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Abstract 

The cell wall is an integral and dynamic structure surrounding plant cells, involved in 

plant growth and development. During cytokinesis, cell plate formation takes place, via fusion 

of cytokinetic vesicles, that after membrane transformation and deposition of polysaccharides 

transitions to a new cross wall. Callose, a β(1,3) glucan polysaccharide, is transiently 

deposited at the cell plate during this fundamental process. Callose deposition is thought to 

play a vital role in stabilizing the cell plate and contributing to a spreading force during cell 

plate expansion. 

Cytokinesis-specific callose synthases are recalcitrant to study by genetic means, 

because null mutations in the corresponding genes cause lethality. Additionally, limitations in 

live cell imaging of polysaccharides add to the difficulties in elucidating the biological role 

and regulation of callose biosynthesis at the cell plate. 
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To overcome these challenges, I have taken a multidisciplinary approach. To better understand 

the transition from a vesicular network to a fenestrated sheet and finally a mature cell plate, we 

implemented a modeling approach, adopting the Helfrich energy that examines the elastic 

properties of lipid bilayers. Our model predicts the requirement of a spreading/stabilizing force 

for cell plate expansion and maturation. The transient accumulation of callose, coinciding with 

the predicted cell plate stages requiring this spreading force, are consistent with the proposed 

model. Furthermore, we used a specific cytokinetic callose inhibitor, Endosidin7 (ES7), to 

dissect the role of callose. ES7 does not inhibit wound or stress-induced callose deposition; 

however, it specifically causes failure in cell plate expansion and maturation, indicating that 

callose is a contributor to the stabilizing or spreading force as predicted by our model. 

We further used advanced light microscopic techniques to explore cell plate dynamics. I 

studied cell plate development across four dimensions using a cytokinesis-specific GTPase 

YFP-RABA2a as a vesicle marker. With the aid of a robust cell plate volume analysis pipeline, I 

identified three easily trackable cell plate developmental phases that can be interrogated to study 

cell plate development. Inhibition of callose through ES7 suppressed phase transitions, 

establishing a critical role and timing of polysaccharide deposition in cell plate expansion and 

maturation. 

Using this suite of interdisciplinary techniques, we contributed to breaking apart the 

molecular black box surrounding callose deposition during cytokinesis. 
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Chapter 1. Introduction 

In this chapter an overview of plant cytokinesis, membrane transitions and polysaccharide 

delivery during cell plate development is discussed, along with key molecular mechanisms 

involved in stage transitions. This summary is accompanied by an animation of plant cytokinesis 

for educational use. Additionally, the chapter delves into the contribution of various emerging 

technologies to our understanding of cell plate formation, while also addressing remaining 

questions and offering future perspectives on this fundamental process. The chapter is published 

in the form of one manuscript and a book chapter as cited below. 

Cytokinesis and the formation of a new cell wall. 
Sinclair, R., Chang, M., & Drakakaki, G. (2023). Plant Cell Walls, 482–503. 
https://doi.org/10.1201/9781003178309-25 

Plant cytokinesis and the construction of new cell wall 
Sinclair, R., Hsu, G., Davis, D., Chang, M., Rosquete, M., Iwasa, J.H. and Drakakaki, G. (2022), 
Plant cytokinesis and the construction of new cell wall. FEBS Lett, 596: 2243- DOI: 
10.1002/1873-3468.14426 
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Cytokinesis and the Formation 
of a New Cell Wall

Rosalie Sinclair, Mingqin Chang, and Georgia Drakakaki
University of California Davis

PLANT CYTOKINESIS, A UNIQUE 
AND FUNDAMENTAL PROCESS

Eduard Strasburger, one of the founders of modern plant 
cell biology and director of the Botany Institute and the 
Botanical Garden at the University of Bonn from 1881 to 
1912, first elucidated the principles of plant cytokinesis. 
Early in his career, Strasburger characterised and named the 
distinct stages of mitosis. Using the green algae Cladophora 
glomerata, due to its large cell size, Strasburger illuminated 
the differences between plant and animal cytokinesis in his 
book Über Zellbildung und Zelltheilung (1876; “On Cell 
Formation and Cell Division”). While cytokinesis in vacu-
olated cells has been described since the 1940s with the 
description of a phragmosome (Sinnott and Bloch 1940), 
the formation of the cell plate was first illustrated at the 
ultrastructural level in the 1960s (Hepler and Newcomb 
1967). For several decades, major discoveries were based 
on microscopy techniques followed by in-depth molecular 
analyses towards the end of the 20th century.

Cytokinesis is the final step in cell division, in which the 
cytoplasm of two newly formed daughter cells separates. 
Regulated cell division along with coordination of cell 
expansion is essential for plant development and cell shape 
determination (Rasmussen and Bellinger 2018; Sablowski 
and Gutierrez 2022; Yi and Goshima 2022). Plant cytokine-
sis is a fundamental process of plant life that is distinct from 
animal cytokinesis, which occurs through the formation of 
a cleavage furrow. Plant cells separate through the centrifu-
gal formation of a cell plate that grows outwards and devel-
ops into the new cell wall, partitioning the cytoplasm of the 
dividing cell starting from the centre of the cell.

Cell plate formation is a tightly regulated process of cho-
reographed vesicle delivery via the phragmoplast, followed 
by vesicle fusion and membrane transformation, which 
occurs concurrently with the time-specific deposition of 
polysaccharides (Drakakaki 2015; Smertenko et  al. 2017; 
Sinclair et al. 2022). In plant cytokinesis, a phragmoplast 
structure serves as a scaffold for the assembly of the cell 
plate. In contrast, during animal cytokinesis, an actomyo-
sin contractile ring is formed to separate the two daughter 
cells. Furthermore, while animal cytokinesis is character-
ised by the formation of a cleavage furrow inwards from 
the cell periphery, in plants, the construction of a cell plate 
begins from the centre of the dividing cell at the division 

plane, expanding centrifugally outwards until fused with 
the parental cell wall.

Despite their stark differences, during late cytokine-
sis the midzone/midbody in animal cells (Glotzer 2005) 
shares some features with the plant phragmoplast/cell plate 
(Otegui et al. 2005). Membrane delivery is required for both 
the growth of the midbody in animal cytokinesis and cell 
plate formation in plants. While the midbody fills a remain-
ing gap in the ingrowing furrow (Glotzer 2005; Steigemann 
and Gerlich 2009) and the plant cell plate expands radi-
ally, both structures ultimately enable the separation of 
the two daughter cells (Jürgens 2005; Otegui et al. 2005). 
How these structures have evolved to fulfil their specific 
functions (Farmer and Prekeris 2022) in different types of 
eukaryotic cells remains unknown.

