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Highlight 

Cell division orientation lies at the interface of tissue and cell polarities. The combination of 

developmental and cell biological approaches has recently brought, and will continue to bring, 

most progress in this enigmatic area of plant biology. 

 

Abstract 

The orientation of cell division is a major determinant of plant morphogenesis. In spite of 

considerable efforts over the past decades, the precise mechanism of division plane selection 

remains elusive. The majority of studies on the topic have addressed division orientation from 

a predominantly developmental or a cell biological perspective, respectively. Thus, 

mechanistic insights into the links between developmental and cellular factors affecting 

division orientation are particularly lacking. Here, I review recent progress in the 

understanding of cell division orientation in the embryo and primary root meristem of 

Arabidopsis from both developmental and cell biological standpoints. I offer a view of 

multilevel polarity as a central aspect of cell division: On the one hand, the division plane is a 

readout of tissue- and organism-wide polarities; on the other hand, the cortical division zone 

can be seen as a transient polar subcellular plasma membrane domain. I argue that a polarity-

focused conceptual framework and the integration of developmental and cell biological 

approaches hold a great promise to unravel the mechanistic basis of plant cell division 

orientation in the near future. 
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Introduction 

Biological polarity refers to “persistent asymmetrical and ordered distribution of structures 

along an axis” (Cove, 2000). In this sense, multicellular plants are polarized at all levels of 

organization: Asymmetric subcellular distribution of proteins and other molecules defines cell 

polarity (Grebe et al., 2001; Ramalho et al., 2021); the arrangement of different cell types and 

gradients of hormones, peptides, proteins, RNAs or transcriptional signatures can be seen as 

constituents of tissue polarity (Dolan et al., 1993; Friml et al., 2003; Carlsbecker et al., 2010; 

Roszak et al., 2021); and ordered distribution of tissues and organs hallmark the polarity of 

the whole organism. 

Except for relatively rare cell fusion events, such as during fertilization, all cells are formed 

by cell division (See Box 2). In plants, the orientation of cell division is a key determinant of 

morphogenesis, as plant cells, owing to their rigid cell wall, cannot move within tissues and 

are thus permanently restricted to their original position, defined at cytokinesis by the position 

of the division plane (Facette et al., 2019; Müller, 2019).  

Plant cytokinesis is orchestrated by the cell plate, a transient endomembrane compartment 

which forms in the center of the cell. The cell plate grows centrifugally, guided by a 

cytoskeletal array called the phragmoplast, until it fuses with the plasma membrane at the 

cortical division site and thus partitions the mother cell into two daughters (reviewed by 

Boruc and Van Damme, 2015; Smertenko et al., 2017). The cortical division site forms from 

a broader cortical division zone (CDZ), which is selected prior to cell division and its position 

determines the division plane. As the CDZ is defined by the specific presence and absence of 

a set of marker proteins, it is a prime example of a polar domain (Müller, 2019), and the 

division plane can then be considered a transient axis of cell polarity. 

To divide in a developmentally meaningful way, a plant cell thus needs to 1) perceive cues of 

tissue polarity; 2) interpret such cues by deciding on a particular division plane; and 3) 

execute this decision by  forming the CDZ at the correct position with respect to its own cell 

polarity determinants (Figure 1). Despite substantial recent progress (see Box 1), the 

molecular mechanisms governing each of these steps and their relationships are only 

beginning to emerge. 

Here, I review recent progress in the understanding of developmental and cellular factors 

governing division orientation.  I advocate the concept of multilevel polarity as a central 

aspect of plant cell division and highlight recently discovered factors that might integrate 
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tissue and cell polarity cues to guide division plane selection. To complement the extensively 

covered relationships between cell polarity, division orientation and fate in the leaf stomatal 

lineage (i.a. Shao and Dong, 2016; Muroyama and Bergmann, 2019; Guo et al., 2021), I focus 

on studies using the Arabidopsis embryo and primary root meristem as models here. For 

general overview of cell polarity and polar proteins not immediately linked to division 

orientation, I refer the reader to the excellent reviews by Muroyama and Bergmann (2019), 

Wallner (2020) and Ramalho et al. (2021).  

Cell division orientation as a readout of global polarity cues 

In the absence of signaling inputs, plant cells by default select the division plane resulting in 

the smallest possible cross wall (the minimal surface area rule), or one which aligns with the 

maximal local mechanical stress (Besson and Dumais, 2011; Louveaux et al., 2016).  

Nonetheless, the formation of a functional multicellular body requires that cell division planes  

often deviate from these default rules, and are positioned according to tissue polarity cues 

instead (Figure 1a). How individual cells perceive larger scale polarity is not known. The 

decisive cues might in principle be biochemical (e.g. a gradient of a signaling molecule) or 

mechanical, the latter hypothesis receiving increasing attention (Gorelova et al., 2021). In the 

following paragraphs, I review the factors that govern division orientation downstream of 

global polarity perception, yet upstream of CDZ establishment, in different developmental 

contexts (Figure 1b). 

Early embryogenesis 

Upon fertilization followed by initial shrinkage, the zygote elongates, its nucleus migrates to 

the apical region and finally the zygote undergoes a highly asymmetric cell division (see Box 

2), producing a 1-cell embryo and a suspensor cell. The unidirectional zygote elongation 

coincides with, and is dependent on, the formation of a subapical transverse ring of 

microtubules (MTs), while the organization of F-actin to an apical cap and longitudinal cables 

appears necessary to sustain nuclear migration (Kimata et al., 2016). The first three rounds of 

embryo divisions leading to the 2-, 4- and 8-cell stage are geometrically symmetric (but only 

the latter two follow the minimal surface area rule), followed by a round of exemplary 

asymmetric divisions to reach the 16-cell stage (Yoshida et al., 2014; Vaddepalli et al., 2021). 

Similarly to the first division of the zygote, the correct orientation of these divisions depends 

on auxin signaling, cell shape, and actin and MT cytoskeleton. Nonetheless, there is no 

correlation between nuclear position and division orientation of the 4- and 8-cell embryo cells 
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(Chakrabortty et al., 2018; Vaddepalli et al., 2021). Auxin signaling in the embryo controls 

the expression of multiple cytoskeleton-related genes, including the MT-associated IQD6; and 

iqd678 mutants display similar defects in MT organization, cell shape and division orientation 

to auxin response mutants. This suggests a scenario in which auxin signaling exerts its role in 

determining division orientation by modulating MT dynamics to control cell geometry 

(Vaddepalli et al., 2021). Such a regulatory module would enable auxin-based tissue polarity 

cues (Friml et al., 2003) to feed directly feed into cell polarity systems via the control of MTs, 

and could thus be central to the control of cell division orientation. Interestingly, the 

establishment of the inner-outer polarity axis is not affected by the auxin response mutants 

that cause severe defects of division orientation in the embryo (Vaddepalli et al., 2021), 

supporting the notion that a global, auxin response-independent polarity system is established 

prior to the 4-cell embryo stage, possibly already in the zygote. Such a universal polarity plan 

would then be interpreted by various downstream polarity effectors – including the auxin-

cytoskeleton-cell shape module controlling the orientation of cell divisions – throughout 

development (Ramalho et al., 2021; Vaddepalli et al., 2021). 

