puzzle-piece shape with interlocking lobes and 
indentations, which require the establishment of multiple alternating polar sites for the formation 
of lobes and indentations, respectively, herein we term multi-polarity (Fig. 1A). In PCs, the 
multi-polarity formation requires the TMK-dependent activation of ROPs by auxin (Xu et al., 
2014).  In particular, ROP6 is polarly localized to and defines the indentation regions where it 
promotes the ordering of cortical microtubules (CMT) (Fu et al., 2009; Lin et al., 2013). In this 
study, we found that auxin promotes the formation of inter-dependent cell surface TMK1 
nanoclusters and ordered lipid nanodomains as well as microtubule-mediated diffusion 
restriction of these TMK1/ordered lipid nanodomains to activate symmetry breaking for PC 
multi-polarity formation. 
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Results 

Ordered lipid nanodomains are polarized and critical for multi-polarity formation in leaf 
pavement cells  

To assess the role of lipid ordering in the morphogenesis of the puzzle-piece shaped PCs, we 
analyzed the distribution of ordered lipid domains in cotyledon PCs using di-4-ANEPPDHQ, a 
lipid order-sensitive probe (Gerbeau-Pissot et al., 2016; Jin et al., 2005; Owen et al., 2012; Zhao 
et al., 2015). Based on the fluorescent intensity of the probe in two different spectral channels, 
green (ordered) and red (disordered), a ratiometric general polarized image (GP image) was 
generated. High GP value (increased green fluorescence compared with red) represents the 
highly ordered membrane lipids. Plasmolysis with 0.8 M mannitol revealed that the peripheral 
staining is associated with the plasma membrane, but not with the cell wall (Fig. S1). The GP 
images showed that the localization of ordered lipid domains is biased towards the indentation 
region (Fig. 1A). Further quantitative analysis revealed that GP values extracted from indentation 
regions are much higher than those extracted from lobing regions (Fig. 1B). To complement this 
staining method, the localization of flotillin-1, a well-established marker for ordered sterol-rich 
nanodomains in both plant and mammalian systems (Glebov et al., 2006; Li et al., 2012), was 
visualized. Consistent with previous studies, flotillin proteins form dynamic nanoclusters in the 
PM (Supplementary Video 1 and Video 2). Our analyses further demonstrated that in the 
majority of cases, flotillin proteins were more abundant in indentations than in lobes (Fig. 1C-E, 
Supplemental Video 3). Collectively, these results show that ordered lipid domains are 
preferentially distributed to the indentation region of the PC plasma membrane, as is the active 
ROP6 GTPase (Fu et al., 2009).  

To evaluate the roles of sterols in the formation of the polarity in the  in PCs, we examined PC 
phenotypes of sterol biosynthesis mutants, which were previously reported to have altered sterol 
composition (Jang et al., 2000; Men et al., 2008; Schrick et al., 2000; Souter et al., 2002) and 
auxin signaling (Men et al., 2008; Souter et al., 2002). All these mutants display significantly 
altered PC shape with reduced lobe number and increased indentation width compared to their 
wild-type control (Fig. 1F and Fig. S2).  The depletion of sterol from the PM by methyl-�-
cyclodextrin (m�CD) (Kierszniowska et al., 2009; Mahammad and Parmryd, 2015), a sterol-
depleting agent, also caused a similar defect in PC morphogenesis (see below).  These defects 
resemble those induced by the disruption of the ROP6 pathway that promotes the organization of 
cortical microtubules and the formation of PC indentation (Fu et al., 2005; Fu et al., 2009). The 
PC phenotypes induced by sterol-deficiency and the distribution of ordered lipid domains to the 
indentation regions suggest sterol-rich ordered lipid domains, together with ROP6, polarly define 
the indentation regions, herein termed the indentation polarity, and are critical for the formation 
of the indentation polarity. 

Auxin promotes lipid ordering required for the indentation polarity 

Our previous studies show that auxin promotes the formation of the puzzle-piece PC shape (Xu 
et al., 2014; Xu et al., 2010), suggesting that auxin is a signal that initiates the establishment of 
the multi-polarity. Thus, we asked whether auxin regulates the generation of ordered lipid 
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domains in PCs. The auxin biosynthesis mutant wei8-1tar2-1 with reduced auxin levels in 
cotyledons (Stepanova et al., 2008) exhibited greatly reduced lipid order in PCs, as indicated by 
di-4-ANEPPDHQ staining (Figs. 2A and 2B). This defect in lipid ordering was rescued by 
exogenous auxin (Figs. 2A and 2B).  Similar to the wei8-1tar2-1 mutant, the sterol biosynthesis 
mutant fk-J79 also exhibited reduced lipid order (Figs. 2C and 2D). However, unlike the wei8-
1tar2-1 mutant, the fk-J79 mutant was completely insensitive to exogenous auxin in the 
promotion of lipid ordering (Figs. 2C-2D). Furthermore, auxin promotion of PC multi-polarity 
was completely abolished in the fk-J79  mutant (Fig. 2E).   

To understand how ordered lipid domains contribute to the formation of indentation polarity, we 
examined the effect of sterols on the activation of ROP6, an indentation polarity marker that is 
preferentially distributed to the indentation region and critical for indentation formation (Fu et 
al., 2009; Lin et al., 2013; Xu et al., 2010). Previously we showed that ROP6 is activated by 
auxin (Xu et al., 2014; Xu et al., 2010). We further found that reducing PM sterols by 
mβCD treatment greatly hindered auxin-induced activation of ROP6 (Fig. 2F). Moreover, auxin 
increases the amount of S-acylated ROP6 in a dose-dependent manner (Figs. 2G and 2H). It was 
shown that only active but not inactive form of ROP6 was acylated and partitioned into lipid-raft 
like, detergent-resistant membrane fraction (DRM) (Sorek et al., 2017; Sorek et al., 2010). Taken 
together, these results suggest auxin promotes the formation of ordered lipid domains required 
for the indentation polarity establishment.   

