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ABSTRACT 
 

Unique mechanisms are used to orient cell division planes in plants. A cortical ring of cytoskeletal 
filaments called the preprophase band (PPB) predicts the future division plane during G2 and is 
disassembled as the mitotic spindle forms, leaving behind a “cortical division site” that guides the 
placement of the new cell wall (cell plate) during cytokinesis. The molecular features of the 
cortical division site have remained elusive for decades. Recently, a few proteins have at last been 
identified that are specifically localized to or excluded from the cortical division site and 
participate in the orientation, attachment or maturation of cell plates. Significant progress has 
also been made in identifying proteins needed for PPB formation and thus for division plane 
establishment. 
 

INTRODUCTION 
The positions of cells within plant tissues are fixed by cell walls. Consequently, plant cells must 

be formed in the positions where they are needed, requiring exquisite spatial regulation of the cell cycle 
and cell division planes. Mechanisms governing the orientation of division planes in plants appear to be 
different in many respects from those in other eukaryotes (see Box 1 for comparison, pp. 10-11). In plant 
cells, division planes are determined before mitosis. During G2, a band of cortical microtubules and 
actin filaments called the preprophase band (PPB) forms at the future division plane as the nucleus 
migrates into this plane (Figure 1), but the PPB is disassembled at the transition from prophase to 
prometaphase. Following chromosome segregation, cytokinesis is accomplished through the action of 
the phragmoplast (Figure 1), a microtubule and actin-based structure with structural and functional 
similarities to the mammalian spindle midzone/midbody [1]. Golgi derived vesicles deliver membranes 
and non-cellulosic polysaccharides along phragmoplast microtubules to the phragmoplast midzone, 
where they fuse to form the cell plate [2]. In somatic cells, the phragmoplast is initiated between 
daughter nuclei and expands laterally, guiding the growing cell plate to the former location of the PPB 
(the cortical division site), where it attaches to the parental cell wall (Figure 1). 

Figure 1: 
Cytoskeletal 
organization in 
dividing plant cells. 
Microtubules (green) 
and actin filaments 
(red) are illustrated at 
successive cell cycle 
stages in relation to 
nuclei/chromosomes 
(yellow) and the cell 
plate (black). 
Prophase and 
interphase are 
illustrated as whole 
cell views, while other 
stages are shown as 
mid plane cut-away 
views for clarity.  The 
PPB forms during G2 
at the future division 
plane and persists 
throughout prophase, 
disassembling as the 
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mitotic spindle forms at the transition to metaphase. Concomitantly, actin filaments are depleted from the PPB 
zone to create an “actin-depleted- zone” (ADZ), which persists until the conclusion of cytokinesis and is flanked 
by actin enriched regions of the cortex termed “actin twin peaks”. The dividing nucleus is positioned within the 
division plane from prophase through the conclusion of cytokinesis and is connected to the cortex by 
microtubules and/or actin filaments depending on the cell cycle stage (filament types making these connections 
appear to vary somewhat among cell types, but the arrangements illustrated have been widely observed and most 
are discussed with references cited in the text). The phragmoplast is composed of opposing arrays of microtubules 
and actin filaments along with endoplasmic reticulum (ER), Golgi-derived vesicles and the evolving cell plate, but 
for simplicity the ER component is not shown. At the conclusion of cytokinesis, the cell plate becomes attached at 
the former site of the PPB. 
----------------------------------------------------------------------------------------------------------------------------- 

 
Relatively little is known about mechanisms governing the establishment of the division plane or 

the guidance of expanding phragmoplasts to the cortical division site during cytokinesis. However, a 
variety of proteins have recently been implicated in these processes by their localization at (or exclusion 
from) the division plane and/or by functional studies. Recent progress has also been made in 
understanding mechanisms of cell plate formation along with phragmoplast assembly and dynamics. 
These topics have been addressed in other, recent reviews [3-5] and will not be discussed. Here, we 
focus on recent studies that have had an impact on our understanding the orientation of division planes 
in plant cells; readers may also wish to consult other recent reviews on this topic for discussion of 
aspects not covered here [6-8]. 
 

PPB FORMATION 
 

Since its discovery over forty years ago, the PPB has been thought to play an essential role in 
division plane establishment [9,10] and recent studies have also established a role for the PPB in spindle 
assembly and orientation [11,12] (although the spindle does not determine the division plane in plant 
cells, proper spindle orientation facilitates subsequent orientation of the phragmoplast). Understanding 
how PPBs are formed and how their positions are determined is therefore central to understanding 
division plane control in plant cells. Most studies on PPB formation have focused on the microtubule 
component.  As discussed in more detail in Box 2 (pp. 12-13), plant cells lack central microtubule 
nucleators like the centrosomes found in animal cells and their microtubules are nucleated at a variety of 
surfaces including the nuclear envelope and the cell cortex.  During interphase, microtubules are 
distributed throughout the cell cortex, but at preprophase, they become restricted to the future plane of 
division via selective depolymerization of non-PPB microtubules [13] and/or selective stabilization of 
microtubules in the PPB zone [14]. A variety of proteins have now been identified that appear to 
participate in PPB formation by differentially regulating microtubule nucleation, dynamics and/or 
stability in the PPB zone. 

 
Although plant cells lack centrosomes (see Box 2, pp. 12-13), plant proteins related to two 

animal centrosome proteins are essential for PPB formation.  Plant cells lacking Arabidopsis FASS (also 
known as TON2) [15], or its maize homologues DCD1 and ADD1 [16], do not make PPBs and divide in 
abnormal orientations.  These proteins are putative regulatory B’’ subunits of the PP2A phosphatase 
complex, which are thought to target the complex to particular sub-cellular locations. The C. elegans 
homolog of FASS/DCD1/ADD1, RSA-1, localizes to the centrosome where it interacts with proteins 
that mediate microtubule outgrowth and stability [17]. DCD1 and ADD1 localize to the PPB (Figure 2) 
suggesting that PP2A-mediated protein dephosphorylation promotes the local assembly and/or 
stabilization of microtubules in the PPB zone of the cortex [16]. Unexpectedly, DCD1 and ADD1 persist 
at the cortical division site after PPB disassembly at least through metaphase (Figure 2), suggesting that 
these proteins may have other functions in addition to promoting PPB assembly [16]. Targets of  