This chapter provides an overview of plant cytokinesis, 
focusing on cell plate development, by first describing the 
different stages and the overall progression from the point 
of view of both the prevailing membrane and cytoskeletal 
arrays, as informed by different microscopy techniques. 
Cytoskeletal arrangement, followed by molecular com-
ponents of the endomembrane system and polysaccharide 
deposition that together contribute to the formation of the 
cell plate and the new cell wall are discussed. The contri-
bution of technological advances to our current knowledge 
in cell plate development is emphasised along with current 
limitations and emerging technologies that can be used to 
further decipher the mysteries of this fundamental aspect 
of plant life.

CELL PLATE FORMATION: A 
MULTISTAGE DYNAMIC PROCESS

Electron microscopy was a major tool that contributed to 
advancing our understanding of the details of plant cyto-
kinesis (Pickett-Heaps and Northcote 1966; Hepler and 
Newcomb 1967; Palevitz and Hepler 1974; Gunning et al. 
1978). It allowed for the discovery of several aspects of 
phragmoplast development and cell plate orientation. 
During the mid-1990s, the Staehelin group used high pres-
sure freezing (HPF) freeze substitution (Samuels et  al. 
1995) along with electron tomography to capture details 
on both cytoskeletal and membrane conformations in 
three dimensions thus informing models of cell plate 

25
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formation (Otegui et al. 2001; Segui-Simarro et al. 2004). 
Fluorescence microscopy using labelled tubulin provided 
early insights into microtubule polymerisation and translo-
cation of the expanding phragmoplast (Asada et al. 1991). 
The development of fluorescence and confocal laser scan-
ning microscopy, along with the generation of distinct 
markers for membrane and cytoskeleton components, 
allowed for a dynamic illustration of the process (reviewed 
in Lee and Liu 2013; McMichael et al. 2013; Boruc and Van 
Damme 2015; Jurgens et  al. 2015; Smertenko et  al. 2017, 
2018; Buschmann and Müller 2019; Sinclair et  al. 2022). 
The Nicotiana tabacum Bright-Yellow-2 (BY-2) cell culture 
system has been an excellent tool to observe larger cells and 
synchronisation of the cell cycle (Kakimoto and Shibaoka 
1989; Samuels et al. 1995; Kumagai-Sano et al. 2006). In 
summary, cell plate development has been described in 
the literature through two perspectives: first, cytokinesis 
can be staged based on cytoskeletal development, which 
mainly focuses on the microtubule array; and the second 
is based on the membrane conformations of the cell plate 
structure during cell plate development, characterised by 

four developmental stages that can exist simultaneously in 
different areas of a given cell plate.

Here, we will discuss centrifugal growth of the cell plate 
primarily through morphological changes of the membrane 
with reference to the corresponding cytoskeletal confor-
mations (Figures 25.1 and 25.2). We should note that mor-
phological changes of the membrane have been primarily 
defined using electron microscopy, while the cytoskeletal 
and overall phragmoplast conformations illustrated in the 
figures have been described using fluorescence imaging; 
hence, there are differences in the spatial resolution of the 
experimental data underlying these concepts.

CentriFugal groWth oF the Cell Plate

During plant cytokinesis, a specialised structure known as the 
phragmoplast delivers cytokinetic vesicles to the ribosome-
excluding cell plate assembly matrix (CPAM). The phrag-
moplast originates from microtubules of the central spindle 
that separates the chromosomes (Euteneuer and McIntosh 
1980; Lee et al. 2001). The microtubules orient with plus ends 

(a) (b)

(c) (d)

FIGURE 25.1 Cell plate assembly occurs centrifugally in multiple stages. (A) During the fusion of the Golgi-derived vesicle stage 
(FVS) (I), cytokinetic vesicles guided by the phragmoplast accumulate at the centre of the dividing cell, at the cell plate assembly 
matrix (CPAM), where fusion starts to occur. (B) Vesicles undergo fusion and fission and conformational changes, resulting in the tubu-
lar-vesicular network (TVN) (Stage II). (C) Interconnected membrane structures transition to a tubular network (TN) (Stage III). The 
membrane network further expands to a continuous planar fenestrated sheet (PFS) (Stage IV). (D) Deposition of additional polysac-
charides facilitates transition to a new cell wall, separating the two daughter cells. Note that different stages can occur simultaneously; 
structures are not to scale. This simplified representation emphasises cell plate membranes. Note that many subcellular compartments 
are omitted for simplicity and that the location of the nucleus is not exact. For a more accurate representation, see Videos S1, S2 in 
Sinclair et al. (2022). CP, Cell Plate; MT, Microtubules; G, Golgi; N, Nucleus.
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towards the division plane maintaining the same orientation 
as the spindle; the two arrays are on either side of the divi-
sion plane that was previously established by the preprophase 
band (PPB) (Lloyd and Buschmann 2007; Schaefer et  al. 
2017). These microtubules run in a similar orientation to actin 
microfilaments (Kakimoto and Shibaoka 1987; Palevitz 1987; 
Traas et al. 1987; Schmit and Lambert 1990).

During the early stages, polymerisation and alignment 
of microtubules shape the phragmoplast into a disk, facil-
itating the delivery of vesicles at the cell division plane. 
When vesicles reach the division plane, they immediately 
start to fuse together, forming dumbbell and hourglass-
shaped conformations with tubular connections (Figures 
25.1 and 25.3). The tubulated vesicles continue to morph 
into a network and transition to a smooth yet wavy mem-
brane disk. Cell plate expansion is radial with a small 
diameter disk eventually expanding across the entire plane 
of division (Samuels et al. 1995). The microtubules depo-
lymerise at regions where vesicles have already formed a 

smooth network at the centre, while they continue to poly-
merise at the edge of the cell plate (Murata et al. 2013) to 
form a microtubular ring. This ring continues to expand 
and grow along the direction of cell plate expansion. This 
is known as a ring stage phragmoplast (Figures 25.2B, C 
and D). Thus, the cell plate itself contains a gradient of 
stages ranging from mature at the cell plate centre to newly 
accumulated membranes at the leading edge. As portions 
of the cell plate reach the parental cell wall, they disturb 
the ring conformation, resulting in a discontinuous ring. 
This stage is known as a discontinuous ring phragmoplast 
(Figure  25.2E). In vacuolate shoot cells, instead of sym-
metrical cell plate expansion, polarised cytokinesis has 
been observed, in which the cell plate initially anchors on 
one side of the cell, followed by growth of the cell plate 
that ultimately joins the opposite site (Cutler and Ehrhardt 
2002). This type of cell plate growth is proposed to provide 
mechanical support during the building of the cell wall in 
large cells (Cutler and Ehrhardt 2002).