Ground and outer tissue development 

During post-embryonic development, both ground tissue cell layers, endodermis and cortex, 

originate from a single layer of stem cells, the cortex/endodermis initials (CEI). CEIs divide 

anticlinally (see Box 2), producing a new CEI and a CEI daughter, which subsequently 

undergoes a periclinal division to produce a cortex and an endodermis cell.  The CEI daughter 

periclinal divisions are regulated by the SHORTROOT (SHR)-SCARECROW (SCR) 

transcriptional module, a key regulator of inner-outer tissue polarity (Helariutta et al., 2000). 

The SHR-SCR pathway activates the expression of CYCD6;1, encoding a cyclin that is 

required specifically for periclinal divisions (Sozzani et al., 2010), and  INFLORESCENCE 

AND ROOT APICES RECEPTOR KINASE (IRK), an LRR kinase with a putative role in 

suppressing periclinal divisions (Campos et al., 2019). The IRK-GFP fusion protein is polarly 

localized to the inner-lateral domain in cortex cells, outer-lateral domain in endodermis, and 

centrally at the apical/basal domains in CEIs (Campos et al., 2019). The SHR-SCR-IRK 

pathway might thus integrate both tissue-wide and cellular inner-outer polarity cues in the 

control of division orientation of the ground tissue. 

Similarly to endodermis and cortex, the epidermis and lateral root cap (LRC) cell layers 

originate from common protoderm initials, which alternate between anticlinal and periclinal 
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divisions to produce daughters that differentiate into epidermis and LRC, respectively 

(Abrash and Bergmann, 2009). The protoderm initial periclinal divisions are controlled by the 

NAC transcription factors FEZ and SOMBRERO (Willemsen et al., 2008), other downstream 

regulators remain so far elusive.  

Vascular development 

Unlike the ground and outer tissues that divide almost exclusively anticlinally once leaving 

the stem cell niche, the patterning of the vascular bundle relies on periclinal and radial 

divisions of the outer protoxylem, protophloem and procambium cells adjacent to the 

pericycle throughout the meristem (Smet and De Rybel, 2016; Qian et al., 2018; Miyashima 

et al., 2019; El Arbi et al., 2021). The vascular periclinal divisions are regulated by a 

signaling pathway centered around two bHLH transcription factors, TARGET OF 

MONOPTEROS 5 (TMO5) and LONESOME HIGHWAY (LHW), which form a 

heterodimer that is both necessary and sufficient to trigger periclinal divisions. The activity of 

TMO5-LHW is controlled by auxin response, while downstream, the heterodimer activates 

cytokinin (CK) signaling by promoting CK biosynthesis and de-conjugation (De Rybel et al., 

2014; Yang et al., 2021). The TMO5-LHW-induced CK is thought to act as a mobile signal 

between the xylem cells, where the heterodimer is active, and the procambium cells that 

respond to the TMO5-LHW pathway by switching the division plane from anticlinal to 

periclinal (De Rybel et al., 2013, 2014, 2016; Ohashi-Ito et al., 2014; Vera-Sirera et al., 2015; 

Yang et al., 2021). The transcription factors PHLOEM EARLY DOF (PEAR) and DOF2.1 

promote vascular periclinal/radial divisions downstream of the CK response (Miyashima et 

al., 2019; Smet et al., 2019). Nonetheless, only DOF2.1, but not the PEARs, are 

transcriptionally activated by TMO5-LHW. Furthermore, while CK signaling is necessary for 

the TMO5/LHW-mediated periclinal divisions (De Rybel et al., 2014), and ectopic CK 

treatment promotes the expression of PEARs and DOF2.1 (Miyashima et al., 2019; Smet et 

al., 2019), it is not sufficient to trigger ectopic periclinal divisions. Therefore, the 

relationships between the TMO5-LHW – DOF2.1 and PEAR pathways, as well as the precise 

role of CK response in vascular cell division orientation, remain to be clarified. A recent 

report established that PEARs promote periclinal formative phloem pole divisions by 

activating Rho-Of-Plants (ROP) GTPase signaling (Roszak et al., 2021). This pathway might 

thus mechanistically link tissue and cell polarities in the regulation of cell division 

orientation: The PEAR genes, being expressed specifically in young phloem pole cells, can be 

seen as a readout of apical-basal tissue polarity; while a local reduction of active ROP-GTP 
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levels appears as an early causal step of CDZ establishment (Roszak et al., 2021) and thus a 

prominent cell polarization event.  

Wound healing 

Regeneration of wounded plant tissues involves the proliferation of undifferentiated callus 

cells, followed by re-polarization and re-differentiation following global polarity cues (Sena 

et al., 2009; Ikeuchi et al., 2019). Recent studies involving laser ablation of single cells have 

established how wound-induced periclinal cell divisions contribute to root tissue regeneration. 

The ablation of any cell in the root meristem triggers a periclinal division of the inner 

neighbor; the outer daughter adopting the fate of the ablated cell to restore tissue integrity 

(Marhavá et al., 2019). Upon ablation of a cortex cell, the wound-induced periclinal divisions 

of the endodermis are correlated with the induction of SHR, SCR and CYCD6;1 reporters, 

and defective in the respective mutants. Likewise, LRC ablation involves the re-activation of, 

and is dependent on, the SMB-FEZ module. These findings strongly suggest that the wound-

induced periclinal divisions are triggered by the same signaling pathways as the formative 

divisions in the stem cell niche (Marhavá et al., 2019). Additionally, restorative periclinal 

divisions depend on auxin signaling and involve nuclear migration and localized bulging of 

the mother cell (Hoermayer et al., 2020), urging comparison with the requirement of the same 

mechanisms for division orientation in early embryogenesis (Kimata et al., 2016; Vaddepalli 

et al., 2021; reviewed above).  

Overall, it appears that cell division orientation in early embryogenesis, postembryonic root 

development as well as wound healing relies on distinct, but in many cases overlapping 

developmental factors (Figure 1b). Nonetheless, the full molecular details of these pathways 

are still far from understood. In particular, at what points do these developmental factors and 

tissue polarity cues  feed into the cellular mechanisms of CDZ establishment, discussed in the 

following chapter, remains mostly unknown.  