Auxin promotes the formation of TMK1 nanoclusters with larger size and slower diffusion 

We next investigated how auxin promotes the formation and polarization of ordered lipid 
domains to the indentation region.  Auxin signaling is mediated by at least two major pathways: 
The nuclear-based TIR1/AFB pathway that regulates the expression of auxin-induced genes  
(Salehin et al., 2015; Tan et al., 2007) and the PM-based TMK pathway involved in non-
transcriptional auxin responses (Cao et al., 2019; Xu et al., 2010). We speculated that the TMK-
dependent pathway regulates lipid ordering and its polarity, given its role in the auxin-induced 
activation of ROP6 in the PM. In addition, the tmk1tmk4 double mutant showed reduced lipid 
order in the PM of PCs (Fig. S3).  As an initial step in testing our hypothesis, we analyzed the 
spatiotemporal dynamics of TMK1, a major member of the TMK clade with four functionally 
overlapping members (Dai et al., 2013; Xu et al., 2014). We used total internal refection 
fluorescence (TIRF) microscopy and single-particle tracking methods to analyze TMK1 
dynamics in 2-3 days-old cotyledon PCs. Indeed, TMK1-GFP, expressed under TMK1’s native 
promoter, was laterally segregated as nano-particles at the PM (Supplementary Video 4 and Fig. 
3A). Treatment with 100 nM IAA resulted in a dramatic decrease in the density of TMK1-GFP 
particles (Fig. 3B) and a significant increase in the particle size (Fig. 3C-3E). These results 
suggest that auxin promotes the formation of larger TMK1 nanoclusters, possibly by coalescing 
single proteins or small and unstable nanoclusters. Further diffusion analyses showed that a two-
component model describes the distribution of diffusion coefficients much better than a one-
component model (Fig. S4), indicating TMK1-GFP particles on the membrane consist of at least 
two populations, one with slow and one with fast diffusion. IAA treatment (100 nM, 10 min) 
caused a significant reduction in diffusion coefficient along with an increase in the fraction of the 
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slow-diffusion population of TMK1-GFP particles (Fig.3F, Table. S1). By contrast, the same 
IAA treatment had no effect on the particle size of GFP-tagged FERONIA, another receptor-like 
kinase at the PM also known to affect PC morphogenesis (Fig. S5) (Li et al., 2015; Lin et al., 
2018). These results suggest that auxin specifically promotes the formation of the TMK 
nanoclusters with larger size and slower diffusion.  

Auxin-triggered TMK1 nanoclustering and lipid ordering are inter-dependent  

Because ligand-induced receptor clustering may modulate the local lipid environment and 
stabilize ordered lipid domains around the receptor (Hofman et al., 2008; Kusumi et al., 2004; 
Sohn et al., 2006; Stone et al., 2017), we hypothesize that auxin-triggered TMK1 nanoclustering 
stabilizes a local ordered-lipid environment. To test the hypothesis, we first studied the dynamic 
relationship between TMK1 and flotillin proteins at the PM. As shown in Fig. 3G, TMK1-GFP 
particles are at least partially colocalized with Flotillin1-mCherry particles. To functionally test 
the role of ordered lipid domains in TMK1 nanoclustering, we analyzed TMK1 dynamics in the 
presence of the sterol-disrupting agent mβCD (10 mM for 30 min). This treatment greatly 
hindered the auxin-induced increase in sizes (Fig. 3B-E) and reduction in diffusion of TMK1 
particles (Fig. 3F and Table. S1). These results indicate that auxin-induced TMK1 nanoclustering 
are dependent upon sterol content in the PM.   

To test whether auxin-induced changes in lipid ordering in the PM requires TMKs, we analyzed 
the dynamics of flotillin-mVenus under its native promoter, which was used as an indicator for 
the dynamics of ordered nanodomains at the PM. Similar to TMK1, IAA treatment (100 nM, 10 
mins) increased the flotillin-mVenus particle size (Figs. 4A-4D). Diffusion analyses also 
revealed the presence of a fast-diffusing population and a slow-diffusing population (Fig. S6). 
Auxin treatment increased the fraction of the slow-diffusing population with a decrease in the 
fraction of the fast-diffusing population (Figs. 4E and 4F, Table. S2). The diffusion coefficient of 
flotillin1-mVenus in tmk1tmk4 double mutant was approximately an order of magnitude faster 
than that in wild type (Fig. 4F). In addition, the tmk1/tmk4 double mutant displayed a substantial 
resistance to the promotion of flotillin particle size and the reduction of particle diffusion 
triggered by auxin (Figs. 4C and 4D). These data demonstrate that a significant portion of 
auxin’s effect on the dynamics of flotillin-associated ordered nanodomains is regulated via the 
TMK1-mediated pathway. 