Cell plate Cell plate fusion sitePhragmoplast

Side view Top view

DiskFusion of Golgi-
derived vesicles

Tubular network

Planar fenestrated
sheet

Planar fenestrated
sheet

Ring

Ring

Ring

Discontinuous

(a)

(b)

(c)

(d)

(e)

Tubular-vesicular
network

FIGURE 25.2 Schematic representation of the cell plate development through two perspectives. Cell plate assembly occurs centrifu-
gally in simultaneously occurring stages termed by the mature state of the centre-most material. On the left, a view of membrane fusion 
staging nomenclature; on the right, a two-dimensional phragmoplast at the stages shown as the top view of the corresponding cell plate. 
(A) During the FVS stage, cytokinetic vesicles guided by the phragmoplast accumulate at the centre of the dividing cell, at the CPAM,
where fusion starts to occur. This represents a disk-like tight bundling of the phragmoplast microtubules. (B) Vesicles undergo fusion
and fission and conformational changes resulting in tubular-vesicular network (TVN). The phragmoplast continues to expand with the
membrane material and shows a ring conformation. (C) Interconnected membrane structures transition to a tubular network (TN). The
ring phragmoplast persists. The membrane network further expands to a continuous PFS (D). The microtubules begin to depolymerise
in the centre but do not disperse until a connection to the parental cell wall is formed in (E), where they change to a discontinuous
conformation. Occasionally, the cell plate connects unevenly to the parental cell wall, causing a discontinuous phragmoplast, while the 
remaining end continues to mature until it fuses to the parental cell wall completing cytokinesis (E).
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desCriPtion oF Cell Plate develoPmental 
stages based on membrane ConFormations

Despite the dynamic nature of cell plate development, elec-
tron microscopy of high pressure cryofixed cells has been 
the preferred method for the characterisation of vesicle 
fusion and membrane transition due to the excellent sam-
ple preservation and spatial resolution that the method can 
provide. Electron micrographs allowed for 2D resolution 
of the cell plate and established foundational models using 
synchronised BY-2 cells (Samuels et al. 1995). The models 
were refined with the advancement of this technique into 
high resolution electron tomography, with 3D renderings of 
2D tilt series images of serial sections that covered a large 
area of the cell plate. Montaged frame images could cover 
approximately a 4.5 × 4.5-μm cell plate area, at a nanometre
resolution (Otegui et al. 2001; Segui-Simarro et al. 2004). 
This enabled a deeper understanding of the structure of 
vesicle fusion and transitions of membrane conformations 
during cell plate development, while overcoming the limi-
tation posed by artefacts caused by conventional chemical 
fixation. Based on these excellent studies, we know that dis-
tinct membrane transition stages can exist simultaneously.

During the initial fusion of Golgi-derived vesicles stage 
(FVS), vesicular fusion and fission events start with the 
delivery of cytokinetic vesicles via phragmoplast microtu-
bules. Upon vesicle fusion and fission, dumbbell structures 
are formed. The morphology of the cell plate membrane 
changes as more vesicle materials are added (Samuels et al. 
1995; Segui-Simarro et al. 2004). Cytokinetic vesicles reg-
ulated by GTPases, such as RABA2a (Chow et al. 2008), 
are fused via the activity of SNARE complexes. A key 
cytokinetic-specific SNARE is KNOLLE, which was first 

discovered in 1997 (Lauber et  al. 1997). Tethering com-
plexes also assist in this process (Rybak et  al. 2014). For 
details, see below and Figures 25.1A and 25.2.

The morphology of the cell plate membrane changes as 
more membrane materials are added to the initial cell plate, 
which transitions to a tubular-vesicular network (TVN) 
stage. As the vesicles fuse, they tubulate largely due to the 
activity of dynamin-related proteins (Otegui et  al. 2001; 
Segui-Simarro et al. 2004; Konopka and Bednarek 2008). 
The dynamin springs wrap around the necks of fused vesi-
cles, leading to both fission and tubulation, by stretching the 
vesicle membranes into long tubes, hourglass, and dumb-
bell conformations to create a membrane network (Otegui 
et  al. 2001; Segui-Simarro et  al. 2004) Figure 25.3. The 
membrane conformation at this stage is uneven with rough 
tubulations. The deposition of the polysaccharide callose is 
reported to begin at this stage (Samuels et al. 1995). Other 
cell wall polysaccharides, delivered via Golgi-derived 
 vesicles, including hemicellulose and pectin, are suggested 
to be deposited in small amounts at this stage (Samuels 
et al. 1995; Drakakaki 2015) (Figure 25.1B).

Further morphological membrane changes occur that 
transition the TVN into a smoother membrane while still 
maintaining the tubular connectivity known as the tubular 
network (TN) stage (Samuels et al. 1995). The membrane 
network now encloses a large lumen where polysaccharides 
can be deposited. Callose is prominently deposited at this 
stage, while cellulose deposits at a later stage (Samuels et al. 
1995). Clathrin-coated vesicles (CCVs) recycle excess cell 
plate materials from the maturing cell plate and allow the 
cell plate to begin to thin into a smoother structure (Segui-
Simarro et al. 2004) (Figure 25.1C).

FIGURE 25.3 Cell plate membrane transitions from vesicles to planar fenestrated sheet (PFS). During the early stages of cell plate 
assembly, delivery of cytokinetic vesicles, regulated by molecular switches, such as RAB GTPases, undergo initial fusion and fission. 
Vesicle fusion is assisted by tethering complexes and SNAREs (A). The Dynamin DRPC1 wraps around the necks of fused vesicles and 
causes fission and tubulation (B). Tubular vesicular stretching is accomplished by dynamin rings assembled around the vesicles creating 
dumbbell-like structures (C) that increase in complexity as more membrane is added and transitions to the tubular-vesicular network 
(TVN) stage (D). With the presence of a spreading force, TVN transitions to the PFS (E). Schematic description of vesicle fusion is adapted 
from data collected using electron microscopy (Samuels et al., 1995; Segui-Simarro et al. 2004). Scale bars 50 nm (A) to (D) 0.25 µm (E).
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As the cell plate nears full maturation at the planar 
fenestrated sheet (PFS) stage, a plasma membrane (PM) 
sheet with small pits can now be seen. These pits origi-
nated from the large cavities of the TN and will shrink with 
membrane expansion (Samuels et al. 1995; Segui-Simarro 
et al. 2004). It is thought that most pits are closed, but some 
remain open for plasmodesmata development and con-
tain strands of endoplasmic reticulum (ER) (Hepler 1982; 
Segui-Simarro et al. 2004) (Figure 25.1D).

Though it is not considered a stage of cell plate matura-
tion, cell plate fusion with the parental cell wall and PM 
is followed by flattening of the cell plate and is an impor-
tant process to finalise cytokinesis (Mineyuki and Gunning 
1990). Membrane “finger-like fusion tubes” extend from 
the cell plate to meet the parental cell wall (Samuels et al. 
1995). Notably, callose has been observed at the junction of 
the cell plate and the parental cell wall (Samuels et al. 1995). 
A recently developed animation provides an overview of 
plant cytokinesis (Videos S1, S2 in Sinclair et al. 2022).