 4 

 

 
 
Figure 2: Schematic illustration of PPB and/or cortical division site-localized proteins discussed in this review 
(not all proteins ever demonstrated to associate with mitotic microtubule arrays are shown). Prophase is illustrated 
as a 3-D projection, while other stages are shown as mid-plane cross sectional views for clarity. Each feature is 
color-coded and labeled to indicate the combination of proteins localized to that feature at the illustrated stages of 
cell division. Eight protein families (RanGAP1, CLASP, DCD1/ADD1, multiple MAP65s, TAN, TON1, MOR1 
and AIR9) co-localize with PPBs (blue) during prophase while KCA1 (orange) is locally depleted in the PPB 
zone of the cortex. Four of the PPB-localized proteins (MOR1, MAP65s, CLASP and AIR9) are also associated 
with the spindle and phragmoplast (green), and three others remain at the cortical division site (CDS, purple): 
DCD1 and ADD1 are maintained there through metaphase whereas TAN and RanGAP1 are maintained there 
through the conclusion of cytokinesis. AIR9 and TPLATE become localized at the cortical division site just as the 
cell plate (red) is attaching there. DNA/nuclei are shown in gray. 
----------------------------------------------------------------------------------------------------------------------------- 
 
FASS/DCD1/ADD1-dependent dephosphorylation are currently unknown, but the Arabidopsis proteins 
TON1a and TON1b are candidates to act in the same pathway since they are also required for PPB 
formation and co-localize with PPBs [18]. TON1a/b contain domains related to the human centrosomal 
proteins FOP and OFD1 and interact with the Arabidopsis homologues of another animal centrosomal 
protein, centrin [18]. Thus, plant relatives of animal proteins localized at discrete microtubule organizing 
centers function within a broad zone of the plant cell cortex to support PPB formation.   

 
 Several highly conserved microtubule-binding proteins have also been implicated in PPB 
formation.  MOR1 is the plant homologue of animal XMAP215 [19]. Upon shifting a temperature-
sensitive mor1 mutant allele to restrictive temperature, half of the dividing cells fail to form PPBs and 
those that do form are often disorganized, indicating an important role for MOR1 in PPB formation [20]. 
Consistent with this observation, MOR1 localizes to PPBs along with other mitotic microtubule arrays 
in both Arabidopsis and tobacco cells (Figure 2) [20-22]. XMAP215 accelerates both microtubule 
elongation and shortening in vitro [23,24]. Consistent with these findings, analysis of microtubule 
dynamics in mor1 mutants showed that MOR1 accelerates microtubule growth and shortening rates in 
vivo, but suggested that its most important role in promoting the formation of cortical microtubule arrays 
is to suppress pauses in microtubule dynamics – that is, to lengthen the time spent continuously growing 
or shrinking [25].  
 

Another microtubule-binding protein implicated in PPB formation is the Arabidopsis homolog of 
animal CLASP, a regulator of microtubule dynamics [26].  Arabidopsis CLASP binds to microtubule 
plus ends as well as to discrete spots along microtubule walls, localizing to PPBs along with other 
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mitotic microtubule arrays (Figure 2) [27,28]. Demonstrating a role for CLASP in PPB 
formation/maturation, PPBs in clasp mutants tend to be disorganized and fail to narrow as wild-type 
PPBs do during prophase [27]. CLASP localized to the sidewalls of microtubules appears to mediate 
their interactions with the cell cortex [29].  Thus, CLASP could promote PPB organization and 
narrowing via modulation of microtubule dynamics in the PPB zone and/or by mediating microtubule-
cortex interactions.  

 
MAP65 is a third microtubule-binding protein implicated in PPB formation. Nine different 

MAP65 proteins have been identified in Arabidopsis and some have been shown to localize to the PPB 
and other mitotic microtubule arrays (Figure 2) [30-33].  MAP65s bundle microtubules by forming cross 
bridges between overlapping microtubules and thus could potentially stabilize PPB microtubules via 
bundling [30,32,34,35]. Not surprisingly in view of the potential for functional redundancy among 
members of the MAP65 family, no function for a MAP65 in PPB formation has yet been demonstrated 
genetically.   

 
Animal XMAP215 [36] and CLASP [37,38] are regulated by phosphorylation so their plant 

homologs are potential targets of FASS/DCD1/ADD1-dependent phosphatase activity. Moreover, 
phosphorylation of plant MAP65-1 downregulates its microtubule bundling activity and is required for 
timely progression through mitosis and cytokinesis [39-41]. Although modulation of PPB-associated 
MAP65 bundling activity by phosphorylation has not been demonstrated, phosphatase activity in the 
PPB zone could potentially contribute to PPB assembly by upregulating the microtubule bundling 
activity of MAP65. Further studies will be needed to determine whether any of these microtubule-
binding proteins are regulated by FASS/DCD1/ADD1-dependent phosphatase activity. 

 
HOW DO DIVIDING CELLS ‘REMEMBER’ THE CDS DURING MITOSIS AND 

CYTOKINESIS? 
 

A variety of observations have indicated that after the PPB is disassembled, some type of 
“memory” of its location remains throughout mitosis and cytokinesis. For example, if the spindle or 
early phragmoplast is displaced from the plane of the former PPB either by experimental manipulation 
or by spontaneous spindle rotation, phragmoplasts bend, rotate or migrate as they expand so that the cell 
plate becomes attached at the former PPB site [9,10]. Recent work has added significantly to our 
knowledge about the nature of the cortical division site that persists after PPB disassembly.  