The cortical division zone as a transient polar domain 

To successfully execute cytokinesis, a plant cell must i) form the CDZ within its plasma 

membrane; ii) reroute virtually all vesicle traffic to the cell plate (this has consequences for 

the localization of polar proteins and thus affects the polarity of the cell itself, see Box 3); iii) 

guide the growing cell plate to the CDZ; and finally iv) ensure the fusion of the cell plate with 

the plasma membrane (Boruc and Van Damme, 2015; Smertenko et al., 2017; Livanos and 

Müller, 2019). In polarity terms put forward by Ramalho et al. (2021), CDZ formation 
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requires distinct establishment, reinforcement and maintenance steps (Figure 1c), and the cell 

plate guidance can be seen as implementation of the division plane polarity axis. As discussed 

above, the importance of division orientation for plant development implies that the site of 

CDZ formation must be precisely regulated and coordinated with existing organ, tissue and 

cell polarity axes. 

Pre-prophase band 

One of the earliest indications of the site of CDZ formation is the preprophase band (PPB), a 

circular array of MTs, actin microfilaments (MFs) and associated proteins that forms before 

the onset of mitosis and disappears during prometaphase (Pickett-Heaps and Northcote, 1966; 

Palevitz, 1987; Traas et al., 1995; Smertenko et al., 2017). PPB localization reliably predicts 

the division plane orientation and genetic or pharmacological interference with MT dynamics 

causes severe division orientation defects. These observations have led to the long-standing 

paradigm of the PPB as a central regulator of CDZ establishment (Traas et al., 1995; 

Rasmussen et al., 2013).  This view was further supported by the discovery of TANGLED 

(TAN), the first known protein thar persistently marks the CDZ throughout cytokinesis and is 

required for phragmoplast guidance, whose initial CDZ recruitment, but not subsequent 

residence is MT-dependent (Walker et al., 2007). Nonetheless, not all dividing plant cells 

form a PPB (Kosetsu et al., 2017). Moreover, the trm678 mutant, where the lack of PPB was 

uncoupled from defects in other MT arrays for the first time in Arabidopsis, failed to display 

severe defects in division plane positioning and overall morphology expected to result from 

the lack of a key division orientation regulator (Schaefer et al., 2017). As the division 

orientations in trm678 show increased variability, but are on average correct, the prevalent 

current understanding is that PPB acts in the reinforcement, rather than establishment, of the 

CDZ polar domain (Schaefer et al., 2017; Livanos and Müller, 2019). In strong support of this 

hypothesis, the recruitment of key CDZ maintenance factor Phragmoplast Orienting Kinesin 1 

(POK1) (Müller et al., 2006; see below) is delayed and less efficient, but not impaired, in the 

trm678 mutant (Schaefer et al., 2017). Importantly though, most studies including Schaefer et 

al., 2017 judge the presence/absence/localization of the PPB by the localization of MTs only. 

Therefore, it cannot be formally excluded that in the trm678 mutant, other PPB components 

such as MFs (Palevitz, 1987), could still form a PPB-like structure which is indeed required 

for CDZ establishment (Livanos and Müller, 2019).  
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Rho of plants (ROP) GTPases  

Among the known CDZ-resident proteins (for an extensive overview, see Smertenko et al., 

2017 and Livanos and Müller, 2019), POK1 and POK2 stand out as key regulators of CDZ 

maintenance, as they are necessary for correct division plane positioning and the localization 

of other CDZ markers including TAN, RanGAP1, and PHGAP1/2  (Müller et al., 2006; Xu et 

al., 2008; Lipka et al., 2014; Stöckle et al., 2016).  

PHGAP 1 and 2 are putative GTPase Activating Proteins of ROP GTPases, the closest 

homologues of the yeast master polarity regulator Cdc42 (reviewed in Chiou et al., 2017) 

which have been implied in a plethora of polarity-related processes in plants (Molendijk et al., 

2001; Nagawa et al., 2012; Stanislas et al., 2015; Feiguelman et al., 2018; Denninger et al., 

2019; Kulich et al., 2020). The identification of ROP-GAPs as important CDZ components 

hinted at the role of ROPs also in division orientation (Stöckle et al., 2016). In strong support 

of this hypothesis, ROP signaling has recently been identified as key division orientation 

regulatory module downstream of tissue polarity during phloem development (Roszak et al., 

2021; see above). ROP9 as well as ROP-GEF3 and 5 are transcriptionally upregulated in 

young phloem pole cells that undergo formative periclinal cell divisions; and multiple 

different ROP signaling manipulations lead to pronounced division orientation defects. On the 

subcellular level, both anticlinal and periclinal divisions were preceded and predicted by a 

specific depletion of a ROP-GEF5 reporter and a ROP activity biosensor from the CDZ 

(Roszak et al., 2021).  

Collectively, these findings suggest that a localized reduction of ROP activity, achieved by a 

combination of polarized GAP accumulation and GEF depletion, is a key event in CDZ 

formation. The ROP signaling module might thus be the missing link between the 

developmental and cellular control of division orientation, reading out both tissue and cell 

polarity cues and integrating them into the quintessential output of division plane positioning. 

IQD proteins 

Another major recent advance in the understanding of division orientation is the discovery of 

IQ67 domain proteins IQD8 and its homologues IQD6 and IQD7 (Kumari et al., 2021). The 

MT associated, plant-specific IQD family proteins had been proposed to mediate the effects 

of auxin and calcium signaling on cell and tissue geometry via controlling MT dynamics 

(Bürstenbinder et al., 2017; Wendrich et al., 2018; Yang et al., 2020). IQD6, 7 and 8 are 

transcriptionally enriched in dividing cells, where they localize to a broader polar domain 
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overlapping with the CDZ. IQD8 interacts with POK1, POK2, PHGAP1 and PHGAP2, and 

the iqd678 triple mutant displays division orientation defects and occasional aberrant 

localization of POK1, PHGAP2, and PPB; collectively indicating that IQD6-8 function 

redundantly early in CDZ specification (Kumari et al., 2021). The cellular defects and overall 

phenotypes of the iqd678 and trm678 mutants are very similar, suggesting that the IQDs 

might function in CDZ reinforcement via regulating PPB assembly together with TRMs. 

Importantly, the very same IQD genes were independently found to act in asymmetric 

divisions during early embryogenesis downstream of auxin signaling, a pivotal regulator of 

tissue polarity (Friml et al., 2003; Vaddepalli et al., 2021; see above). This hints that IQDs 

might act as universal division orientation regulators that would connect tissue polarity cues 

to the cellular CDZ positioning machinery, and demands further functional characterization of 

the IQD family, including the generation and analysis of a full iqd678 triple knock-out (the 

iqd678 line described by Kumari et al. contains by residual IQD6 and IQD8 transcripts) and 

eventually higher order iqd mutant combinations. 