MOLECULAR COMPONENTS INVOLVED IN 
CYTOKINESIS AND CELL PLATE DEVELOPMENT

As outlined above, cytokinesis and the formation of the cell 
plate is a dynamic process requiring the coordination of 
the cytoskeleton, endomembrane trafficking, polysaccha-
ride deposition, and assembly into a new cell wall (Sinclair 
et al. 2022). At the turn of the century, technology allowed 
for the sequencing of different genomes, starting with the 
model plant Arabidopsis (Meinke et al. 1998; Tabata et al. 
2000). Further, confocal microscopy became a routine tool 
for analysis in plants, allowing for live imaging of events 
using both fluorescent markers and dyes (Livanos et  al. 
2017; Komis et al. 2018). The development of molecular and 
genetic tools enabled the study of gene function in mutants 
using either loss or gain of function phenotypes and contex-
tualised the subcellular behaviour of cytokinetic markers 
(Cheung et al. 2022), providing a better handle on the func-
tional analysis of the studied molecular components and 
their role in cytokinesis (McMichael and Bednarek 2013; 
Boruc and Van Damme 2015; Smertenko et  al. 2017; Gu 
and Rasmussen 2022). The sections below briefly explore 
selected, well-studied critical components of this process 
and emphasise plant endomembranes and polysaccharide 
deposition during cytokinesis (Figure 25.4).

CytosKeleton and division-Plane orientation

Division-plane determination controls the cellular pat-
terns created in meristems that will ultimately shape plant 
development. During cytokinesis, the cytoskeleton is the 
backbone of the phragmoplast, a multicomponent machin-
ery that facilitates the construction of the cell plate from 
membranes and oligosaccharides (Lee and Liu 2013; 
Smertenko 2018). For details on cytoskeletal and divi-
sion-plane orientation, we refer readers to these excellent 
reviews (Rasmussen and Bellinger 2018; Smertenko 2018; 

Smertenko et al. 2018; Buschmann and Müller 2019; Lee 
and Liu 2019; Müller 2019; Gu and Rasmussen 2022). The 
cytoskeleton is the primary system on which the vesicles 
are delivered to the CPAM. This requires the coordination 
of microtubules, microfilaments, microtubule-associated 
proteins (MAPs), and actin binding proteins (ABPs) includ-
ing kinesin and myosin motor proteins.

The involvement of the cytoskeleton in cytokinesis 
begins much earlier than the establishment of the phragmo-
plast. The cell division-plane and phragmoplast orientation 
are determined by the PPB early in the G2 stage of mitosis 
(Wick and Duniec 1983; Wick and Duniec 1984; Mineyuki 
et al. 1988). The PPB consists of a cortical ring of micro-
tubules, actin filaments, cytoskeleton-interacting proteins, 
and other components that underlie the cortical division 
zone (CDZ), which is disassembled during prometaphase 
(Wick and Duniec 1983, 1984). The PPB deposits landmark 
proteins, aiding in the determination of the CDZ, which 
supports the alignment of the phragmoplast. The phrag-
moplast builds upon the remaining mitotic spindle in the 
centre of the division plane and expands towards the cell 
cortex during cytokinesis (Lee and Liu 2013; Smertenko 
2018). Early ancestors of land plants did not divide through 
the PPB/phragmoplast system, suggesting that during the 
course of evolution the PPB and phragmoplast were gradu-
ally modified (Buschmann and Zachgo 2016). One hypoth-
esis is that instead of a fully developed PPB, a few cortical 
microtubules are sufficient to establish a CDZ (Buschmann 
and Müller 2019). The enigmatic role of PPB is an active 
area of research awaiting future discoveries. Several criti-
cal proteins for phragmoplast positioning accumulate at 
the division site prior to phragmoplast cell cortex interac-
tion (Rasmussen and Bellinger 2018). One of the earliest 
discovered proteins associated with the cortical division 
plane is TANGLED1 (TAN1), a microtubule-cross-linking 
protein regulating phragmoplast positioning (Smith et  al. 
1996; Cleary and Smith 1998; Smith et al. 2001; Martinez 
et al. 2020). Confocal fluorescence microscopy allowed for 
the understanding that AtTAN1 remains behind at the divi-
sion site after the PBB is disassembled, providing cortical 
guidance cues for the phragmoplast (Walker et  al. 2007). 
During telophase, TAN1 along with other division site asso-
ciated proteins, may organise the cortical microtubule array, 
which is then incorporated into the phragmoplast and guides 
it to the division site (Bellinger et al. 2021). In Arabidopsis, 
mutations in TAN1 display aberrant phenotypes caused 
by division-plane defects and short roots but only when 
combined with mutants of AUXIN INDUCED IN ROOT 
CULTURES9 (AIR9), a microtubule binding protein accu-
mulating at the division site and capable of associating with 
the PPB memory (Buschmann et al. 2006; Mir et al. 2018).

Additionally, the kinesin12-related proteins Phragmoplast 
Orienting Kinesins (POKs), POK1 and POK2, core members 
of division-plane orientation, localise to both the phragmo-
plast midline and the division site and are involved in phrag-
moplast positioning. Their function can be dependent on the 
other core member TAN1 (Lipka et al. 2014; Martinez et al. 
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2017; Herrmann et al. 2018; Buschmann and Müller 2019; 
Gu and Rasmussen 2022; Mills et  al. 2022). Absence of 
POKs leads to phragmoplast guidance defects and abnormal 
cell plate insertion that deviates from the positions marked 
by PBB (Müller et al. 2006; Lipka et al. 2014; Martinez et al. 
2017). The affinity of POKs with MAP65-3/PLE that cross-
links interdigitating microtubules and other members of the 
Microtubule-associated protein 65 (MAP65) family sug-
gests that such potential interactions regulate phragmoplast 
guidance and balance phragmoplast organisation (Ho et al. 
2011; Herrmann et al. 2018; Buschmann and Müller 2019; 
Müller 2019). Three IQ67 DOMAIN (IQD) proteins physi-
cally interact with POKs and PHGAPs, likely providing a 
scaffold for division-plane maintenance (Kumari et al. 2021) 
(Figure 25.4).