 
Negative Markers of the Cortical Division Site 
 
 For many years, the only known marker of the cortical division site during mitosis and 
cytokinesis was the “actin depleted zone” (ADZ) of the cell cortex created when both actin and 
microtubule components of the PPB are disassembled while cortical actin remains elsewhere (Figure 1) 
[42-44]. More recently, tobacco BY-2 cells expressing a fimbrin actin binding domain (ABD2) fused to 
GFP were described as having cortical actin “twin peaks” – bands of high actin density flanking the 
cortical division site (Figure 1) [45]. A recent review stresses the point that the ADZ should be viewed 
as a zone of low actin abundance rather than complete loss of the filaments [46]. The significance of the 
ADZ for division plane control has been difficult to analyze. Treatment of dividing cells with actin 
depolymerizing drugs causes cell plates to be misoriented, but as there are many potential roles for F-
actin in division plane orientation, these studies have not definitively established a function for the ADZ.  
When semi-synchronized tobacco BY-2 cells were treated with actin-depolymerizing drugs at different 
points in the cell cycle, maximal disruption of cell plate orientation was observed when the drugs were 
present during prophase/metaphase and then washed out before cytokinesis. Application of the drug only 
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during cytokinesis had almost no effect on cell plate orientations [44,45]. These studies suggest that the 
presence of an ADZ during cytokinesis is not critical for phragmoplast guidance, but that the ADZ 
and/or PPB F-actin plays an important role in the establishment of the cortical division site. 
 

The Arabidopsis kinesin KCA1 is as a second negative marker of the cortical division site. In 
tobacco BY-2 cells, GFP-KCA1 localizes to the plasma membrane and cell plate. Like cortical F-actin, 
it is locally depleted at the cortical division site during mitosis and cytokinesis, creating a “KCA1 
depleted zone” or KDZ (Figure 2) [47]. KDZs and ADZs coincide, but the KDZ appears to form earlier, 
as it is already present in cells with PPBs. Maintenance of the KDZ is not affected by microtubule or 
actin depolymerizing drugs applied during mitosis or cytokinesis. However, KDZs were no longer seen 
when early PPB microtubules were depolymerized. After drug washout, most cells reformed both a PPB 
and a KDZ, but some failed to reconstitute a PPB or a KDZ, suggesting that KDZ formation depends on 
the microtubule PPB [47]. Given that the cortex is devoid of microtubules during mitosis and 
cytokinesis, a plausible role for cortically localized KCA1 is to mediate interaction with microtubules 
that link the dividing nucleus to the cortex during cytokinesis, described later.  

 
Recent work has established that endocytic vesicles form more frequently in the PPB zone than 

in other areas of the cell cortex, suggesting that endocytosis could be important for establishment of the 
division plane [48,49]. It would be interesting to know whether creation of ADZs or KDZs depends on 
selective depletion of actin and KCA1 from the PPB zone via endocytosis. 
 
Positive Markers of the Cortical Division Site 
 

More recently, two proteins, TAN and RanGAP1, have been identified as positive markers of the 
division plane, continuously localizing there from preprophase through the completion of cytokinesis. 
Analysis of tan mutants of maize demonstrated an important role for TAN in guidance of expanding 
phragmoplasts to former PPB sites [50]. TAN is distantly related to the basic, microtubule-binding 
domain of vertebrate adenomatous polyposis coli (APC) proteins and binds microtubules in vitro [51]. 
Arabidopsis TAN-YFP co-localizes with PPBs in preprophase/prophase cells (Figure 2) [52]. After 
disintegration of the PPB, TAN-YFP rings remain at the division site through the completion of 
cytokinesis and then rapidly disappear. Initial recruitment of TAN-YFP requires microtubules, but 
maintenance of already formed rings does not. TAN-YFP fails to form cortical rings in fass mutants, 
which do not form PPBs. This may simply reflect the dependence of TAN localization on PPBs. 
Alternatively, TAN might depend more directly on FASS for its proper localization, perhaps requiring 
FASS-dependent dephosphorylation for its localization at the cortical division site.  Consistent with this 
possibility, one TAN phosphorylation site was recently identified in a survey of Arabidopsis 
phosphoproteins [53] and many other potential phosphorylation sites are found throughout the TAN 
protein sequence, but the impact of TAN phosphorylation on its localization has not yet been analyzed.  
As described earlier for maize tan mutants, Arabidopsis tan mutants form normal PPBs that are correctly 
oriented, but some phragmoplasts are not guided back to former PPB sites, resulting in misoriented cell 
divisions [52]. Together, these results clearly implicate TAN as a functional component of the cortical 
division site, which may interact directly or indirectly with cytoskeletal filaments linking the expanding 
phragmoplast to the cortex.  

 
Arabidopsis RanGAP1 also positively marks the cortical division site [54]. RanGAP1 is a 

negative regulator of the small GTPase Ran, whose functions in nucleocytoplasmic transport during 
interphase and in several aspects of mitosis are well documented in animal cells [55]. Like TAN, 
RanGAP1 is recruited to the division plane in a FASS-dependent manner, colocalizing with the PPB and 
remaining at the cortical division site throughout mitosis and cytokinesis (Figure 2) [54]. Unlike TAN, 
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RanGAP1 is also localized elsewhere in dividing cells including the cell plate (Figure 2).  Inducible 
disruption of RanGAP1 and its close relative RanGAP2 results in occasional misoriented and 
incomplete divisions revealing function(s) for RanGAPs during cytokinesis, but these mutants were not 
analyzed for structural or positional defects in cytoskeletal arrays in dividing cells [54]. Thus it is not yet 
clear whether RanGAPs are required for PPB assembly or disassembly (a role that would be consistent 
with known functions for RanGTPases in microtubule nucleation during mitosis in animal cells), or for 
phragmoplast guidance during cytokinesis (a role that would fit with RanGAP1 localization at the 
cortical division site throughout mitosis and cytokinesis).  

 
A closely related pair of Arabidopsis kinesins, POK1 and POK2 (one of which, POK1, interacts 

with TAN and RanGAP1 in yeast), are required for the correct localization of TAN and RanGAP1.  
Although neither pok1 nor pok2 single mutants have obvious defects, pok1;pok2 double mutants exhibit 
a high frequency of misoriented (but complete) cell divisions in all tissues analyzed including embryos 
and root tips [56]. Like tan mutants of maize and Arabidopsis, PPBs are formed in pok1;pok2 double 
mutants, but phragmoplasts are not consistently guided back to former PPB sites. Whether POK1 and 
POK2 interact directly or act in redundant pathways is not known. Based on the double mutant 
phenotype, it seems that POK1 and 2 together are needed for localization of TAN to the PPB and 
cortical division site, suggesting that TAN becomes associated with the division plane as cargo of POK1 
and POK2 [52]. In contrast, RanGAP1 does not require POK1 and/or POK2 for co-localization with 
PPBs, but does require these kinesins for its maintenance at the cortical division site after PPB 
disassembly [54]. To explain this, the authors propose that POK1 and POK2 might be responsible for 
the deposition of factors at the PPB site during prophase that later maintain RanGAP1. However, 
maintenance of RanGAP1 rings does not appear to require TAN, the only other known POK1 and 
POK2-dependent cortical component [54]. Moreover, the yeast two-hybrid interaction observed between 
RanGAP1 and POK1 [54] would seem to suggest a more direct role for POK1 and POK2 in 
maintenance of RanGAP1 at the cortical division site after PPB disassembly. This intriguing notion 
challenges the view of the cortical division site as something that is built through the action of the PPB 
during prophase and simply held in place after the PPB breakdown, suggesting instead that cortical 
division site components may be continually delivered to the site after PPB disassembly via a POK1/2-
dependent mechanism.  
 