TMKs are required for auxin-mediated nanoclustering of ROP6 

Our results described above show that auxin promotes TMK1 nanoclustering (Figs. 3A-3E), lipid 
ordering (Figs. 2A-2D), and the polarization of ordered lipid domains to the indentation sites 
(Figs. 1A-1E) where ROP6 localization. Moreover, previous studies suggest that ROP6 is 
activated by auxin in a TMK-dependent manner (Xu et al., 2014; Xu et al., 2010) and we further 
found that auxin-induced ROP6 activation requires sterols (Fig. 2F). Thus, we hypothesize that 
auxin promotes the nanoclustering of active ROP6 in a TMK- and sterol-dependent manner. 
Indeed, TIRF and single-particle tracking analysis showed that the constitutively active (CA) 
form of ROP6 was preferentially distributed in the particles with larger size and slower-diffusion 
properties in comparison with the inactive form of ROP6 (Dominant Negative, DNrop6, Figs. 5A 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 13, 2019. ; https://doi.org/10.1101/734665doi: bioRxiv preprint 

https://doi.org/10.1101/734665


7 
 

and 5B, Table. S3). To test the effect of auxin on ROP6 nanoclustering, we performed TIRF and 
single-particle tracking of EGFP-ROP6 expressed under its native promoter. EGFP-ROP6 
showed clear lateral segregation on the PM in the ROP6p::EGFP-ROP6 line (Supplementary 
Video 5, Fig. 5C) and treatment with 100 nM IAA, which induces ROP6 activation by four-fold 
(Xu et al., 2010), significantly increased particle size (Figs. 5D). Further analyses showed that, 
like TMK1 particles, the distribution of diffusion coefficients of ROP6 particles can be better 
described by a two-component model, indicating the existence of at least two populations of 
ROP6 particles, one slow- and one fast-diffusing population (Fig. S7). Consistently, IAA 
treatment significantly reduced the ROP6 diffusion coefficient with an increase in the fraction of 
the slow-diffusion population (Figs. 5E and 5F, Table. S3). Furthermore, the effect of auxin on 
ROP6 particles was completely abolished in the presence of sterol-depleting agent m�CD (Figs. 
5G and 5H). These data suggest that auxin-triggered ROP6 activation induces ROP6 stabilization 
in sterol-dependent PM nanodomains with increased size and reduced diffusion.  

Given the critical role of TMK1/4 in the auxin-induced stabilization of ordered lipid 
nanodomains (Fig. 4), we suspected that TMK1/4 also regulates behavior of ROP6 nanoclusters.  
Indeed, we found that in the tmk1tmk4 double mutants the ROP6 particles are much smaller in 
size (Fig. 5D) and have a higher mobility (Figs. 5E and 5F). In addition, the auxin-triggered 
particle size increase (Fig. 5D) and diffusion decrease (Figs. 5E and 5F) were greatly 
compromised in the tmk1tmk4 double mutant, indicating that TMK1/4 are critical for auxin-
induced changes in the dynamic behavior of ROP6 particles. Taken together, these data strongly 
support the hypothesis that TMK1 regulates auxin-induced ROP6 nanoclustering via shaping the 
sterol-rich lipid environment at the PM.  Interestingly, the auxin-induced ROP6 nanoclustering 
has also been described in Arabidopsis roots by Jaillais’s group, who showed that 
phosphatidylserine lipid is important for auxin-mediated ROP6 nanoclustering and 
phosphatidylserine biosynthesis mutants exhibit severe PC morphogenesis defect (Platre et al., 
2019). Thus, ROP6 nanoclusters in PCs may be enriched in both sterols and phosphatidylserines.  

Modeling predicts a crucial role for a CMT-based nanoclustering feedback loop in polarity 
establishment   

Our experimental data (above) show that auxin induces both indentation polarity and sterol-
dependent nanoclustering of TMK1 and ROP6 and that sterol-based lipid ordering is critical for 
the establishment of indentation polarity. These results beg the question:  How does auxin-
induced nanoclustering of auxin signaling components contribute to the polarity establishment 
during PC morphogenesis? To address this question, we constructed a mathematical model 
describing the process of early polarity establishment in PCs. We first considered the network 
including TMK1 nanoclusters, ordered lipid nanodomains, and ROP6 nanoclusters on a closed 
moving interface representing PM in a two-dimensional space (cross-section). TMK1 
nanoclusters, ordered lipid domains, and ROP6 nanoclusters are all modeled as diffusible 
molecules on the PM by using reaction-diffusion equations. The moving interface is computed 
by using level set method (Osher, 1988) evolved under a specific velocity field. Our initial model 
(Fig. 6A) incorporates the assumptions based on the experimental observations that: (i) 
TMK1 nanoclusters and flotillin-associated ordered lipid nanodomains restrict the diffusion of 
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each other, (ii) TMK1-stablized ordered lipid nanodomains promote ROP6 nanoclustering and 
activation, (iii) ordered lipid nanodomains restrict the diffusion of ROP6, (iv) the cell is 
expanding in an isotropic way due to some additional signals, which are not included as variables 
in the model. As shown in Fig. 6A, nanoclustering of TMK1 and ROP6 proteins alone is 
insufficient to generate polarity, suggesting that other events or processes are also required for 
PC polarity establishment. 

ROP6 signaling promotes cortical microtubule (CMT) organization (Fu et al., 2005; Fu et al., 
2009) during PC development, and CMT then impacts cell shape by directing the deposition of 
cellulose microfibrils, which resist cell expansion resulting from internal turgor pressure 
(Bringmann et al., 2012; Hamant and Traas, 2010). Hence, we tested the model (Fig. 6B) with 
CMT slowing isotropic cell expansion by introducing CMT as an additional network component 
recruited by ROP6. As shown in Fig. 6B, addition of CMT-mediated growth restriction into the 
model still fails to generate polarity, indicating that a key component in our model is missing. 
We next considered a potential role for CMTs in limiting the diffusion of TMK1 nanoclusters 
and ordered lipid nanodomains as a feedback loop in addition to slowing down the cell 
expansion (Fig. 6C). CMTs are physically attached to the inner leaflet of the PM, and thus could 
presumably hinder the mobility of TMK1 nanoclusters and ordered lipid nanodomains. 
Interestingly, we found that constitutively active ROP6 was localized along CMTs, which was 
confirmed by the oryzalin treatment (Fig. S8), suggesting a potential physical connection 
between CMTs and active ROP6s.  Thus, we incorporated into our model the assumption that 
CMTs restrict the diffusion of TMK1 nanoclusters and ordered lipid nanodomains as a form of 
feedback regulation (Fig. 6C). Using this model (Fig. 6C), the cell underwent the morphological 
change from the initial condition of a rounded or rectangular shape, to a shape with multi-
polarity, as we observe in PCs (Supplementary Video 6). Hence our modeling predicts that both 
TMK1-based nanodomain formation and its stabilization by the CMT-based feedback loop are 
necessary and sufficient for the generation of multi-polarity in PCs.   