During cytokinesis, microtubules in the phragmoplast 
transition through the disk, ring, and discontinuous ring 
conformation by the addition of new microtubules nucle-
ating on the leading edge of the phragmoplast. The plant 
gamma–tubulin ring complex nucleates microtubules 
on the sides of extant microtubules and is a necessary 
component for microtubule recruitment and phragmo-
plast organisation during cell plate formation (Nakamura 
et al. 2010; Ho et al. 2011; Hotta et al. 2012). When cells 
enter mitosis, the nuclear envelope serves as a micro-
tubule nucleation site on the surface (Wick and Duniec 
1983), with the gamma–tubulin ring complex marking 
sites where microtubules emanate. Notably, the nuclear 
envelope also generates new microtubules towards the 
end of the cell division cycle (Hasezawa et  al. 1991). 
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FIGURE 25.4 Conceptual model of plant cytokinesis with a focus on cytoskeletal elements. (A) Key components of the cell cortex 
underlying the phragmoplast, membrane, and cell wall structures that form the cell plate (teal) from left to right maturation. (B) Pectin 
and hemicellulose are synthesised in the Golgi and are transported via cytokinetic vesicles along microtubules in a spatiotemporally 
regulated manner to the plasma membrane, supporting the construction and assembly of the cell plate.
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MAP65 isoforms cross-link anti-parallel microtubules in 
the phragmoplast midzone, thereby stabilising the phrag-
moplast structure. Their loss of function displays wider 
midzones and cytokinetic defects (Smertenko et al. 2000; 
Hussey et  al. 2002; Müller et  al. 2004, 2019; Ho et  al. 
2011; Kosetsu et al. 2013; Smertenko et al. 2018).

Phragmoplast function is regulated via signalling path-
ways that involve different kinases and their interactions 
with downstream targets. Among those, the MAPK cascade 
is the best characterised (Smertenko et al. 2018). The turn-
over of the phragmoplast microtubules can be controlled 
by the kinesin-like protein NACK1 (Sasabe et  al. 2015). 
This motor protein functions in a MAP kinase signalling 
pathway, regulating phragmoplast expansion by controlling 
the depolymerisation of microtubules (Nishihama et  al. 
2001, 2002). Further, the microtubule-severing complex 
KATANIN and its interactors function in phragmoplast 
organisation and expansion (Sasaki et  al. 2019; Panteris 
et al. 2021) (Figure 25.4A).

Kinesins are motor proteins that primarily bind to 
microtubules but have also been shown to associate with 
actin (Klotz and Nick 2012; Tian et al. 2015). They are criti-
cal factors in spindle assembly (Liu and Lee 2022) and are 
responsible for vesicle and organelle transport (Nebenführ 
and Dixit 2018). During cytokinesis, kinesins direct Golgi-
derived vesicles towards the developing cell plate; however, 
which kinesins are responsible remains elusive. Both plus 
and minus end-directed kinesins have been implemented in 
cytokinesis (Nebenfuhr and Dixit 2018). It is proposed that 
a number of kinesins play a fundamental and non-redun-
dant role in cytokinesis and phragmoplast positioning, 
demonstrating the complexity of cell plate formation (Gu 
and Rasmussen 2022). This remains a rich area of research 
requiring attention and unique adaptation of tools to eluci-
date cargo delivery, phragmoplast signalling, organisation, 
and dynamics.

Regulated cell division contributes to the formation of 
the entire plant body. While the majority of divisions are 
symmetrical, asymmetrical cell divisions contribute to the 
development of new cell types (Rasmussen and Bellinger 
2018). The orientation of the cell plate has been stud-
ied from a cell geometrical perspective since the 1800s 
(Hofmeister 1863; Sachs 1878; Errera 1886) and has been 
recently revisited (Besson and Dumais 2014; Martinez 
et  al. 2018; Rasmussen and Bellinger 2018). Geometric 
properties can be used to generate predictions of cell plate 
orientation (Martinez et al. 2018) from a set of minimal 
area configurations (Errera 1886). However, simple geom-
etry is likely not the only contributing factor, as local trig-
gers or environmental stresses, such as wounding, can 
alter division-plane orientation (Rasmussen and Bellinger 
2018). Continuing studies in mutants with cell division 
orientation defects, such as tan1 (Martinez et  al., 2017), 
can put the current models to test and uncover the interac-
tion between molecular factors and stochasticity in cell 
plate orientation.

endomembrane ComPonents

The plant endomembrane system coordinates the pro-
duction and delivery of membrane and secretory cargo 
required for cell plate formation; it also coordinates the 
recycling of excess materials. The conventional secre-
tory pathway—ER–Golgi–trans-Golgi Network (TGN)–
PM—is the dominant cytokinetic vesicle pathway; 
however, endocytic pathways also contribute to cell plate 
formation (Richter et  al. 2014). Delivery of cytokinetic 
vesicles is highly regulated and involves RAB GTPases 
and tethering complexes, bringing the cytokinetic vesicles 
in close proximity to the target membrane at the cell plate, 
while vesicle fusion is facilitated by other complexes 
(Figure 25.3A-C). Of RAB GTPases, the RABA clade 
is well-studied in plant cytokinesis, although a complete 
roadmap of GTPases is yet to be elucidated. RABA2 and 
RABA3 are implicated in the delivery and incorpora-
tion of new membrane material to the cell plate based on 
their localisation at the leading edge (Chow et al. 2008), 
which is persistent through cell plate development (Park 
et  al. 2014). During cytokinesis, RABA2a and RABA1e 
are likely associated with different vesicle populations, as 
demonstrated by their behaviour under treatment with the 
inhibitor of cytokinesis-specific callose Endosidin7 (ES7; 
Davis et  al. 2016). In addition to RABAs, RABEs also 
show cell plate localisation and interact with the Stomatal 
Cytokinesis-Defective (SCD) complex that regulates traf-
ficking at the cell plate (Speth et al. 2009; Ahn et al. 2013; 
Mayers et al. 2017).

The late-secretory ADP-ribosylation factor gua-
nine-nucleotide exchange factors ARF GEFs (BIG1–4) 
regulate trafficking of newly synthesised proteins and 
endocytosed cargo from the TGN/EE to the forming cell 
plate (Richter et  al. 2014). Transport Protein Particle 
(TRAPP) tethering complexes act as GEFs (Jones et al. 
2000; Wang et  al. 2000; Pinar et  al. 2015). TRAPPII 
acts upstream of RABA1c to facilitate the membrane 
trafficking from TGN to the cell plate (Qi et  al. 2011). 
Recent extensive protein interaction assays showed that 
TRAPPII functions upstream of RABA2a, postulating 
that TRAPPII is a GEF for RABA2a (Kalde et al. 2019). 
In addition to TRAPPs, the exocyst tethering complex 
also functions in cytokinesis. The localisation of the 
two complexes is complementary with the exocyst being 
present at the onset and towards the end of cytokinesis 
(Rybak et  al., 2014). However, when overlapping, sub-
units of the exocyst complex interact with TRAPP sub-
units acting synergistically in regulation of cell plate 
development (Rybak et al. 2014; Vukasinovic and Zarsky 
2016).