A ROLE FOR MICROTUBULES IN PHRAGMOPLAST GUIDANCE 
  

The expanding phragmoplast interacts with the mother cell cortex during cytokinesis to attach 
the cell plate at the cortical division site. Most studies investigating this interaction have focused on 
actin filaments that link the phragmoplast to the cell cortex (Figure 1) [45,57,58]. However, as discussed 
previously, selective application of actin depolymerizing drugs at different cell cycle stages has 
suggested that the most important contribution of F-actin to the spatial regulation of cytokinesis occurs 
prior to cytokinesis [44,45]. With this in mind, it is particularly interesting that recent work has 
suggested a previously unsuspected role for microtubules in phragmoplast guidance. In living 
preprophase/prophase cells, microtubules labeled at their plus ends with EB1::GFP grow out from the 
nuclear surface in all directions, contacting the PPB and other areas of the cortex (Figure 1) [11,48]. 
Pharmacological studies support the view that these microtubules position the nucleus in the plane of the 
PPB [8]. Spindle-radiating microtubules are short and few in number during metaphase, but become 
longer and increasingly abundant as cells progress through anaphase (Figure 1). During telophase, 
microtubules were observed to connect daughter nuclei to the cortex mainly at the cell poles in 
Arabidopsis tissue culture cells [11] but made frequent contacts at the cortical division site as well in 
tobacco BY-2 cells [48] (Figure 1).  
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Microtubules linking the dividing nucleus to the cortex in plant cells have been likened to the 
astral microtubules that interact with the cortex to position the spindle in dividing animal cells [59], and 
could play an important role in orienting the expanding phragmoplast during cytokinesis [11,48]. This 
hypothesis is difficult to test by a pharmacological approach since microtubules are essential for other 
aspects of mitosis and cytokinesis, although studies using low doses of microtubule-depolymerizing 
drugs to selectively destabilize astral microtubules in animal cells [60,61] suggest that this might be a 
successful approach to investigate the significance of plant astral-like microtubules in dividing plant 
cells.  Identification of proteins that participate in microtubule-dependent aspects of phragmoplast 
guidance would also provide a handle on understanding the role of this microtubule population. As 
discussed earlier, the Arabidopsis kinesins POK1 and 2 in combination are required for the proper 
localization of two cortical division site components (TAN and RanGAP1), but POK1 and/or POK2 
could also mediate microtubule-dependent interactions between the dividing nucleus and cell cortex 
during cytokinesis, perhaps via direct interaction with TAN and/or RanGAP1. Astral-like microtubules 
might also interact with KCA1 in the cell cortex during cytokinesis to help guide phragmoplast 
expansion to the cortical division site. 

 
THE FINAL STEP: CELL PLATE ATTACHMENT 

 
Classic experiments demonstrated that when the expanding cell plate was forced experimentally to 

attach to the mother cell surface somewhere other than the cortical division site, the new cell wall failed 
to mature normally, suggesting that cell plate interaction with the cortical division site or adjacent cell 
wall promotes proper wall maturation [62,63]. A recently identified microtubule-associated Arabidopsis 
protein, AIR9, has been implicated in this interaction [64]. In tobacco BY-2 cells, GFP-AIR9 localizes 
to cortical microtubules in interphase and to the PPB in prophase (Figure 2). A weak GFP-AIR9 signal 
is associated with the spindle during mitosis, and a stronger signal with the phragmoplast during 
cytokinesis. GFP-AIR9 disappears from the cell cortex when the PPB is disassembled, but reappears at 
the cortical division site upon contact of the phragmoplast/cell plate with this site (Figure 2). Shortly 
thereafter, GFP-AIR9 becomes distributed diffusely across the cell plate, and as microtubules start 
populating the adjacent cell cortex, GFP-AIR9 assumes a filamentous appearance, resembling 
microtubules. Drug treatment of dividing cells that did not interfere with PPB formation but caused the 
phragmoplast/cell plate to branch as it expanded showed that branches contacting the cortical division 
site elicited GFP-AIR9 accumulation while those encountering other areas of the cortex did not [64]. 
Thus, AIR9 is recruited specifically to the cortical division site when the cell plate comes into contact 
with it and its subsequent dispersal across the cell plate may promote wall maturation, perhaps via a 
microtubule-dependent mechanism. 

 
 Recent work has also implicated the Arabidopsis protein TPLATE in cell plate attachment [65]. 
TPLATE contains domains shared with adaptins and β-COP coat proteins, which are involved in vesicle 
formation [66]. Knock down of TPLATE function via RNAi in Arabidopsis resulted in cytokinesis 
defects including misoriented and incomplete cell walls. In BY2 cells, TPLATE knock down caused cell 
plates to have diffuse edges that did not attach efficiently to the mother wall. Consistent with a role in 
cell plate attachment, TPLATE-GFP localizes to the cell plate and accumulates at the cortical division 
site immediately prior to cell plate attachment (Figure 2). Based on these observations the authors 
suggest a role for TPLATE in vesicle trafficking events leading to site-specific cell wall modifications 
needed for cell plate anchoring [65]. With this hypothesis in mind, it is striking that the localization 
pattern and loss of function phenotype observed for TPLATE are similar to those reported earlier for 
RSH, a hydroxyproline-rich glycoprotein of Arabidopsis [67]. Thus, TPLATE might facilitate cell plate 
attachment by promoting the localized deposition of RSH into the cell wall.  
 