We further incorporated auxin effect into the model by proportionally increasing the initial 
concentration of TMK1 nanoclusters and ordered lipid nanodomains, where the fold change 
between control and auxin treatment is set according to our experimental data (see “Materials 
and Methods” section). Our auxin-triggered nanocluster-based polarity model (Fig 6C) was 
validated by existing and new experimental data. First, our model successfully reproduced the 
dose-dependent effect of auxin on PC interdigitation as previously described (Xu et al., 2010) 
(Fig. S9). Our model explains why PC interdigitation requires an optimal level of auxin (Xu et 
al., 2010). The modeling shows that the number of polarity sites increases with increasing auxin 
concentration up to an optimum level. However, when the auxin level is higher than the optimal 
concentration, a very high number of auxin-induced TMK1/sterol-rich nanodomains starts to 
coalesce and saturate the PM, resulting in a low degree of lateral segregation of ROP6 
nanodomains, and eventually less polarity sites (Supplementary Video 7). Second, the role of 
ordered lipid nanodomains in polarity establishment was confirmed using our model. In the 
simulations, a decrease in the initial concentration of ordered lipid nanodomains resulted in the 
reduced number of polarization sites (as indicated by the number of lobes) (Fig. 6E and Figs. 
S10-S13). Consistently, our experimental findings show that genetic (Fig1F and Fig. S2) and 
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chemical perturbations (Fig. 6D) of sterol biosynthesis significantly reduced the PC 
interdigitation. Lastly, our model predicts that auxin-promoted PC interdigitation is greatly 
compromised when the level of ordered nanodomains is reduced (Fig. 6E and Figs. S10-S13). 
These computational results are consistent with our experimental observations as shown in Fig. 
6D.  

CMTs stabilize sterol-dependent TMK1 and ordered lipid nanodomains  

An important prediction from our model is that CMTs stabilize TMK1 nanoclusters and ordered 
lipid nanodomains. To observe an immediate response of microtubule disruption, we treated the 
cotyledons expressing TMK1 or flotillin 1 with high concentration of oryzalin (5mM) for 30 
mins. As shown in Fig. 7A-7C, microtubule disruption with oryzalin greatly decreased the size 
and increased the diffusion of TMK1 particles on the PC. Flotillin particles became highly 
diffusive upon oryzalin treatment, even though no significant changes in particle size were 
observed (Fig. 7D-7F).  In addition, depolymerizing CTMs with oryzalin did not block the 
auxin-induced diffusion decrease of TMK1 and flotillin particles, but led to smaller particles 
with faster diffusion compared to the control condition (with intact CTMs) upon auxin treatment 
(Fig. 7A-7F), supporting that CTMs act downstream of auxin-induced initial nanoclustering to 
further stabilize TMK1 and flotillin clusters. Furthermore, our computational model is unable to 
produce cell polarity unless the CMT-dependent feedback regulation on nanocluster diffusion 
restriction was present (Figs. 6A-C). This suggests that CMT-dependent nanodomain 
stabilization is essential for polarity establishment.  

Taken together, we propose the following model of multi-polarity establishment (Fig. 7G) in 
which: 1) Upon auxin signaling, the order lipid nanodomain-preferring TMK1 proteins are 
clustered. TMK1 nanoclustering further promotes the formation of larger, stabilized ordered lipid 
nanodomains, probably by coalescing small, unstable lipid nanodomains associated with TMK1 
proteins. 2) The newly formed large lipid nanodomains provides an ideal lipid environment for 
ROP6 nanoclustering and activation. 3) The active ROP6 interacts with downstream effectors 
and promotes CMT ordering, which further restrict the diffusion of TMK1 nanoclusters and their 
surrounding ordered lipid nanodomains. 4) The initial asymmetric distribution of active ROP6 is 
further amplified by the positive feedback loop of ordered lipid nanodomain-ROP6 signaling-
CMT ordering, and eventually leads to a stable multi-polarity establishment. 

Conclusion and Discussion  

Our findings reveal a nanodomain-centric principle for the establishment of cell polarity and for 
auxin signaling at the plasma membrane. These findings demonstrate a role for nanoclustering in 
controlling cell polarity formation, expanding its roles in the regulation of fundamental processes 
such as cell spreading (Kalappurakkal et al., 2019).  Importantly our findings have established a 
new paradigm for cell polarity establishment that can explain polarization that is self-organizing 
or induced by uniform or localized signals. Local protein recruitment and/or endomembrane 
trafficking have been prevailing models to explain cell polarization (Butler and Wallingford, 
2017; Nelson, 2003; Strutt and Strutt, 2009; Vladar et al., 2009). Here we demonstrate that the 
coordination of nanoclustering of cell surface signaling components with microtubule-dependent 
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feedback regulation of nanocluster diffusion restriction is necessary and sufficient for the 
establishment of cell polarity induced by a uniform field of auxin. This coordinated action of 
ligand-induced nanoclustering and microtubule-imposed diffusion restriction likely provides a 
common design principle underlying polarity establishment in different cell systems.   