The fusion of cytokinetic vesicles is mediated by soluble 
N-ethylmaleimide-sensitive factor protein attachment pro-
tein receptor (SNARE) complexes (El Kasmi et al. 2013).
The timeline of their discovery also brings perspective
on the development of approaches that have been used to
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unravel the molecular components in cytokinesis. Early 
studies on these genes started with the genetic analysis of 
embryo pattern formation (Mayer et al. 1991), which uncov-
ered two members of the SNARE complex: the syntaxin 
KNOLLE (Lukowitz et al. 1996) and the accessory protein 
SEC1/Munc18 protein KEULE (Assaad et  al. 2001). The 
phenotype of unfused vesicles at the cell plate in the cor-
responding mutants as well as the mitotic expression of 
KNOLLE supported the importance of these proteins in 
cytokinesis (Lauber et al. 1997; Waizenegger et al. 2000).

The initial discovery in genetics was followed by pro-
tein interaction screens and mutant phenotypes that even-
tually allowed for the identification of two functional 
complexes in Arabidopsis (El Kasmi et  al. 2013; Cheung 
et al. 2022). These complexes consist of (i) the Q-SNARE 
KNOLLE and its partners Qbc-SNARE SNAP33 and either 
R-SNAREs VAMP721/VAMP722 or (ii) KNOLLE and its
partners Qb-SNARE NPSN11, Qc-SNARE SYP71, and
also R-SNAREs VAMP721/VAMP722 (Lauber et al. 1997;
Heese et al. 2001; Zheng et al. 2002; Zhang et al. 2011; El
Kasmi et al. 2013; Jurgens et al. 2015). Sec1/Munc18 (SM)
proteins, such as KEULE, assist in SNARE complex for-
mation, which is essential for vesicle fusion during cytoki-
nesis (Assaad et al. 2001). The significance of having two
functional complexes involving KNOLLE still remains to
be determined. Interestingly, among the SNARE proteins
involved in cytokinesis, only KNOLLE is cell cycle–spe-
cific and thus is widely accepted as a cytokinesis marker

(Figures 25.3A–C, 25.5, and 25.6A). The formation of cis-
SNARE complexes takes place in the ER and are disassem-
bled when they reach the cell plate (Karnahl et al. 2017). 
From an evolutionary point of view, Qa-SNARE SYP132, 
a non-specialised ancient Qa-SNARE, has counterparts in 
lower plants and functionally overlaps with the flowering 
plant–specific KNOLLE, showing a transition from ancient 
to flowering plant cytokinesis complexes (Park et al. 2018).

Ultrastructural studies support the estimate that 70% of the 
overall membrane materials accumulated at the CPAM are 
recycled and removed as the membranes mature and flatten 
during the transition from the TVN to PFS stages (Samuels 
et al. 1995; Otegui et al. 2001). Membrane recycling is there-
fore as important as vesicle delivery. Different components 
of CCVs, such as the clathrin chain, adaptor protein com-
plexes, and dynamin-related proteins that help the scission 
of CCVs, are present at the cell plate (Fujimoto et al. 2008; 
Konopka et al. 2008; Konopka and Bednarek 2008; Fujimoto 
et al. 2010; Song et al. 2012; McMichael and Bednarek 2013). 
The role of clathrin-mediated recycling in cell plate matu-
ration is further supported by the presence of TPLATE, a 
peripherally associated complex on CCVs that helps gener-
ate membrane curvature (Van Damme et al. 2011; Johnson 
et al. 2021) (Figure 25.5 and 25.6A). Cell wall biosynthetic 
complexes, such as cellulose synthases or SNAREs, can be 
recycled from the cell plate once their function is complete 
(Boutté et al. 2010; Gadeyne et al. 2014; Sanchez-Rodriguez 
et al. 2018; Dahhan and Bednarek 2022).

I II III IV V

CSLD5
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Callose
Exocyst

KNOLLE
RABA2a
TRAPPII

FIGURE  25.5 Visual representation of the temporal activity of selected components involved in cell plate formation. Temporal 
distribution of tethering complexes Exocyst and TRAPPII, SNARE-KNOLLE, RABA2a, membrane recycling and endocytosis, and 
polysaccharide deposition (cellulose and callose, blue) throughout the stages of cell plate formation. (I) Fusion of Golgi-derived vesicles 
stage FVS, (II) tubular-vesicular network (TVN) stage, (III) tubular network (TN) stage, (IV) planar fenestrated sheet (PFS), and (V) 
cross wall. Structures are not to scale.
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PolysaCCharide dePosition and assembly oF 
the neW Cell Wall: Cellulose and Callose

Unlike the cytoskeleton and endomembrane trafficking 
components during cytokinesis, little is known about poly-
saccharide deposition and assembly during cell plate matu-
ration. Most of the knowledge in the field is derived from 

the detection of cell wall components using polysaccharide-
specific epitopes and immunocytochemistry. Variations in 
the immunocytochemistry approaches and/or tissue types/
preparations contribute to the challenge of distinguishing 
the various stages of the developing cell plate, thus under-
stating the time-dependent transition of the process. A 
detailed study has been impeded by the technical limitations 

C
D

Z

KEULE

SNAP
KNOLLE PAKRP2/KINIDs

TPLATE Complex

DynaminUnknown KINESIN
CSC

RABA2a
Trafficking vesicle

CSLD5

Cellulose
Pectin
Callose

Hemicellulose
Clathrin

Clathrin Coated
Vesicle

CellulosePectinCallose Hemicellulose

(a)

(b)

B

(c)

C

FIGURE 25.6 Proposed model of cell plate maturation and key contributing elements. (A) Cell plate initiation stage comprising 
tubular-vesicular network (TGN)-derived secretory vesicles that migrate along the phragmoplast towards the cell equator. Vesicle 
docking and fusion facilitated by SNAREs and the tethering complex such as Exocyst and TRAPPII. In the early stage of cell plate 
formation, RABA2a (orange) and KNOLLE (blue) labelled vesicles with guidance from the phragmoplast vigorously accumulate at 
the centre of the dividing cell. Vesicles at the CPAM change their structure by fusion and fission (blue tubular membrane structures in 
TVN) facilitated by SNARE-mediated fusion and dynamin-based restriction. Callose (hot pink lines) starts depositing at the tubular 
network (TN) stage to support membrane structures and facilitate the transition to the PFS stage. At the more mature stages, addi-
tional polysaccharides, such as cellulose (green dashed lines), are deposited along with higher levels of cross-linking polysaccharides 
such as hemicellulose (purple) and pectin (red). Membrane remodelling is assisted by the removal of excess material at the centre via 
clathrin-mediated recycling. Microtubule depolymerisation takes place at the centre. Note that different stages can occur simultane-
ously. Structures are not to scale. (B) Cartoon representation of cell plate composition starting at the TN stage. Callose (pink) deposi-
tion starts at the TN stage. Callose is thought to stabilise the membrane network structure and provide a spreading force for cell plate 
expansion and transition to a fenestrated sheet. Hemicellulose (purple) and pectin (red) are thought to be present but in low abundance. 
(C) Cartoon representation of cell plate composition as the cell plate continues to mature in later stages as cellulose (green) begin to
replace callose (pink). When the cell plate transitions to a cross wall, it contains cell wall polysaccharides such as cellulose, hemicel-
lulose (purple), pectin (red), and glycoproteins (not shown). Cell plate assembly is complete when the cell wall polysaccharides are
organised into the typical cell wall meshwork of polysaccharides, with cellulose completely replacing callose.
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to perform live imaging of polysaccharides. Though useful 
inhibitors are increasingly available to bypass the common 
lethality phenotypes of cytokinesis mutants, many chal-
lenges remain in understanding cell plate–specific polysac-
charide deposition events.