 9 

CONCLUDING REMARKS 
 

In the past few years, a variety of proteins have been implicated by localization and/or functional 
studies as participants in the spatial regulation of cytokinesis in plant cells. FASS and its maize 
homologs DCD1 and ADD1 along with MOR1, CLASP and MAP65s appear to participate in PPB 
formation via regulation of microtubule nucleation, dynamics and/or stability within the PPB zone of the 
cortex. Proteins defining the cortical division site after PPB disassembly by their presence (TAN and 
RanGAP1) or absence (KCA1) are implicated as components of the pathway(s) mediating microtubule- 
and/or actin-dependent interactions between the expanding phragmoplast and the cortex that guide the 
phragmoplast to the former PPB site. AIR9, TPLATE and RSH are implicated in cell plate attachment 
and/or maturation at the conclusion of cytokinesis. As exciting as it is to have in hand a few of the 
players in division plane control, scores of others undoubtedly remain to be identified. Indeed, the 
paucity of proteins implicated in this process to date suggests that many such regulators might be needed 
for viability or fertility, or that functional redundancy impedes their discovery via forward genetics. 
Thus, other approaches such as proteomics and creative genetic strategies that circumvent the problems 
of redundancy and pleiotropy may be needed to expand the inventory of players and to determine their 
functions in somatic cell division. In addition to further advancing our understanding of the roles played 
by the division plane regulators already identified, another important challenge for future research will 
be to understand their functional relationships.  
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 Box 1: Division Plane Determination: A Comparison Among Eukaryotes 
 

Placement of the division plane involves interactions between the nucleus and cortex in all 
eukaryotes. Although the timing of the interactions and the proteins involved vary, certain mechanistic 
themes can be identified including an important role for microtubules [68,69].  

 
In animal cells, cortical cues [59] and/or cell shape [70] orient the premitotic nucleus. During 

mitosis, the spindle in turn communicates its position to the cortex to dictate the location of the 
contractile ring (Figure I). The mechanism by which this communication occurs is still being actively 
investigated, but spindle microtubule-dependent local regulation of the activity of a cortically-localized 
Rho GTPase appears to play a central role [69,71]. 

 
In the fission yeast S. pombe, the division plane is determined during prophase by the position of 

the nucleus (Figure I), which becomes centered by a microtubule-dependent mechanism [68]. The 
anillin-like protein Mid1p is then delivered from the nucleus to the cortex, becoming localized to the 
future division plane through the action of multiple polarity-promoting proteins [72-74] and 
subsequently recruiting other contractile ring components [75].  

 
In the budding yeast S. cerevisiae, the division plane is determined at the beginning of the cell 

cycle by landmark proteins left behind at the previous site of cytokinesis (in the axial budding pattern 
illustrated in Figure I, the next bud will be initiated adjacent to this “bud scar”) [68]. During mitosis, 
astral microtubules interact with actin cables reaching into the bud and cortical proteins within the bud 
to center the spindle at the mother-bud neck, where the contractile ring is assembled [76,77]. 

 
As described in more detail in the Introduction, cytokinesis in plant cells does not involve 

membrane contraction, but instead is achieved via construction of a new cell wall (cell plate) between 
daughter nuclei (Figure I). The position where the new cell plate will become attached to the parental 
wall is predicted during G2 by a cortical preprophase band (PPB) encircling the nucleus [9].  Nuclear 
position has been shown in some but not all cases to influence the placement of the PPB [78-81]. Other 
factors including cell polarity, cell geometry and extracellular cues can also play a role, but the 
mechanisms by which nuclear position and other factors impact division plane selection are completely 
unknown [8]. The spindle forms with its axis perpendicular to the plane of the PPB and usually remains 
in this orientation and centered at the division plane throughout mitosis, but the spindle does not 
determine the division plane. As discussed in the text, the expanding cell plate is guided to the former 
PPB site even if the spindle is displaced from the division plane.  

 
(See Figure I, next page) 
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Figure I: Schematic illustration of animal, yeast (S. pombe and S. cerevisiae) and plant cells at the cell 
cycle stage when the division plane is determined (top line), with blue arrows/arrowheads connecting 
the source of determining factors to the future site of the division plane (note that in plant cells, the 
nucleus is not the sole source of such determinants). The bottom line depicts cells initiating or 
undergoing cytokinesis with the contractile ring or cell plate shown in red. Green, microtubules; gray, 
DNA or nucleus; purple, bud scar. 



 12 

Box 2: Plant Microtubules: Dynamics, Nucleation and Organization 
 

Microtubules are polar, linear polymers of alpha/beta tubulin heterodimers, and are key elements 
in cellular processes such as intracellular transport and cell division. As in animal cells, microtubules in 
living plant cells exhibit “dynamic instability” characterized by periods of rapid elongation alternating 
with periods of rapid shortening at their plus ends [82] (Figure II, A). Plant microtubules also exhibit 
“treadmilling” characterized by sustained growth at the plus end accompanied by depolymerization at 
the minus end [82] (Figure II, B). Investigations of microtubule dynamics in living plant cells have 
focused mainly on interphase cortical microtubules (illustrated in FigureII, D) in part because the high 
density of microtubules in mitotic arrays (PPBs, spindles, and phragmoplasts) makes their dynamic 
behavior more difficult to analyze. 

 
In animal cells, microtubules are nucleated at discrete microtubule organizing centers called 

centrosomes. Plant cells lack centrosomes, and their microtubules are nucleated at a variety of sites 
within the cell. In interphase, most microtubules are nucleated at widely dispersed sites within the cell 
cortex, which are frequently associated with the side walls of pre-existing microtubules [83], but are also 
found in vacant cortical regions [82,84] (Figure II, C). The nuclear surface becomes a prominent site for 
microtubule nucleation in premitotic and prophase plant cells (e.g. [48]) while microtubule nucleation 
sites in mitotic and cytokinetic cells are less well characterized. Gamma tubulin, which appears to play a 
key role in microtubule nucleation in plant cells as it does in animal and yeast cells [85,86], is focused 
initially at spindle poles but later becomes more broadly distributed within the spindle, and is also 
broadly distributed within phragmoplasts, suggesting dispersed microtubule nucleation sites within these 
mitotic arrays [87]. Interestingly, non-centrosomal microtubules also exist in non-plant eukaryotes but 
have received little attention until recently [88]. 