Other putative cortical division zone establishment factors 

Other recently discovered promising candidates for key cellular division orientation regulators 

belong to the SOSEKI (SOK) family. SOKs are conserved plant-specific proteins that share 

structural and functional homology with known animal polarity determinants. SOK reporters 

display remarkable edge-enriched polar localization patterns that are cell type-dependent, but 

robust towards perturbations of known signaling modules affecting the localization of other 

polar proteins, indicating they might indeed be part of a core system of coordinates 

integrating cell-, tissue- and organism polarity axes (Yoshida et al., 2019; van Dop et al., 

2020). Crucially, SOK mis-/over-expression is sufficient to trigger cell division orientation 

alterations (Yoshida et al., 2019). Nonetheless, it is not yet known whether SOKs are also 

required for proper cell division orientation and/or other polarity-related processes, as single 

sok mutants did not reveal distinct phenotypes (Yoshida et al., 2019), and higher-order 

mutants have not yet been reported.  

The identities and micro- and nano-organization of cellular membranes are largely defined by 

minor signaling lipids including sphinoglipids, sterols and anionic phosphoinositides 

(reviewed in Mamode Cassim et al., 2019; Boutté and Jaillais, 2020). The plasma membrane 

is hallmarked by phosphatidylinositol-4-phosphphate (PI(4)P) (Simon et al., 2016), while 

phosphatidylinositol-4,5-bisphosphphate (PI(4,5)P2) promotes the asymmetric PM association 
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of multiple polar proteins involved in auxin transport, root hair formation and protophloem 

development (Stanislas et al., 2015; Barbosa et al., 2016; Marhavá et al., 2020). It is thus 

reasonable to hypothesize that the specific lipid signatures of different polar domains might 

be key cellular determinants of division orientation (Caillaud, 2019). The differential 

phosphoinositide composition of the cell plate compared to the plasma membrane (Simon et 

al., 2016) supports the idea that asymmetric lipid distribution is indeed important for 

cytokinesis. Nonetheless, evidence of a specific lipid composition of the CDZ, or of polar 

plasma membrane domains defining axial cell polarity, is currently lacking (the enrichment of 

PI(4)P and PI(4,5)P2 at apical/basal domains reported by Tejos et al. (2014) could not be 

confirmed by Simon et al. (2016)) and the hypothesis thus awaits experimental validation. 

MFs are initially localized at the PPB and later excluded from the Actin depleted zone (ADZ), 

which overlaps with the CDZ; nonetheless, as MFs require MTs for PPB localization, but not 

vice versa, these dynamic actin rearrangements have been assigned secondary importance for 

division plane determination (Palevitz, 1987; Liu and Palevitz, 1992; Rasmussen et al., 2013; 

Smertenko et al., 2017). In another polarized actin rearrangement coinciding with, and 

potentially regulating CDZ and division plane establishment, MFs are enriched at the apical 

and basal poles of anticlinally dividing root meristem cells (Collings et al., 2005; Lebecq et 

al., 2022). Additionally, numerous observations of division orientation defects resulting from 

interference with MFs in different tissues (i.a. Glanc et al., 2019; Vaddepalli et al., 2021) 

support a key function of actin cytoskeleton in division plane determination, which should be 

addressed in more detail in the future. 

Future perspectives and concluding remarks 

Despite substantial recent progress outlined above, which molecular and cellular factors are 

involved in the symmetry breaking step of CDZ establishment, and how are tissue and cell 

polarity cues mechanistically linked in the context of cell division orientation, remains 

unknown. The auxin-MTs, SHR-SCR-IRK, and PEAR-ROP modules operating during early 

embryogenesis, ground tissue patterning and phloem development, respectively (Campos et 

al., 2019; Vaddepalli et al., 2021; Roszak et al., 2021), might have the power to guide 

division orientation in response to both tissue and cell polarity cues. Further characterization 

of these pathways should thus be assigned high priority in future investigations.  

In addition to these and other hypothesis-driven approaches outlined above, the key factor(s) 

of CDZ establishment and its developmental control might be identified via traditional gene 
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discovery techniques, such as forward genetic or transcriptomic identification of downstream 

targets of the known gene regulatory networks, and proteomic screening for interactors of the 

known CDZ constituents. In this respect, the recent adoption and optimization of single-cell 

transcriptomics (Seyfferth et al., 2021; Minne et al., 2022) and proximity labeling (Mair et 

al., 2019; Arora et al., 2020) in the plant field will likely prove particularly useful. 

Nonetheless, protein abundance and post-translational modification analysis of dividing cells 

at single-cell resolution would likely be the true game-changer. Despite the technology to 

perform such experiments is not yet available, the rapid advances in the single-cell proteomics 

field (Vistain and Tay, 2021; Ctortecka et al., 2022) hold a great promise for the future. 

E. P. Eleftheriou and B.A. Palevitz began the introduction to their 1992 paper in Journal of 

Cell Science as follows: “Determination of the division plane is of critical importance in   

growth, differentiation and morphogenesis in plants. However, despite considerable progress 

in identifying cell structures that may participate in division plane control, our understanding 

of the process remains incomplete.”  Thirty years later, any research paper in the field could 

start with the exact same words, as the determination of cell division plane remains one of the 

biggest open questions of plant cell and developmental biology. The core of this question, 

how the output of complex developmental signals is integrated with cell and tissue polarity 

cues and mechanistically translated into the asymmetrical localization of several molecules 

that define the cortical division zone, lies exactly in between its developmental and cellular 

aspects. Consequently, the successful strategy to solve this problem will require an integrative 

approach combining the knowledge and methodology of both fields, and to my best belief 

also a strongly polarity-oriented mindset. With the advanced methods available today, 

spanning from single cell transcriptomics to live super-resolution imaging, solving the long-

standing mystery of how is plant cell division orientation determined, might be at hand’s 

reach. 
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Figure 1: Multilevel polarity as a key determinant as well as result of oriented cell 

division 

a: Schematic representation of the 1-cell and 16-cell embryo and the root apical meristem of 

Arabidopsis. Cells in which division orientation is of particular developmental importance are 

highlighted in the same color as the captions in b. Black cells with lightning icons represent 

laser-ablated cells.  
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b: Developmental factors that govern cell division orientation in the cells highlighted in a, 

downstream of tissue polarity cues and upstream of the cytokinesis machinery. Colors of the 

Venn diagram fields and captions correspond to the cell types highlighted in a. Assignment of 

factors to the Venn diagram fields reflects direct experimental evidence presented in a 

report(s) discussed in this review. 

c: Schematic representation of CDZ in 3 steps characteristic of polar domain formation - 

establishment, reinforcement and maintenance, with selected (potential) key cellular 

regulators involved in each of the three steps.  
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BOX 1: Key developments in understanding the regulation of cell division 

orientation 

Vaddepalli et al. (2021) Demonstrate the pivotal roles of auxin signaling, cell geometry, 

cytoskeletal dynamics and the IQD family proteins in the regulation of oriented divisions in 

early embryogenesis.  

Kumari et al. (2021) Establish the role of the microtubule-associated IQD proteins in cortical 

division zone organization and division orientation in the root meristem. 

Roszak et al. (2021) Find that cell division orientation during phloem development is 

controlled by ROP signaling downstream of the PEAR transcription factors, with a local 

reduction of ROP activity correlating with the site of CDZ establishment. 