Callose, a β-(1,3)-linked glucan, and cellulose, a β-(1,4)-
linked glucan, are the two glucan polymers that are syn-
thesised directly at the cell plate membrane. Our early 
understanding of callose deposition at the cell plate is based 
on a study by Samuels et al. (1995) using immuno electron 
microscopy on cryofixed samples. The deposition of callose 
in the cell plate is transient; it first appears at the TVN stage 
and is the dominant polysaccharide until the PFS stage 
(Samuels et al. 1995). It is also found at the junction of the 
parental cell wall connected with the cell plate, though its 
function at the cell junction remains unknown. Callose is 
the prominent component of the cell plate but, unlike cel-
lulose, is rarely present in the fully mature cell wall except 
in plasmodesmata (Wu et  al. 2018) and during transient 
responses such as response to external stressors (Chen and 
Kim 2009; Zaveska Drabkova and Honys 2017).

Although callose deposition at the cell plate has been 
well documented, the molecular understanding of its bio-
synthesis and removal remains elusive. The callose syn-
thase (CalS) family, also known as the glucan synthase-like 
(GSL) family, comprises 12 members in Arabidopsis (Chen 
and Kim 2009). Among the 12 members, CalS10/GSL8 is 
likely responsible for callose deposition at the cell plate 
as gsl8 mutants display typical cytokinetic effects that 
are seedling-lethal (Chen et  al. 2009; Thiele et  al. 2009; 
Guseman et  al. 2010). Ectopically expressed CalS1/GSL6 
has been localised to the cell plate of BY-2 cells (Hong 
et  al. 2001); however, no cytokinesis defects in mutants 
have been reported thus far, suggesting that it is unlikely 
a major isoform contributing to the specificity of callose to 
cytokinesis. The major hurdles in studying the regulation 
of callose biosynthesis at the cell plate is the difficulty in 
generating functional fluorescently tagged CalS lines and 
conditional mutants that can be monitored in a temporal 
manner to determine the impact of loss of function in the 
development of the cell plate.

It has been suggested that CalSs work in a complex at 
the cell plate (Schneider et  al. 2016; Zaveska Drabkova 
and Honys 2017). gsl8 mutants show canonical cytokinesis 
defects and continue to be the only one in the family to show 
significant cytokinesis failures (Chen et  a l. 2009; T hiele 
et al. 2009; Guseman et al. 2010). Genetic and biochemical 
interactions between GSL8 and GSL10 make the latter a 
potential interactor of GSL8 at the cell plate. One plausible 
hypothesis is that callose synthases form complexes similar 
to cellulose synthases (Saatian et  al. 2018). However, if a 
specific complex of GSL8 exists at the cell plate, its compo-
sition remains to be determined. The in situ biosynthesis of 
callose at the plasma membrane is supported by the direct 
appearance at the cell plate and its absence in secretory ves-
icles. Callose synthases are likely trafficked through TGN/
early endosome (EE) pathways and have been identified 

in TGN/EE proteomes such as that of SYP61 (Drakakaki 
et al. 2012), RABF2b/ARA7, and RABD2a/ARA5 (Heard 
et  al. 2015). GSLs are also trafficked via unconventional 
trafficking pathways, with the involvement of either mul-
tivesicular bodies (Bohlenius et  al. 2010) or exosomes 
(Ellinger et al. 2013). Such trafficking has been shown for 
the GSL isoform GSL5/PMR4 to sites of callose accumula-
tion in response to the plant pathogen Blumeria graminis f. 
sp. Hordei (Ellinger et al. 2013), but information about the 
trafficking of GSL8 is lacking.

The biosynthesis of callose requires high concentra-
tions of calcium (Him et al. 2001), suggesting that a cal-
cium gradient proximal to the cell plate is required for its 
regulation (Wolniak et  al. 1980; Aidemark et  al. 2009). 
This has been a long-standing hypothesis based on obser-
vations made in the early 1970s describing the inhibition 
of cytokinesis resulting from reduced calcium levels after 
caffeine treatments (Paul and Goff 1973). In support of 
this hypothesis, a study found that cell plate formation 
in tobacco BY-2 cells is inhibited under treatment with 
BAPTA, a calcium chelating buffer (Jurgens M 1994). 
Similarly, the Physcomitrella patens sabre mutant has 
cytokinesis defects that are caused by abnormal ER–cell 
plate connections, and delayed/aberrant callose accumula-
tion (Cheng and Bezanilla 2021). A tempting hypothesis is 
that the irregular callose pattern in the sabre mutant is due 
to abnormal calcium levels at the vicinity of the cell plate. 
In addition to synthesis and dynamic structure, the tran-
sient accumulation of callose requires regulated hydrolysis 
once the cell plate transforms into a new cell wall. Callose 
is synthesised at the plasma membrane and is thought 
to remain near the surface instead of embedding deeply 
into the cell plate lumen. This facilitates easy access to 
hydrolytic enzymes to remove the polymers once the cell 
plate is stabilised by additional polysaccharide deposition 
deep inside the structure as it matures (Albersheim et al. 
2011). The (1,3)-β-glucanase family contains 50 members
in Arabidopsis; at present, no specific member has been 
assigned to callose degradation at the cell plate (Doxey 
et al. 2007; Levy et al. 2007).

Callose is rapidly deposited in the cell plate lumen 
(Samuels et al. 1995). Callose polymers are known to self-
assemble into different structures (Falch and Stokke 2001). 
Further, single, double, and triple stranded loops can be 
formed, giving the polymer a dynamic rigidity and possi-
bly contributing to its modularity in response to different 
triggers (Falch and Stokke 2001) (Figure 25.6B). With the 
advancement of imaging modules and the development of 
recombinantly expressed CalSs, different callose-formed 
structures, their conformation, and physicochemical prop-
erties can be better resolved.