Many cell polarity proteins such as Rac1 and Cdc42 are found in nanoclusters (Maxwell et al., 
2018; Meca et al., 2019; Remorino et al., 2017; Sartorel et al., 2018), but it is unclear how their 
nanoclustering modulates cell polarity establishment. Here we integrate data-based modeling 
with model-inspired experiments to show that auxin-triggered nanoclustering of TMKs and 
ROP6 is required but insufficient for the establishment of cell polarity in PCs, whereas the 
coordination of nanoclustering with diffusion restriction of nanoclusters by auxin-triggered CMT 
ordering enables PCs to establish the multi-polarity required for their characteristic shape. ROP6 
promotes the organization of ordered CMTs, which are attached to the PM via anchor proteins.  
Our modeling predicts and experiments verify that CMTs slow the diffusive movement of TMK1 
and flotillin particles at the PM, which might enhance their collision and clustering. Such 
microtubule-dependent feedback regulation of nanoclusters is critical for the generations of PC 
polarity (Fig. 7).  This feedback loop-dependent regulation of nanocluster is distinct from the 
TMK-based ROP6 nanoclustering directly triggered by auxin but is essential for the generation 
of PC polarity. The CMT regulation of ROP6 nanoclustering appears to be mediated by the 
direct association of active ROP6 (in the nanoclusters) with CMTs, as we found active ROP6 is 
associated with CMTs as nanoclusters. A critical role for microtubules in cell polarization is well 
recognized in eukaryotic cells (Drubin and Nelson, 1996; Siegrist and Doe, 2007; St Johnston, 
2018), and their association with Rho GTPase signaling proteins (ICR1, MDD1, RhoGEFs, etc) 
is widely documented (Fu et al., 2009; Hoefle et al., 2011; Oda and Fukuda, 2012; Ren et al., 
1998). CMTs have been implicated in regulating PIN protein polarization and ROP6 
nanoclustering apparently also impacts PIN polarity (Heisler et al., 2010; Kleine-Vehn et al., 
2008; Platre et al., 2019). During symmetry breaking at starvation exit in fission yeast cells, 
microtubules are important for the formation of polarized sterol-rich membrane domains 
(Makushok et al., 2016). Previous studies have also implicated CMTs in restricting the diffusion 
of PM-associated signaling molecules, thus, promoting their clustering during signaling 
(Jaqaman et al., 2011; Lv et al., 2017). All these observations potentially link cytoskeletal 
modulation of signaling protein nanoclusters to cell polarity formation in various systems.  
Therefore, future studies should determine whether the coordination of ligand-activated 
nanoclustering and cytoskeleton-based diffusion restriction of nanoclusters serves as a general 
principle behind the establishment of cell polarity.       
 
Emerging evidence suggests that ligand-induced formation of protein-lipid nanodomains at the 
plasma membrane serves as pivotal signaling platforms throughout eukaryotic cells. Here we 
show that auxin-induced formation of TMK1 nanoclusters and ordered-lipid nanodomains are 
interdependent. We propose that this ligand-mediated self-organizing lipid-protein interaction 
provides an important mechanism to generate a nanodomain signaling platform.  This is in line 
with the ligand-induced transmembrane receptor sculpting of the surrounding ordered-lipid 
environment proposed for animal cells (Hofman et al., 2008; Kusumi et al., 2004; Sohn et al., 
2006; Stone et al., 2017). Such clustering of ordered-lipid-associated proteins modulates the 
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activity of signaling proteins associated with the inner leaflet of the PM such as ROP6 GTPase as 
we showed here and other GTPases (Eisenberg et al., 2011; Eisenberg et al., 2006) in animal 
systems. Prenylation of these GTPases is a prerequisite for their membrane association, but this 
association is weak and likely is involved in the membrane association of inactive ROP6 in a 
much less stable cluster (Figs. 5A and 5B). We showed that auxin promotes ROP6 S-acylation, 
and it was found that only active but not inactive ROP6 is acylated (Sorek et al., 2017; Sorek et 
al., 2010). Thus, we propose that the auxin-activated prenylated ROP6 is further modified by 
acyl (e.g., palmitoyl) groups, which then interact with auxin-induced sterol nanodomains to form 
more stable ROP6 nanoclusters. Notably, auxin-induced ROP6 nanoclustering also requires 
phosphatidylserine lipid (negatively charged) and positively charged residues located at the C-
terminus of ROP6 in root cells (Platre et al., 2019). Because phosphatidylserine synthesis defects 
alter PC shape, it is likely phosphatidylserine-dependent ROP6 nanocluster provides another 
layer of modulation to promote ROP6 nanoclustering. It is worth noting that, in mammalian 
cells, Ras nanoclustering is regulated by the ratio of cholesterols and phosphatidylserine on the 
PM in mammalian cells (Zhou and Hancock, 2015; Zhou et al., 2014). In addition, 
phosphatidylserine coalesces with cholesterols to support phase separation in the model 
membrane (Maekawa and Fairn, 2015) and is essential for the generation and stabilization of 
cholesterol-dependent nanoclusters in live cell membrane (Raghupathy et al., 2015). Thus, future 
studies should elucidate how charged lipid environment coordinates with the sterol-based lipid 
environment for ligand-mediated GTPase nanoclustering in various systems.   