Marhavá et al. (2019) and Hoermayer et al. (2020) Reveal the induction of periclinal cell 

divisions as a major wound healing mechanism in the Arabidopsis root. They further show 

that the wound-induced periclinal divisions involve the reactivation of stem cell 

transcriptional pathways, as well as auxin signaling, nuclear migration and changes in cell 

shape. 

Yoshida et al. (2019) and van Dop et al. (2020) Discover the novel plant-specific SOSEKI 

family of proteins polarly localized at the corners and edges of cells. They demonstrate that 

SOSEKI are evolutionarily conserved in the plant lineage, play a role in cell division 

orientation and are functionally homologous with the animal polarity regulator 

DISHEVELLED.  
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BOX 2: Cell division nomenclature 

Karyokinesis & cytokinesis 

A typical eukaryotic cell division event consists of karyokinesis, or the partitioning of 

chromatin into two daughter nuclei by mitosis or meiosis; and subsequent cytokinesis, a 

process in which the cytoplasm is partitioned by physical separation of the daughter cells. The 

regulation and implications of karyokinesis are out of scope of this review; and I generally 

use the term “cell division” as a synonym for cytokinesis. 

Symmetric vs. asymmetric & proliferative vs. formative divisions 

Some authors, i.a. Yoshida et al., 2014, use the terms symmetric and asymmetric to refer 

solely to volume of the daughter cells, which is identical or very similar in symmetric 

divisions, and different in asymmetric ones. Other authors, i.a. Abrash and Bergmann, 2009, 

use these terms more broadly, and consider a cell division to be asymmetric not only when  

the volume, but  also the shape, function and/or fate of the daughter cells are different. 

Another related, yet more functional classification distinguishes between formative and 

proliferative cell divisions. Proliferative divisions produce daughters of identical cell type and 

fate needed for proliferation and growth, while formative divisions result in cells of different 

fates and are the driving force of pattern formation (Abrash and Bergmann, 2009). 

Proliferative divisions are often symmetric, while formative ones are typically asymmetric; 

these terms are consequently sometimes used as synonyms (i.a. by Müller, 2019; Rodriguez-

Furlan et al., 2022). 

In the absence of cell migration, cell division and growth remain as the main determinants of 

patterning and morphogenesis. In this context, the position of each cell becomes as defining 

as its size, shape, fate or biochemical composition. As the position of each cell is determined 

exclusively at its birth during cell division by the positioning of the division plane of the 

mother cell, and two cells cannot have an identical position, one could argue that in the sensu 

lato understanding of the terms as used. i.a. by Abrash and Bergmann (2009), no cell division 

in a multicellular plant can ever be entirely symmetric or strictly proliferative. 

Anticlinal vs. periclinal vs. radial 

The relationship between the division plane and the main organ axes defines anticlinal, 

periclinal and radial divisions. The plane of division is perpendicular to the main organ axis in 

anticlinal divisions; parallel to both the main axis and organ surface in periclinal divisions, 
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and parallel to the axis, but perpendicular to the surface in radial divisions. In the primary 

root, anticlinal divisions thus add cells to existing cell files and contribute to longitudinal 

growth; radial and periclinal divisions promote radial growth by adding new cell files to 

existing tissue layers or generating additional cell layers, respectively (Smet and De Rybel, 

2016).
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Box 3: Reverse perspective: cell polarity in the context of cytokinesis 

During cell division, most, if not all vesicle traffic is redirected to the cell plate (Dhonukshe et 

al., 2006; Reichardt et al., 2007; Richter et al., 2014; Glanc et al., 2018). This implies that 

most membrane cargos, including polarly localized proteins, localize to the cell plate during 

and immediately after cytokinesis. As the cell plate-derived new PM domains emerge at 

adjacent, and thus opposite poles of the two daughter cells, polar cargos will always end up 

transiently localized to the “wrong” domain in at least one of the daughter cells. The cells 

must thus possess mechanism(s) to assign the new PM domain the correct identity, and 

reroute the trafficking pathways to ensure the correct localization of polar proteins after 

cytokinesis (Geldner et al., 2001; Men et al., 2008; Glanc et al., 2018). This does not however 

imply the need for symmetry breaking, as the identity of all other PM domains, and thus the 

general polarity of the cell and its alignment with tissue polarity, are inherited from the 

mother cell to its daughters (Glanc et al., 2018; Ramalho et al., 2021). Post-cytokinetic 

protein polarity re-establishment has, like many other aspects of protein and cell polarity, 

been so far studied mainly on the example of the PIN auxin efflux carriers, and was shown to 

require Clathrin-mediated endocytosis, de novo protein secretion and the PID/WAG AGCVIII 

kinases, but not basal-to-apical transcytosis or intact cytoskeleton (Boutté et al., 2006; Men et 

al., 2008; Mravec et al., 2011; Yoshinari et al., 2016; Glanc et al., 2018, 2019). Identifying 

the mechanisms responsible for post-cytokinetic polarity re-establishment of the ever-growing 

number of other polar proteins will likely lead to substantial progress in our understanding of 

plant cell polarity as such: since true symmetry breaking might only happen in the zygote 

(Ramalho et al., 2021) and the cell and tissue polarity cues are passed on from mother to 

daughter during each cell division event in a cell-intrinsic manner (Glanc et al., 2018), the 

post cytokinetic polarity re-establishment might be as close to general polarity establishment 

as any cell other than the zygote ever gets.



20 

 

References 

Abrash EB, Bergmann DC. 2009. Asymmetric Cell Divisions: A View from Plant 

Development. Developmental Cell 16, 783–796. 

El Arbi N, Schürholz A-K, Schiffner A, Prados IH, Böhme F, Wenzl C, Zhao X, Zeng J, 

Lohmann JU, Wolf S. 2021. ARGONAUTE10 is required for cell fate specification and the 

control of formative cell divisions in the Arabidopsis root meristem. bioRxiv, 

2021.02.05.429893. 

Arora D, Abel NB, Liu C, et al. 2020. Establishment of Proximity-Dependent Biotinylation 

Approaches in Different Plant Model Systems. The Plant Cell 32, 3388–3407. 

Barbosa ICR, Shikata H, Zourelidou M, Heilmann M, Heilmann I, Schwechheimer C. 

2016. Phospholipid composition and a polybasic motif determine D6 PROTEIN KINASE 

polar association with the plasma membrane and tropic responses. Development (Cambridge) 

143, 4687–4700. 

Besson S, Dumais J. 2011. Universal rule for the symmetric division of plant cells. 

Proceedings of the National Academy of Sciences of the United States of America 108, 6294–

9. 

Boruc J, Van Damme D. 2015. Endomembrane trafficking overarching cell plate formation. 

Current Opinion in Plant Biology 28, 92–98. 