 
Organization of microtubules into higher order arrays within plant cells is accomplished by their 

self-organizing capability and regulated by a number of associated proteins that stabilize, destabilize, 
sever or crosslink microtubules [89]. In interphase plant cells microtubules are generally arranged in 
cortical bundles that are predominantly aligned perpendicular to the growth axis of the cell (Figure II, 
D). Encounter of a growing microtubule plus end with an existing microtubule at an angle below 40° 
promotes bundling, while encounters at larger angles commonly result in local severing and disassembly 
of the resulting shorter microtubules [90] (Figure II, E). Assembly and disassembly of the diverse 
microtubule arrays found in plant cell undergoing mitosis and cytokinesis (Figure 1) is only beginning to 
be understood.   

 
(See Figure II, next page) 
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Figure II: Dynamics and origin of non-centrosomal plant microtubules. 
Common observations of microtubule behavior and rules of microtubule encounters are depicted. 
Microtubules (green) exhibit intrinsic polarity; the fast-growing end (red) is defined as the plus end and 
the depolymerizing or slow-growing end is defined as the minus end. t time, blue, nucleation site; 
yellow, severing event. Adapted from [88]. 



 14 

REFERENCES 
 

1 Otegui, M.S. et al. (2005) Midbodies and phragmoplasts: analogous structures involved in cytokinesis. 
Trends Cell Biol. 15, 404–413 
 
2 Jürgens, G. (2005) Cytokinesis in higher plants. Annu. Rev. Plant Biol. 56, 281–299 
 
3 Sasabe, M. and Machida, Y. (2006) MAP65: a bridge linking a MAP kinase to microtubule turnover. 
Curr. Opin. Plant Biol. 9, 563–570 
 
4 Backues, S.K. et al. (2007) Bridging the divide between cytokinesis and cell expansion. Curr. Opin. 
Plant Biol. 10, 607–615 
 
5 Van Damme, D. et al. (2008) Vesicle trafficking during somatic cytokinesis. Plant Physiol. 147, 
1544–1552 
 
6 Van Damme, D. et al. (2007) Cortical division zone establishment in plant cells. Trends Plant Sci. 12, 
458–464 
 
7 Van Damme, D. and Geelen, D. (2008) Demarcation of the cortical division zone in dividing plant 
cells. Cell Biol. Int.  32, 178–187 
 
8 Wright, A. J. and Smith, L. G. (2008) Division plane orientation in plant cells. In Cell Division 
Control In Plants (Verma, D. P. S. and Hong, Z. eds.), pp. 33–57, Springer-Verlag 
 
9 Mineyuki, Y. (1999) The preprophase band of microtubules: Its function as a cytokinetic apparatus in 
higher plants. Int. Rev. Cytol. 187, 1–49 
 
10 Smith, L.G. (2001) Plant cell division: building walls in the right places. Nat. Rev. Mol. Cell Biol. 2, 
33–39 
 
11 Chan, J. et al. (2005) Localization of the microtubule end binding protein EB1 reveals alternative 
pathways of spindle development in Arabidopsis suspension cells. Plant Cell 17, 1737–1748 
 
12 Yoneda, A. et al. (2005) Decision of spindle poles and division plane by double preprophase bands in 
a BY-2 cell line expressing GFP-tubulin. Plant Cell Physiol. 46, 531–538 
 
13 Dhonukshe, P. and Gadella, T.W.J. (2003) Alteration of microtubule dynamic instability during 
preprophase band formation revealed by yellow fluorescent protein-CLIP170 microtubule plus-end 
labeling. Plant Cell 15, 597–611 
 
14 Vos, J.W. et al. (2004) Microtubules become more dynamic but not shorter during preprophase band 
formation: a possible "search-and-capture" mechanism for microtubule translocation. Cell Motil. 
Cytoskeleton 57, 246–258 
 
15 Camilleri, C. et al. (2002) The Arabidopsis TONNEAU2 gene encodes a putative novel protein 
phosphatase 2A regulatory subunit essential for the control of the cortical cytoskeleton. Plant Cell 14, 
833–845 



 15 

16 Wright, A.J. et al. (2009) discordia1 and alternative discordia1 function redundantly at the cortical 
division site to promote preprophase band formation and orient division planes in maize. Plant Cell, 
advance online publication Jan. 2009 
 
17 Schlaitz, A.L. et al. (2007) The C. elegans RSA complex localizes protein phosphatase 2A to 
centrosomes and regulates mitotic spindle assembly. Cell 128, 115–127 
 
18 Azimzadeh, J. et al. (2008) Arabidopsis TONNEAU1 proteins are essential for preprophase band 
formation and interact with centrin. Plant Cell 20, 2146–2159 
 
19 Whittington, A.T. et al. (2001) MOR1 is essential for organizing cortical microtubules in plants. 
Nature 411, 610–613 
 
20 Kawamura, E. et al. (2006) MICROTUBULE ORGANIZATION 1 regulates structure and function 
of microtubule arrays during mitosis and cytokinesis in the Arabidopsis root. Plant Physiol. 140, 102–
114 
 
21 Yasuhara, H. et al. (2002) TMBP200, a microtubule bundling polypeptide isolated from telophase 
tobacco BY-2 cells is a MOR1 homologue. Plant Cell Physiol. 43, 595–603 
 
22 Hamada, T. et al. (2004) Characterization of a 200 kDa microtubule-associated protein of tobacco 
BY-2 cells, a member of the XMAP215/MOR1 family. Plant Cell Physiol. 45, 1233–1242 
 
23 Kerssemakers, J.W. et al. (2006) Assembly dynamics of microtubules at molecular resolution. Nature 
442, 709–712 
 
24 Brouhard, G.J. et al. (2008) XMAP215 is a processive microtubule polymerase. Cell 132, 79–88 
 
25 Kawamura, E. and Wasteneys, G.O. (2008) MOR1, the Arabidopsis thaliana homologue of Xenopus 
MAP215, promotes rapid growth and shrinkage, and suppresses the pausing of microtubules in vivo. J. 
Cell Sci. 121, 4114–4123 
 
26 Mimori-Kiyosue, Y. et al. (2005) CLASP1 and CLASP2 bind to EB1 and regulate microtubule plus-
end dynamics at the cell cortex. J. Cell Biol. 168, 141–153 
 