Our findings here and those reported by Jaillais’s group (Platre et al., 2019) together show that 
auxin-induced nanoclustering of cell surface signaling components plays an important role in the 
regulation of auxin responses. This PM-localized auxin signaling system enables rapid regulation 
of cytoplasmic activities and complements the TIR1/AFB-based signaling that mainly controls 
nuclear gene expression (Salehin et al., 2015; Tan et al., 2007), thus, greatly expanding the 
toolbox for auxin signaling machinery that is needed for the wide range of auxin responses.  Our 
results show that auxin-induced ROP6 acylation and TMK1-modulated lipid ordering are critical 
for the nanoclustering of the cell surface auxin signaling components. These findings and the 
complementary work by Jaillais’s group showing that auxin induces phosphatidylserine-
mediated ROP6 nanoclustering in Arabidopsis roots (Platre et al., 2019); altogether, have firmly 
established a new cell surface auxin signaling mechanism that depends on a localized lipid-
protein interaction platform as signaling “hot spot”. Interestingly, auxin also promotes the 
cleavage of intracellular kinase domain from the cell surface TMKs to regulate nuclear gene 
expression (Cao et al., 2019). Therefore, the PM-originated signaling mediated by TMKs is 
emerging as an important auxin signaling mechanism, and thus it would be interesting to 
determine whether all TMK-dependent auxin signaling pathways are mediated via 
nanoclustering.   
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Fig 1. High lipid-order membrane domains have an indenting region-preferred localization. (A,B) Plasma membrane order 
visualization using di-4-ANEPPDHQ staining in pavement cells of 2-3 days-old cotyledons. (A) Representative images obtained after 
di-4-ANEPPDHQ staining. 1st panel: di-4-ANEPPDHQ fluorescence recorded between 500-580 nm, representing high lipid order. 
2nd panel: di-4-ANEPPDHQ fluorescence recorded between 620-750nm, representing low lipid order. 3rd panel: radiometric color-
coded GP image generated from 1st and 2nd panels.  4th panel: the enlarged radiometric color-coded GP images generated from the 
boxed areas shown in the left three panels. GP image is a false-color image, which runs over the range indicated by the color bar. The 
colorbar values representing the GP values ascend from bottom to top, with red colors indicating high membrane order, whereas blue 
colors indicating low membrane order. Scale bars = 15 µm.  (B) Quantitative analysis of mean GP values obtained from the 
complementary lobing and indenting regions of 161 sites of 56 cells. GP values at indenting regions are higher than that at lobing 
regions, indicating higher membrane lipid order in indenting regions. (C,D,E) Flot1::Flot1-mVenus shows a polar distribution towards 
the indenting regions. (D) Representative image showing the distribution of Flot-mVenus in PCs of 2-3 days-old cotyledons. Scale 
bars = 15 µm.  (D) Fluorescent intensity values scanned along the line indicated in the top panel. (E) Quantitative analysis of 
fluorescence intensity at the complementary lobing and indenting regions of 138 sites of 45 cells. (F) The sterol biosynthesis mutant 
fackel-J79 (fk-J79) shows altered pavement cell shape. The fk-J79 mutant is defective in gene encoding a sterol C14 reductase. 
Homozygous fk-J79 seedlings have an altered sterol composition, with reduced levels of campesterol and sitosterol but increased 
stigmasterol compared with wild type. Left panels: Representative images of pavement cells in cotyledons of fk-J79 mutant (bottom 
panel) and its corresponding wild-type (top panel). Scale bars = 30 µm. Right panels: Quantitative analysis of the number of lobes 
(top panel) and indentation widths (bottom panel) for fk-J79 mutant and its wild-type. The fk-J79 mutant has decreased lobe number 
per cell and increased indentation width compared to its wild type. n represents the number of cells. Similar phenotypic changes were 
observed for other sterol biosynthesis mutants (See supplementary fig. S2). Data were presented as mean ± SD. See methods for 
detailed statistical analyses. 
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Fig 2.  Auxin promotes lipid ordering required for ROP6 activation. (A,B) The auxin biosynthesis mutant wei8-1tar2-1 has 
reduced plasma membrane order (green to yellow) compared to the wild-type (red to orange). Adding 50nM of IAA for 3hrs rescued 
the reduced membrane order phenotype of wei8-1tar2-1 mutant. (A) Representative GP images of pavement cells in wild-type (left 
panel) and wei8-1tar2-1 mutant without (middle panel) and with IAA treatment (right panel) obtained after di-4-ANEPPDHQ 
staining. Scale bars = 15 µm. (B) Quantitative analysis of mean GP value extracted from the plasma membrane of multiple pavement 
cells. (C,D) Plasma membrane order is dramatically reduced in fk-J79 mutant (from green to yellow) compared to wild-type (from red 
to orange). The reduced lipid order in fk-J79 mutant is not rescued by the exogenously supplied IAA. (C) Representative GP images 
of pavement cells in wild-type (left panel) and fk-J79 mutant without (middle panel) and with IAA treatment (right panel) obtained 
after di-4-ANEPPDHQ staining. Scale bars = 15 µm. (D) Quantitative analysis of mean GP value extracted from the plasma 
membrane of multiple pavement cells. (E) Auxin-promoted pavement cell interdigitation is abolished in the fk-J79 mutant. (E, top 
panels) Representative confocal images of pavement cells in wild-type (Col-0) and fk-J79 with and without the IAA treatment. Scale 
bars = 30 µm. (E, lower panel) The average lobe number per cell increased in wild-type after IAA treatment, but did not change in fk-
J79 mutant. Data were presented as mean ± SEM. See methods for detailed statistical analyses. (F) Top panel: Representative 
Western blot image showing that deprivation of membrane sterols by methyl-β-cyclodextrin (mβCD) hinders the auxin-triggered 
ROP6 activation. Bottom panel: Quantitative analysis of the relative active ROP6 level from three independent experiments. Three-
week old transgenic seedlings containing 35S::GFP-ROP6 were used to prepare protoplast and treated with 0.0001% ethanol (mock), 
10mM mβCD for 30 mins, 100nM IAA for 10mins, and 10mM mβCD for 30 mins followed by 10 mins IAA treatment. The MBP-
RIC1 bound active ROP6 were detected using anti-GFP antibodies. The relative active ROP6 level was determined as the amount of 
GTP-bound ROP6 divided by the amount of total GFP-ROP6. The relative ROP activity in different treatments was normalized to that 
from mock-treated control, and this value was set as standard 1. Data were presented as mean ± SD. (G,H) Auxin increases the level 
of ROP6 S-acylation in a dose-dependent manner. (G) Representative Western blot image showing the level of ROP6 S-acylation in 
response to auxin treatments. S-acylation level of ROP6 proteins was assayed using the acyl-RAC method. For each assay, the sample 
was compared with the loading control (LC) with or without hydroxylamine (HYD) for hydroxylamine-dependent capture of S-
acylated proteins. The samples treated with NaCl instead of HYD was used as the negative control. Three-week-old transgenic plants 
containing 35S::GFP-ROP6 were sprayed with different concentrations of IAA (0, 10, 20, 50, 100 nM and 1 µM) and leaf tissues were 
collected 10 mins after spraying. (H) Quantitative analysis of the relative S-acylated ROP6 level from three independent experiments. 