Boutté Y, Crosnier MT, Carraro N, Traas J, Satiat-Jeunemaitre B. 2006. The plasma 

membrane recycling pathway and cell polarity in plants: Studies on PIN proteins. Journal of 

Cell Science 119, 1255–1265. 

Boutté Y, Jaillais Y. 2020. Metabolic Cellular Communications: Feedback Mechanisms 

between Membrane Lipid Homeostasis and Plant Development. Developmental cell 54, 171–

182. 

Bürstenbinder K, Möller B, Plötner R, Stamm G, Hause G, Mitra D, Abel S. 2017. The 

IQD Family of Calmodulin-Binding Proteins Links Calcium Signaling to Microtubules, 

Membrane Subdomains, and the Nucleus. Plant Physiology 173, 1692–1708. 

Caillaud MC. 2019. Anionic lipids: A pipeline connecting key players of plant cell division. 

Frontiers in Plant Science 10, 419. 



21 

 

Campos R, Goff J, Rodriguez-Furlan C, Van Norman JM. 2019. The Arabidopsis 

Receptor Kinase IRK Is Polarized and Represses Specific Cell Divisions in Roots. 

Developmental Cell. 

Carlsbecker A, Lee J-Y, Roberts CJ, et al. 2010. Cell signalling by microRNA165/6 directs 

gene dose-dependent root cell fate. Nature 465, 316–321. 

Chakrabortty B, Willemsen V, de Zeeuw T, Liao C-Y, Weijers D, Mulder B, Scheres B. 

2018. A Plausible Microtubule-Based Mechanism for Cell Division Orientation in Plant 

Embryogenesis. Current Biology 28, 3031-3043.e2. 

Chiou J, Balasubramanian MK, Lew DJ. 2017. Cell Polarity in Yeast. Annual Review of 

Cell and Developmental Biology 33, 77–101. 

Collings DA, Wasteneys GO, Collings DA, Wasteneys GO. 2005. Actin microfilament and 

microtubule distribution patterns in the expanding root of Arabidopsis thaliana. Can. J. Bot 

83, 579–590. 

Cove DJ. 2000. The generation and modification of cell polarity. Journal of Experimental 

Botany 51, 831–838. 

Ctortecka C, Hartlmayr D, Seth A, Mendjan S, Tourniaire G, Mechtler K. 2022. An 

automated workflow for multiplexed single-cell proteomics sample preparation at 

unprecedented sensitivity. bioRxiv. 

De Rybel B, Möller B, Yoshida S, Grabowicz I, Barbier de Reuille P, Boeren S, Smith 

RS, Borst JW, Weijers D. 2013. A bHLH Complex Controls Embryonic Vascular Tissue 

Establishment and Indeterminate Growth in Arabidopsis. Developmental Cell 24, 426–437. 

De Rybel B, Adibi M, Breda AS, et al. 2014. Integration of growth and patterning during 

vascular tissue formation in Arabidopsis. Science 345, 1255215. 

De Rybel B, Mähönen AP, Helariutta Y, Weijers D. 2016. Plant vascular development: 

from early specification to differentiation. Nature Reviews Molecular Cell Biology 17, 30–40. 

Denninger P, Reichelt A, Schmidt VAF, Mehlhorn DG, Asseck LY, Stanley CE, Keinath 

NF, Evers JF, Grefen C, Grossmann G. 2019. Distinct RopGEFs Successively Drive 

Polarization and Outgrowth of Root Hairs. Current Biology 29, 1854-1865.e5. 

Dhonukshe P, Baluska F, Schlicht M, Hlavacka A, Samaj J, Friml J, Gadella TWJ. 



22 

 

2006. Endocytosis of cell surface material mediates cell plate formation during plant 

cytokinesis. Developmental cell 10, 137–50. 

Dolan L, Janmaat K, Willemsen V, Linstead P, Poethig S, Roberts K, Scheres B. 1993. 

Cellular organisation of the Arabidopsis thaliana root. Development 119, 71–84. 

van Dop M, Fiedler M, Mutte S, de Keijzer J, Olijslager L, Albrecht C, Liao C-Y, 

Janson ME, Bienz M, Weijers D. 2020. DIX Domain Polymerization Drives Assembly of 

Plant Cell Polarity Complexes. Cell 180, 427-439.e12. 

Facette MR, Rasmussen CG, Van Norman JM. 2019. A plane choice: coordinating timing 

and orientation of cell division during plant development. Current Opinion in Plant Biology 

47, 47–55. 

Feiguelman G, Fu Y, Yalovsky S. 2018. ROP GTPases Structure-Function and Signaling 

Pathways. Plant physiology 176, 57–79. 

Friml J, Vieten A, Sauer M, Weijers D, Schwarz H, Hamann T, Offringa R, Jürgens G. 

2003. Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis. Nature 

426, 147–153. 

Geldner N, Friml J, Stierhof Y-DD, Jürgens G, Palme K. 2001. Auxin transport inhibitors 

block PIN1 cycling and vesicle trafficking. Nature 413, 425–428. 

Glanc M, Fendrych M, Friml J. 2018. Mechanistic framework for cell-intrinsic re-

establishment of PIN2 polarity after cell division. Nature Plants 4, 1082–1088. 

Glanc M, Fendrych M, Friml J. 2019. PIN2 Polarity Establishment in Arabidopsis in the 

Absence of an Intact Cytoskeleton. Biomolecules 9, 222. 

Gorelova V, Sprakel J, Weijers D. 2021. Plant cell polarity as the nexus of tissue mechanics 

and morphogenesis. Nature Plants 2021, 1–12. 

Grebe M, Xu J, Scheres B. 2001. Cell axiality and polarity in plants — adding pieces to the 

puzzle. Current Opinion in Plant Biology 4, 520–526. 

Guo X, Wang L, Dong J. 2021. Establishing asymmetry: stomatal division and 

differentiation in plants. New Phytologist 232, 60–67. 

Helariutta Y, Fukaki H, Wysocka-Diller J, Nakajima K, Jung J, Sena G, Hauser MT, 

Benfey PN. 2000. The SHORT-ROOT Gene Controls Radial Patterning of the Arabidopsis 



23 

 

Root through Radial Signaling. Cell 101, 555–567. 

Hoermayer L, Montesinos JC, Marhava P, Benková E, Yoshida S, Friml J. 2020. 

Wounding-induced changes in cellular pressure and localized auxin signalling spatially 

coordinate restorative divisions in roots. Proceedings of the National Academy of Sciences of 

the United States of America. 

Ikeuchi M, Favero DS, Sakamoto Y, Iwase A, Coleman D, Rymen B, Sugimoto K. 2019. 

Molecular Mechanisms of Plant Regeneration. Annual Review of Plant Biology 70, 377–406. 

Kimata Y, Higaki T, Kawashima T, Kurihara D, Sato Y, Yamada T, Hasezawa S, 

Berger F, Higashiyama T, Ueda M. 2016. Cytoskeleton dynamics control the first 

asymmetric cell division in Arabidopsis zygote. Proceedings of the National Academy of 

Sciences of the United States of America 113, 14157–14162. 