27 Ambrose, J.C. et al. (2007) The Arabidopsis CLASP gene encodes a microtubule-associated protein 
involved in cell expansion and division. Plant Cell 19, 2763–2775 
 
28 Kirik, V. et al. (2007) CLASP localizes in two discrete patterns on cortical microtubules and is 
required for cell morphogenesis and cell division in Arabidopsis. J. Cell Sci. 120, 4416–4425 
 
29 Ambrose, J.C. and Wasteneys, G.O. (2008) CLASP modulates microtubule-cortex interaction during 
self-organization of acentrosomal microtubules. Mol. Biol. Cell 19, 4730–4737 
 
30 Smertenko, A.P. et al. (2004) The Arabidopsis microtubule-associated protein AtMAP65-1: 
molecular analysis of its microtubule bundling activity. Plant Cell 16, 2035–2047 
 
31 Chang, H.Y. et al. (2005) Dynamic interaction of NtMAP65-1a with microtubules in vivo. J. Cell 
Sci. 118, 3195–3201 



 16 

32 Gaillard, J. et al. (2008) Two microtubule-associated proteins of Arabidopsis MAP65s promote 
antiparallel microtubule bundling. Mol. Biol. Cell 19, 4534–4544 
 
33 Smertenko, A.P. et al. (2008) The C-Terminal Variable Region Specifies the Dynamic Properties of 
Arabidopsis Microtubule-Associated Protein MAP65 Isotypes. Plant Cell 
 
34 Chang-Jie, J. and Sonobe, S. (1993) Identification and preliminary characterization of a 65 kDa 
higher-plant microtubule-associated protein. J. Cell Sci. 105, 891–901 
 
35 Chan, J. et al. (1999) The 65-kDa carrot microtubule-associated protein forms regularly arranged 
filamentous cross-bridges between microtubules. Proc. Natl. Acad. Sci. USA 96, 14931–14936 
 
36 Vasquez, R.J. et al. (1999) Phosphorylation by CDK1 regulates XMAP215 function in vitro. Cell 
Motil. Cytoskeleton 43, 310–321 
 
37 Akhmanova, A. et al. (2001) Clasps are CLIP-115 and -170 associating proteins involved in the 
regional regulation of microtubule dynamics in motile fibroblasts. Cell 104, 923–935 
 
38 Wittmann, T. and Waterman-Storer, C.M. (2005) Spatial regulation of CLASP affinity for 
microtubules by Rac1 and GSK3beta in migrating epithelial cells. J. Cell Biol. 169, 929–939 
 
39 Mao, G. et al. (2005) Modulated targeting of GFP-AtMAP65-1 to central spindle microtubules 
during division. Plant J. 43, 469–478 
 
40 Sasabe, M. et al. (2006) Phosphorylation of NtMAP65-1 by a MAP kinase down-regulates its activity 
of microtubule bundling and stimulates progression of cytokinesis of tobacco cells. Genes Dev.  20, 
1004–1014 
 
41 Smertenko, A.P. et al. (2006) Control of the AtMAP65-1 interaction with microtubules through the 
cell cycle. J. Cell Sci. 119, 3227–3237 
 
42 Cleary, A.L. et al. (1992) Microtubule and F-actin dynamics at the division site in living 
Tradescantia stamen hair cells. J. Cell Sci. 103, 977–988 
 
43 Liu, B. and Palevitz, B.A. (1992) Organization of cortical microfilaments in dividing root cells. Cell 
Motil. Cytoskeleton 23, 252–264 
 
44 Hoshino, H. et al. (2003) Roles of actin-depleted zone and preprophase band in determining the 
division site of higher-plant cells, a tobacco BY-2 cell line expressing GFP-tubulin. Protoplasma 222, 
157–165 
 
45 Sano, T. et al. (2005) Appearance of actin microfilament 'twin peaks' in mitosis and their function in 
cell plate formation, as visualized in tobacco BY-2 cells expressing GFP-fimbrin. Plant J. 44, 595–605 
 
46 Panteris, E. (2008) Cortical actin filaments at the division site of mitotic plant cells: a reconsideration 
of the 'actin-depleted zone'. New Phytol. 179, 334-341 
 
47 Vanstraelen, M. et al. (2006) Cell cycle-dependent targeting of a kinesin at the plasma membrane 
demarcates the division site in plant cells. Curr. Biol. 16, 308–314 



 17 

48 Dhonukshe, P. et al. (2005) Microtubule plus-ends reveal essential links between intracellular 
polarization and localized modulation of endocytosis during division-plane establishment in plant cells. 
BMC Biol. 3, 11 
 
49 Karahara, I. et al. (2009) The preprophase band is a localized center of clathrin-mediated endocytosis 
in late prophase cells of the onion cotyledon epidermis. Plant J., in press. 
 
50 Cleary, A.L. and Smith, L.G. (1998) The Tangled1 gene is required for spatial control of cytoskeletal 
arrays associated with cell division during maize leaf development. Plant Cell 10, 1875–1888 
 
51 Smith, L.G. et al. (2001) Tangled1: a microtubule binding protein required for the spatial control of 
cytokinesis in maize. J. Cell Biol. 152, 231–236 
 
52 Walker, K.L. et al. (2007) Arabidopsis TANGLED identifies the division plane throughout mitosis 
and cytokinesis. Curr. Biol. 17, 1827–1836 
 
53 Sugiyama, N. et al. (2008) Large-scale phosphorylation mapping reveals the extent of tyrosine 
phosphorylation in Arabidopsis. Mol. Syst. Biol. 4, 193 
 
54 Xu, X.M. et al. (2008) RanGAP1 is a continuous marker of the Arabidopsis cell division plane. Proc. 
Natl. Acad. Sci. U.S.A. 105, 18637–18642 
 
55 Ciciarello, M. et al. (2007) Spatial control of mitosis by the GTPase Ran. Cell. Mol. Life Sci. 64, 
1891–1914 
 
56 Muller, S. et al. (2006) Two kinesins are involved in the spatial control of cytokinesis in Arabidopsis 
thaliana. Curr. Biol. 16, 888–894 
 
57 Lloyd, C.W. and Traas, J.A. (1988) The role of F-actin in determining the division plane of carrot 
suspension cells. Drug studies. Development 102, 211–221 
 