The relative S-acylated ROP6 level was determined as the amount of S-acylated ROP6 divided by the amount of total GFP-ROP6. 
The relative S-acylation level in different treatments was normalized to that from mock-treated control as standard 1. Data were 
presented as mean ± SD.  
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Fig 3. Auxin promotes the TMK1 nanoclustering in a sterol-dependent manner. (A) TIRF image of pavement cells fluorescently 
labeled with TMK1::TMK1-GFP with or without IAA (100 nM, 10 mins) and methyl-β- cyclodextrin (mβCD, 10mM, 30mins) 
treatments. Movies were recorded with a 100-ms exposure time for 20s. Over this imaging period photobleaching was negligible. 
Scale bars = 2 µm (B) Quantitative comparison of TMK1 particle densities between control and IAA treatment with or without mβCD 
pre-treatment. The IAA treatment significantly decreases the number of TMK1 particles at the PM in the absence of mβCD. Data were 
presented as mean ± SD. n represents the number of independent cells. (C) Particle size distribution histogram between control and 
IAA treatments.  (D) Quantitative comparison of average TMK1 particle size between control and IAA treatment with or without 
mβCD pretreatment. (E) Relative frequency of TMK1 particles with size larger than 300nm between control and IAA treatment with 
or without mβCD pretreatment. Data were presented as mean ± SD. n represents the number of independent cells. (F, Left panel) The 
density curves of diffusion coefficients for TMK1 particles with (blue curve) or without IAA treatment (pink curve). (F, Right panel) 
Comparison of average diffusion coefficients for TMK1 particles with or without IAA and mβCD treatments. Data were presented as 
mean ± SEM. n represents the number of particles. (G) Representative TIRF images of pavement cells co-expressing TMK1-GFP and 
Flot1-mCherry, Scale bars = 2 µm. 
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Fig 4. TMK contributes to the auxin-promoted nanoclustering and stability of flotillin particles. (A) TIRF images of pavement 
cells fluorescently labeled with Flot1::Flot1-mVenus with or without IAA (100 nM, 10 mins) in wild-type (Col-0) and tmk1tmk4 
double mutant background. Scale bars = 2 µm. (B) Particle size distribution histogram between control and IAA treatment. (C) 
Quantitative comparison of Flot1 particle size between control and IAA treatment in wild-type (Col-0) and tmk1tmk4 double mutant 
background. (D) Relative frequency of Flot1 particles with size larger than 350nm between control and IAA treatment in in wild-type 
(Col-0) and tmk1tmk4 double mutant background. Data were presented as mean ± SD. n represents the number of independent cells. 
(E) The density curves of diffusion coefficients for Flot1 particles with (blue curve) or without IAA treatment (pink curve). (F) 
Comparison of average diffusion coefficients for Flot1 particles without and with 100nM IAA treatment in wild-type (Col-0) and 
tmk1tmk4 double mutant background. Data were presented as mean ± SEM.  n represents the number of particles. See methods for 
detailed statistical analyses. 
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Fig 5. TMK contributes to the auxin-promoted nanoclustering and stability of ROP6 particles. (A, B) CArop6 forms larger 
particles with slower diffusion rate than DNrop6 at the plasma membrane. (A, left panel) Representative TIRF images of pavement 
cells fluorescently labeled with 35S::GFP-CArop6 and  35S::GFP-DNrop6 . Scale bars = 2µm. (A, right panel) Relative frequency of 
particles with size larger than 350nm between GFP-CArop6 and GFP-DNrop6. n represents the number of independent cells. Data 
were presented as mean ± SD. (B) Left panel: The density curves of diffusion coefficients for GFP-CArop6 (blue curve) and GFP-
DNrop6 (pink curve) particles. Right panel: Comparison of average diffusion coefficients for GFP-CArop6 and GFP-
DNrop6 particles. Data were presented as mean ± SEM.  n represents the number of particles. (C-F) Auxin-induced increase in size 
and decrease in diffusion rate of ROP6 particles is compromised in the tmk1tmk4 double mutant. (C) TIRF image of pavement cells 
fluorescently labeled with ROP6::GFP-ROP6 with or without IAA (100 nM, 10 mins) in wild-type (Col-0) and tmk1tmk4 double 
mutant background. Scale bars = 2 µm. (D) Left panel: Quantitative comparison of average ROP6 particle size between control and 
IAA treatment in wild-type (Col-0) and tmk1tmk4 double mutant background. Right panel: Relative frequency of ROP6 particles with 
size larger than 350nm between control and IAA treatment in wild-type (Col-0) and tmk1tmk4 double mutant background. Data were 
presented as mean ± SD. n represents the number of independent cells. (E) The density curves of diffusion coefficients for ROP6 
particles with (blue curve) or without IAA treatment (pink curve). (F) Comparison of average diffusion coefficients for ROP6 
particles without and with 100nM IAA treatment in wild-type (Col-0) and tmk1tmk4 double mutant background. Data were presented 
as mean ± SEM.  n represents the number of particles. See methods for detailed statistical analyses. (G, H) Auxin-induced increase in 
size and decrease in diffusion rate of ROP6 particles is abolished in the presence of the sterol-depleting agent methyl-β-cyclodextrin 
(mβCD). (G) Relative frequency of ROP6 particles with size larger than 350nm between control and IAA treatment with or without 
mβCD pretreatment. Data were presented as mean ± SD. n represents the number of independent cells. (H) Comparison of average 
diffusion coefficients for ROP6 particles with or without IAA and mβCD treatments. Data were presented as mean ± SEM.  n 
represents the number of particles.  
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Fig 6.  A model of microtubule-based nanoclustering for pavement cell polarity establishment. (A) Left Panel: Schematic 
diagram for the computational model without the involvement of cortical microtubules (CMTs). Right Panel: Simulated image of the 
pavement cell generated from the model shown on the left. The color scale indicates the level of active ROP6. (B) Left Panel: 
Schematic diagram for the computational model with the addition of CMT-mediated growth restriction. Right Panel: Simulated 
image of the pavement cell generated from the model shown on the left. (C) Left panel: Schematic diagram for the computational 
model with the CMT-based nanoclustering feedback loop. Right panel: Simulated image of the pavement cell generated from the 
model shown on the left. Also see Supplementary Video 6. (D, E) Experimental and simulation data consistently show that auxin-
mediated pavement cell interdigitation is compromised in the presence of 10mM methyl-β-cyclodextrin (mβCD). (D) Left panels: 
Representative confocal images of pavement cells in wild-type (Col-0) cotyledons grown on solid ½ MS medium supplemented with 
DMSO (mock treatment; 1st panel), 50 nM IAA (2nd panel), 10mM mβCD (3rd panel) and 50nM IAA plus 10mM mβCD (4th panel). 
Scale bars = 15 µm. Right panel: Quantitative analysis of the number of lobes under different treatments.  n represents the number of 
independent cells. (E) Left panels: Representative images of simulated pavement cells with altered levels of auxin and sterol-enriched 
nanodomains. The color scale indicates the level of active ROP6.  More simulated images are presented in Figs. S10-S13. Right 
panel: Quantitative analysis of the number of lobes under different simulations. n represents the number of simulated cells. Data were 
presented as mean ± SD. See methods for detailed statistical analyses. 