Kosetsu K, Murata T, Yamada M, Nishina M, Boruc J, Hasebe M, Van Damme D, 

Goshima G. 2017. Cytoplasmic MTOCs control spindle orientation for asymmetric cell 

division in plants. Proceedings of the National Academy of Sciences of the United States of 

America 114, E8847–E8854. 

Kulich I, Vogler F, Bleckmann A, et al. 2020. ARMADILLO REPEAT ONLY proteins 

confine Rho GTPase signalling to polar growth sites. 6, 1275–1288. 

Kumari P, Dahiya P, Livanos P, et al. 2021. IQ67 DOMAIN proteins facilitate preprophase 

band formation and division-plane orientation. Nature Plants 2021 7:6 7, 739–747. 

Lebecq A, Fangain A, Boussaroque A, Caillaud M-C. 2022. Dynamic apico-basal 

enrichment of the F-actin during cytokinesis in Arabidopsis cells embedded in their tissues. 

Quantitative Plant Biology 3, e4. 

Lipka E, Gadeyne A, Stockle D, Zimmermann S, De Jaeger G, Ehrhardt DW, Kirik V, 

Van Damme D, Muller S. 2014. The Phragmoplast-Orienting Kinesin-12 Class Proteins 

Translate the Positional Information of the Preprophase Band to Establish the Cortical 

Division Zone in Arabidopsis thaliana. The Plant Cell 26, 2617–2632. 

Liu B, Palevitz BA. 1992. Organization of cortical microfilaments in dividing root cells. Cell 

Motility and the Cytoskeleton 23, 252–264. 

Livanos P, Müller S. 2019. Division Plane Establishment and Cytokinesis. Annual Review 

of Plant Biology 70, 239–267. 



24 

 

Louveaux M, Julien JD, Mirabet V, Boudaoud A, Hamant O. 2016. Cell division plane 

orientation based on tensile stress in Arabidopsis thaliana. Proceedings of the National 

Academy of Sciences of the United States of America 113, E4294–E4303. 

Mair A, Xu S, Branon TC, Ting AY, Bergmann DC. 2019. Proximity labeling of protein 

complexes and cell type-specific organellar proteomes in Arabidopsis enabled by TurboID. 

eLife 8. 

Mamode Cassim A, Gouguet P, Gronnier J, Laurent N, Germain V, Grison M, Boutté 

Y, Gerbeau-Pissot P, Simon-Plas F, Mongrand S. 2019. Plant lipids: Key players of plasma 

membrane organization and function. Progress in Lipid Research 73, 1–27. 

Marhavá P, Aliaga Fandino AC, Koh SWH, et al. 2020. Plasma Membrane Domain 

Patterning and Self-Reinforcing Polarity in Arabidopsis. Developmental Cell 52, 223–235. 

Marhavá P, Hoermayer L, Yoshida S, Marhavý P, Benková E, Friml J. 2019. Re-

activation of Stem Cell Pathways for Pattern Restoration in Plant Wound Healing. Cell 177, 

957-969.e13. 

Men S, Boutté Y, Ikeda Y, Li X, Palme K, Stierhof Y-D, Hartmann M-A, Moritz T, 

Grebe M. 2008. Sterol-dependent endocytosis mediates post-cytokinetic acquisition of PIN2 

auxin efflux carrier polarity. Nature Cell Biology 10, 237–244. 

Minne M, Ke Y, Saura-Sanchez M, De Rybel B. 2022. Advancing root developmental 

research through single-cell technologies. Current Opinion in Plant Biology 65, 102113. 

Miyashima S, Roszak P, Sevilem I, et al. 2019. Mobile PEAR transcription factors integrate 

positional cues to prime cambial growth. Nature 565, 490–494. 

Molendijk AJ, Bischoff F, Rajendrakumar CS V, Friml Â, Braun M, Gilroy S. 2001. 

Arabidopsis thaliana Rop GTPases are localized to tips of root hairs and control polar growth. 

20, 2779–2788. 

Mravec J, Petrášek J, Li N, et al. 2011. Cell Plate Restricted Association of DRP1A and 

PIN Proteins Is Required for Cell Polarity Establishment in Arabidopsis. Current biology : CB 

21, 1055–1060. 

Müller S. 2019. Plant cell division — defining and finding the sweet spot for cell plate 

insertion. Current Opinion in Cell Biology 60, 9–18. 



25 

 

Müller S, Han S, Smith LG. 2006. Two kinesins are involved in the spatial control of 

cytokinesis in Arabidopsis thaliana. Current biology : CB 16, 888–94. 

Muroyama A, Bergmann D. 2019. Plant Cell Polarity: Creating Diversity from Inside the 

Box. Annual Review of Cell and Developmental Biology Annu. Rev. Cell Dev. Biol 35, 309–

336. 

Nagawa S, Xu T, Lin D, Dhonukshe P, Zhang X, Friml J, Scheres B, Fu Y, Yang Z. 

2012. ROP GTPase-dependent actin microfilaments promote PIN1 polarization by localized 

inhibition of clathrin-dependent endocytosis. PLoS biology 10, e1001299. 

Ohashi-Ito K, Saegusa M, Iwamoto K, Oda Y, Katayama H, Kojima M, Sakakibara H, 

Fukuda H. 2014. A bHLH complex activates vascular cell division via cytokinin action in 

root apical meristem. Current Biology 24, 2053–2058. 

Palevitz BA. 1987. Actin in the preprophase band of Allium cepa. The Journal of cell biology 

104, 1515–1519. 

Pickett-Heaps JD, Northcote DH. 1966. Organization of microtubules and endoplasmic 

reticulum during mitosis and cytokinesis in wheat meristems. Journal of Cell Science 1, 109–

120. 

Qian P, Song W, Yokoo T, Minobe A, Wang G, Ishida T, Sawa S, Chai J, Kakimoto T. 

2018. The CLE9/10 secretory peptide regulates stomatal and vascular development through 

distinct receptors. Nature Plants 4, 1071–1081. 

Ramalho JJ, Jones VAS, Mutte S, Weijers D. 2021. Pole position: how plant cells polarize 

along the axes. The Plant Cell. 

Rasmussen CG, Wright AJ, Müller S. 2013. The role of the cytoskeleton and associated 

proteins in determination of the plant cell division plane. The Plant Journal 75, 258–269. 

Reichardt I, Stierhof Y-D, Mayer U, Richter S, Schwarz H, Schumacher K, Jürgens G. 

2007. Plant Cytokinesis Requires De Novo Secretory Trafficking but Not Endocytosis. 

Current Biology 17, 2047–2053. 

Richter S, Kientz M, Brumm S, et al. 2014. Delivery of endocytosed proteins to the cell-

division plane requires change of pathway from recycling to secretion. eLife 2014, 1–16. 