58 Valster, A.H. and Hepler, P.K. (1997) Caffeine inhibition of cytokinesis: effect on the phragmoplast 
cytoskeleton in living Tradescantia stamen hair cells. Protoplasma 196, 155–166 
 
59 Ahringer, J. (2003) Control of cell polarity and mitotic spindle positioning in animal cells. Curr. 
Opin. Cell Biol. 15, 73–81 
 
60 Thery, M. et al. (2005) The extracellular matrix guides the orientation of the cell division axis. Nat. 
Cell Biol. 7, 947–953 
 
61 Murthy, K. and Wadsworth, P. (2008) Dual role for microtubules in regulating cortical contractility 
during cytokinesis. J. Cell Sci. 121, 2350–2359 
 
62 Gunning, B.E.S. and Wick, S.M. (1985) Preprophase bands, phragmoplasts, and spatial control of 
cytokinesis. J. Cell Sci. Suppl. 2, 157–179 
 
63 Mineyuki, Y. and Gunning, B.E.S. (1990) A role for preprophase bands of microtubules in 
maturation of new cell walls, and a general proposal on the function of preprophase band sites in cell 
division in higher plants. J. Cell Sci. 97, 527–537 



 18 

64 Buschmann, H. et al. (2006) Microtubule-associated AIR9 recognizes the cortical division site at 
preprophase and cell-plate insertion. Curr. Biol. 16, 1938–1943 
 
65 Van Damme, D. et al. (2006) Somatic cytokinesis and pollen maturation in Arabidopsis depend on 
TPLATE, which has domains similar to coat proteins. Plant Cell 18, 3502–3518 
 
66 McMahon, H.T. and Mills, I.G. (2004) COP and clathrin-coated vesicle budding: different pathways, 
common approaches. Curr. Opin. Cell Biol. 16, 379–391 
 
67 Hall, Q. and Cannon, M.C. (2002) The cell wall hydroxyproline-rich glycoprotein RSH is essential 
for normal embryo development in Arabidopsis. Plant Cell 14, 1161–1172 
 
68 Balasubramanian, M.K. et al. (2004) Comparative analysis of cytokinesis in budding yeast, fission 
yeast and animal cells. Curr. Biol. 14, R806–18 
 
69 Barr, F.A. and Gruneberg, U. (2007) Cytokinesis: placing and making the final cut. Cell 131, 847–
860 
 
70 Gray, D. et al. (2004) First cleavage of the mouse embryo responds to change in egg shape at 
fertilization. Curr. Biol. 14, 397–405 
 
71 Eggert, U.S. et al. (2006) Animal cytokinesis: from parts list to mechanisms. Annu. Rev. Biochem. 
75, 543–566 
 
72 Huang, Y. et al. (2007) Polarity determinants Tea1p, Tea4p, and Pom1p inhibit division-septum 
assembly at cell ends in fission yeast. Dev. Cell 12, 987–996 
 
73 Celton-Morizur, S. et al. (2006) Pom1 kinase links division plane position to cell polarity by 
regulating Mid1p cortical distribution. J. Cell Sci. 119, 4710–4718 
 
74 Padte, N.N. et al. (2006) The cell-end factor pom1p inhibits mid1p in specification of the cell 
division plane in fission yeast. Curr. Biol. 16, 2480–2487 
 
75 Pollard, T.D. (2008) Progress towards understanding the mechanism of cytokinesis in fission yeast. 
Biochem. Soc. Trans. 36, 425–430 
 
76 Bloom, K. (2001) Nuclear migration: cortical anchors for cytoplasmic dynein. Curr. Biol. 11, R326–9 
 
77 Huisman, S.M. and Segal, M. (2005) Cortical capture of microtubules and spindle polarity in budding 
yeast - where's the catch? J. Cell Sci. 118, 463–471 
 
78 Murata, T. and Wada, M. (1991) Effects of centrifugation on preprophase-band formation in 
Adiantum protonemata. Planta 183, 391–398 
 
79 Burgess, J. and Northcote, D.H. (1968) The relationship between the endoplasmic reticulum and 
microtubular aggregation and disaggregation. Planta 80, 1–14 
 
80 Pickett-Heaps, J.D. (1969) Preprophase microtubules and stomatal differentation; Some effects of 
centrifugation on symmetrical and asymmetrical cell division. J. Ultrastruct. Res. 27, 24–44 



 19 

81 Galatis, B. et al. (1984) Experimental studies on the function of the cortical cytoplasmic zone of the 
preprophase microtubule band. Protoplasma 122, 11–26 
 
82 Shaw, S.L. et al. (2003) Sustained microtubule treadmilling in Arabidopsis cortical arrays. Science 
300, 1715–1718 
 
83 Murata, T. et al. (2005) Microtubule-dependent microtubule nucleation based on recruitment of 
gamma-tubulin in higher plants. Nat. Cell Biol. 7, 961–968 
 
84 Chan, J. et al. (2003) EB1 reveals mobile microtubule nucleation sites in Arabidopsis.  Nat. Cell Biol.  
5, 967–971 
 
85 Binarova, P. et al. (2006) Gamma-tubulin is essential for acentrosomal microtubule nucleation and 
coordination of late mitotic events in Arabidopsis. Plant Cell 18, 1199–1212 
 
86 Pastuglia, M. et al. (2006) Gamma-tubulin is essential for microtubule organization and development 
in Arabidopsis. Plant Cell 18, 1412–1425 
 
87 Joshi, H.C. and Palevitz, B.A. (1996) Gamma-yubulin and microtubule organization in plants. Trends 
Cell Biol. 6, 41–44 
 
88 Ehrhardt, D.W. (2008) Straighten up and fly right: microtubule dynamics and organization of non-
centrosomal arrays in higher plants. Curr. Opin. Cell Biol. 20, 107–116 
 
89 Wasteneys, G.O. and Ambrose, J.C. (2009) Spatial organization of plant cortical microtubules: close 
encounters of the 2D kind. Trends Cell Biol., in press 
 
90 Dixit, R. and Cyr, R. (2004) Encounters between dynamic cortical microtubules promote ordering of 
the cortical array through angle-dependent modifications of microtubule behavior. Plant Cell 16, 3274–
3284 
 