 

 

 

 

 

 

 

 

 

 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 13, 2019. ; https://doi.org/10.1101/734665doi: bioRxiv preprint 

https://doi.org/10.1101/734665


31 
 

 

CTR IAA

Ory Ory+IAA

CTR IAA

Ory Ory+IAA

GTP GDP

GTP GDP

Randomly distributed 

TMK1 and sterols
1

TMK1 and sterol-

enriched nanocluster 

formation2

ROP6 clustering and 

activation3

ROP6-mediated MT 

reorganization &

MT-mediated 

Nanodomain clustering
4

The positive feedback loop of nanodomain-ROP6-MT

generates polarity
5

phospholipids sterols
sterol-enriched nanodomains TMK1

TMK1 nanoclusters
GDP-bound ROP6 nanoclusters

GTP-bound ROP6 nanoclusters
cortical microtubules

Auxin

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted August 13, 2019. ; https://doi.org/10.1101/734665doi: bioRxiv preprint 

https://doi.org/10.1101/734665


32 
 

Fig 7. Microtubule-involved promotion of TMK1 and flotillin nanoclustering at the PM is essential for multi-polarity 
establishment. (A-C) Auxin effect on dynamic change of TMK1 particles is compromised by microtubule disruption. (A) TIRF 
image of pavement cells fluorescently labeled with TMK1::TMK1-GFP with or without IAA (100 nM, 10 mins) and oryzalin (5µM, 
30mins) treatments. Scale bars = 2 µm. (B) Relative frequency of TMK1 particles with size larger than 300nm between control and 
IAA treatment with or without oryzalin pre-treatment. Data were presented as mean ± SD. n represents the number of independent 
cells. (C) Comparison of average diffusion coefficients for TMK1 particles between control and IAA treatment with or without 
oryzalin pre-treatment. Data were presented as mean ± SE.  n represents the number of particles. Note: The oryzalin and mβCD 
treatments (Fig. 3) on TMK1 dynamics were performed in the same batch and the same mock treatment was used. The data and 
representative images for the control group are the same for Fig. 3 and Figs. 7A-7C.  (D-F) Auxin effect on dynamic change of 
flotillin particles is compromised by microtubule disruption. (D) TIRF image of pavement cells fluorescently labeled with 
Flot1::Flot1-mVenus with or without IAA (100 nM, 10 mins) and oryzalin (5µM, 30mins) treatments. Scale bars = 2 µm (E) Relative 
frequency of Flot particles with size larger than 350nm between control and IAA treatment with or without oryzalin pre-treatment. 
Data were presented as mean ± SD. n represents the number of independent cells.  (F) Comparison of average diffusion coefficients 
for Flot1 particles between control and IAA treatment with or without oryzalin pre-treatment. Data were presented as mean ± SE.  n 
represents the number of particles. See methods for detailed statistical analyses. (G) Schematic illustration showing the steps involved 
in the auxin-mediated multi-polarity establishment. TMK proteins at the PM are first induced by auxin to form large nanoclusters, 
which is accompanied by the formation of sterol-rich ordered lipid nanodomains. The newly formed large lipid nanodomains provides 
an ideal lipid environment for ROP6 nanoclustering and activation. The active ROP6 interacts with downstream effectors and 
promotes the cortical microtubule (CMT) ordering, which further restrict the diffusion of TMK1 nanoclusters and their surrounding 
ordered lipid nanodomains. The positive feedback loop of ordered lipid nanodomain-ROP6 signaling-CMT ordering eventually leads 
to the establishment of indentation polarity. Proteins and structures are not to scale. 
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