Rodriguez-Furlan C, Campos R, Toth JN, Van Norman JM. 2022. Distinct mechanisms 



26 

 

orchestrate the contra-polarity of IRK and KOIN, two LRR-receptor-kinases controlling root 

cell division. Nature Communications 13, 235. 

Roszak P, Heo J-O, Blob B, et al. 2021. Cell-by-cell dissection of phloem development links 

a maturation gradient to cell specialization. Science (New York, N.Y.) 374, eaba5531. 

Schaefer E, Belcram K, Uyttewaal M, Duroc Y, Goussot M, Legland D, Laruelle E, de 

Tauzia-Moreau M-L, Pastuglia M, Bouchez D. 2017. The preprophase band of 

microtubules controls the robustness of division orientation in plants. Science (New York, 

N.Y.) 356, 186–189. 

Sena G, Wang X, Liu H-Y, Hofhuis H, Birnbaum KD. 2009. Organ regeneration does not 

require a functional stem cell niche in plants. Nature 457, 1150–1153. 

Seyfferth C, Renema J, Wendrich JR, et al. 2021. Advances and Opportunities in Single-

Cell Transcriptomics for Plant Research. Annual Review of Plant Biology 72, 847–866. 

Shao W, Dong J. 2016. Polarity in plant asymmetric cell division: Division orientation and 

cell fate differentiation. Developmental Biology 419, 121–131. 

Simon MLA, Platre MP, Marquès-Bueno MM, Armengot L, Stanislas T, Bayle V, 

Caillaud M-C, Jaillais Y. 2016. A PtdIns(4)P-driven electrostatic field controls cell 

membrane identity and signalling in plants. Nature Plants 2, 16089. 

Smertenko A, Assaad F, Baluška F, et al. 2017. Plant Cytokinesis: Terminology for 

Structures and Processes. Trends in Cell Biology 27, 885–894. 

Smet W, De Rybel B. 2016. Genetic and hormonal control of vascular tissue proliferation. 

Current Opinion in Plant Biology 29, 50–56. 

Smet W, Sevilem I, de Luis Balaguer MA, et al. 2019. DOF2.1 Controls Cytokinin-

Dependent Vascular Cell Proliferation Downstream of TMO5/LHW. Current Biology 29, 

520–529. 

Sozzani R, Cui H, Moreno-Risueno MA, Busch W, Van Norman JM, Vernoux T, Brady 

SM, Dewitte W, Murray JAH, Benfey PN. 2010. Spatiotemporal regulation of cell-cycle 

genes by SHORTROOT links patterning and growth. Nature 466, 128–132. 

Stanislas T, Hüser A, Barbosa ICR, Kiefer CS, Brackmann K, Pietra S, Gustavsson A, 

Zourelidou M, Schwechheimer C, Grebe M. 2015. Arabidopsis D6PK is a lipid domain-



27 

 

dependent mediator of root epidermal planar polarity. Nature Plants 1, 1–9. 

Stöckle D, Herrmann A, Lipka E, Lauster T, Gavidia R, Zimmermann S, Müller S. 

2016. Putative RopGAPs impact division plane selection and interact with kinesin-12 POK1. 

Nature Plants 2, 16120. 

Tejos R, Sauer M, Vanneste S, et al. 2014. Bipolar Plasma Membrane Distribution of 

Phosphoinositides and Their Requirement for Auxin-Mediated Cell Polarity and Patterning in 

Arabidopsis. The Plant cell 26, 2114–2128. 

Traas J, Bellini C, Nacry P, Kronenberger J, Bouchez D, Caboche M. 1995. Normal 

differentiation patterns in plants lacking microtubular preprophase bands. Nature 1995 

375:6533 375, 676–677. 

Vaddepalli P, de Zeeuw T, Strauss S, Bürstenbinder K, Liao C-Y, Ramalho JJ, Smith 

RS, Weijers D. 2021. Auxin-dependent control of cytoskeleton and cell shape regulates 

division orientation in the Arabidopsis embryo. Current Biology. 

Vera-Sirera F, De Rybel B, Úrbez C, et al. 2015. A bHLH-Based Feedback Loop Restricts 

Vascular Cell Proliferation in Plants. Developmental Cell 35, 432–443. 

Vistain LF, Tay S. 2021. Single-Cell Proteomics. Trends in Biochemical Sciences 46, 661–

672. 

Walker KL, Müller S, Moss D, Ehrhardt DW, Smith LG. 2007. Arabidopsis TANGLED 

Identifies the Division Plane throughout Mitosis and Cytokinesis. Current Biology 17, 1827–

1836. 

Wallner E-S. 2020. The value of asymmetry: how polarity proteins determine plant growth 

and morphology. Journal of Experimental Botany. 

Wendrich JR, Yang B-J, Mijnhout P, Xue H-W, Rybel B De, Weijers D. 2018. IQD 

proteins integrate auxin and calcium signaling to regulate microtubule dynamics during 

Arabidopsis development. bioRxiv, 275560. 

Willemsen V, Bauch M, Bennett T, Campilho A, Wolkenfelt H, Xu J, Haseloff J, Scheres 

B. 2008. The NAC Domain Transcription Factors FEZ and SOMBRERO Control the 

Orientation of Cell Division Plane in Arabidopsis Root Stem Cells. Developmental Cell 15, 

913–922. 



28 

 

Xu XM, Zhaoa Q, Rodrigo-Peiris T, Brkljacic J, He CS, Mueller S, Meier I. 2008. 

RanGAP1 is a continuous marker of the Arabidopsis cell division plane. Proceedings of the 

National Academy of Sciences of the United States of America 105, 18637–18642. 

Yang B, Minne M, Brunoni F, et al. 2021. Non-cell autonomous and spatiotemporal 

signalling from a tissue organizer orchestrates root vascular development. Nature Plants 7, 

1485–1494. 

Yang B, Wendrich JR, De Rybel B, Weijers D, Xue H. 2020. Rice microtubule‐associated 

protein IQ67‐DOMAIN14 regulates grain shape by modulating microtubule cytoskeleton 

dynamics. Plant Biotechnology Journal 18, 1141–1152. 

Yoshida S, Barbier de Reuille P, Lane B, Bassel GW, Prusinkiewicz P, Smith RS, 

Weijers D. 2014. Genetic control of plant development by overriding a geometric division 

rule. Developmental cell 29, 75–87. 

Yoshida S, van der Schuren A, van Dop M, et al. 2019. A SOSEKI-based coordinate 

system interprets global polarity cues in Arabidopsis. Nature Plants 5, 160–166. 

Yoshinari A, Fujimoto M, Ueda T, Inada N, Naito S, Takano J. 2016. DRP1-Dependent 

Endocytosis is Essential for Polar Localization and Boron-Induced Degradation of the Borate 

Transporter BOR1 in Arabidopsis thaliana. Plant and Cell Physiology 57, 1985–2000. 

 

 

 