The dominant and transient deposition of callose during 
the early delicate membrane network stage was postulated 
to mechanically stabilise the young cell plate until a more 
permanent cell wall is assembled (Samuels et al. 1995). In 
addition, the specific cytokinetic callose chemical inhibi-
tor ES7 has been used to characterise the necessity for 
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callose at the cell plate and its dynamics (Park et al. 2014). 
Interestingly, ES7 does not inhibit wound or stress-induced 
callose accumulation. The inhibition of cytokinesis-specific 
callose accumulation with ES7 demonstrates a temporal 
dependency on callose in expansion and maturation of the 
cell plate in both land plants and algae, uncovering the evo-
lutionarily conserved role of the polymer in the completion 
of cytokinesis (Park et al. 2014; Davis et al. 2020).

A recent study by Jawaid et al. (2022) used biophysical 
modelling to dissect the transition between the TVN stage to 
PFS and a mature cell plate. Cell plate sub-structures were 
approximated with testable shapes, and the Helfrich free 
energy model for membranes was adopted to understand 
the transition from a vesicular network to a fenestrated sheet 
and mature cell plate (Figure 25.3 D,E). To reach a mature 
cell plate(Figure 25.3 D,E). the proposed model requires an 
additional element: the onset of a two-dimensional spread-
ing/stabilising force coupled with a concurrent loss of spon-
taneous curvature. The absence of a spreading/stabilising 
force predicts failure of maturation (Jawaid et  al. 2022). 
The transient accumulation of callose, coinciding with the 
predicted stages requiring this spreading force, is consistent 
with the proposed model’s concept, lending support for the 
role of callose in cell plate maturation (Jawaid et al. 2022).

Cellulose is the second polysaccharide directly synthe-
sised at the cell plate (Chen et al. 2018). A distinguishing 
feature of cellulose deposition in higher-plant cell walls, in 
contrast to other cellulosic organisms, is its organisation 
into paracrystalline microfibrils, the deposition of which is 
associated with the orientation of the cortical microtubules 
(Ledbetter and Porter 1963). Cellulose microfibrils consist 
of β-(1,4)-linked glucans synthesised at the plasma mem-
brane by cellulose synthase (CESA) complexes (CSCs) and 
are produced at the plasma membrane during late to com-
pleted cytokinesis stage. For detailed information about 
cellulose, please refer to Chapter 1 by Doblin et al. Though 
cellulose is the main load-bearing polymer in parental plant 
cell walls, cellulose appears to be only a minor component 
of the early stage cell plate (Samuels et al. 1995). For their 
biosynthetic function, each cellulose synthase complex 
requires a minimum of three catalytic cellulose synthase 
proteins (Desprez et al. 2007; Persson et al. 2007; Wilson 
et  al. 2021). Although not present until the late stages of 
cytokinesis, specific cellulose-deficient mutants exhibit 
cytokinesis-deficient phenotypes, suggesting an essential 
role for cellulose in cell plate maturation (Zuo et al. 2000).

The temporal dynamics of cellulose at the cell plate was 
first observed by electron microscopy in tobacco BY-2 and 
Arabidopsis root tip cells (Samuels et al. 1995). During the 
late TN stage, cellulose deposition begins. The deposition 
of cellulose coincides with the flattening and stiffening of 
the cell plate as its content increases steadily through the 
remaining stages, mainly the PSF, seemingly replacing cal-
lose (Samuels et al. 1995). In 2014, in vivo imaging of cel-
lulose synthase reported its accumulation at the TVN stage, 
concurrent with the presence of cellulose (Miart et al. 2014). 
This study also suggested that CSC delivery occurs through 

phragmoplast-associated vesicles during the TVN stage or 
directly by the Golgi apparatus to the CPAM (Miart et al. 
2014) (Figure 25.6C). Variations in immunocytochemistry 
approaches and/or tissues paired with the challenge to dis-
tinguish the different maturation stages that simultaneously 
occur at the developing cell plate could account for the con-
trasting information on the timing of cellulose biosynthesis 
at the cell plate.

Recently, it has been shown that one member of the 
Cellulose Synthase-Like D family, CSLD5, is targeted 
to newly forming cell plates of dividing cells (Park et  al. 
2011; Gu et al. 2016). The direct product of CSLD5 has not 
yet been identified, but similar to the product of CSLD3, 
it is likely a β-(1,4)-glucan polysaccharide (Yang et  al.
2020), providing a framework for crystalline cellulose 
(Figure 25.6A).

golgi-synthesised PolysaCCharides 
and struCtural Proteins

The matrix polysaccharides hemicellulose and pectin 
are synthesised in the Golgi apparatus and transported to 
the cell plate via Golgi-derived vesicles. Hemicellulose 
in dicotyledonous plants is most abundant as xyloglucan 
(XyG), a β-1,4 glucan, featuring a regular pattern of xylo-
sylations (Keegstra 2010; Scheller and Ulvskov 2010; Pauly 
and Keegstra 2016; Julian and Zabotina 2022). The molecu-
lar machinery for its biosynthesis in the Golgi is well under-
stood (Julian and Zabotina 2022) and described in detail 
in Chapter 2. Notably, no studies have been conducted 
focusing on the localisation and behaviour of biosynthetic 
proteins specifically during cytokinesis, except the pres-
ence of endoxyloglucan transferase (EXGT), a cellulose/
xyloglucan network modifying enzyme (Yokoyama and 
Nishitani 2001). Most of our current knowledge of matrix 
cell wall polysaccharide transport is derived from a very 
limited number of immunohistochemical electron micros-
copy analyses using antibodies raised against polysaccha-
ride epitopes (Moore et al. 1986; Moore and Staehelin 1988; 
Moore et  al. 1991; Lynch and Staehelin 1992; McFarlane 
et al. 2008; Young et al. 2008; Kang et al. 2011). An early 
study in sycamore maple (Acer pseudoplatanus) cells sug-
gests an “assembly line” model consisting of the initial 
biosynthesis of the XyG backbone followed by the addition 
of side chains in Golgi sub-compartments, with the TGN 
largely containing fully substituted XyG glycans (Zhang 
and Staehelin 1992). However, recent vesicle glycomic stud-
ies using a large-scale antibody ELISA of TGN/EE-isolated 
vesicles marked by the syntaxin SYP61 suggest that diverse 
glycans are generated in Golgi/TGN and are transported 
to the apoplast in their final assembly (Wilkop et al. 2019). 
Studies using red clover roots have shown that during cell 
division, XyG is transported through TGN-derived secre-
tory vesicles to the forming cell plate. The polysaccharide 
is detected at the TVN stage, most likely delivered by secre-
tory vesicles, with its presence most abundant upon com-
pletion of the new cell wall (Moore and Staehelin 1988). 
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The presence of a cellulose/xyloglucan network modifying 
enzyme at the cross wall of dividing BY-2 cells suggests 
polysaccharide modification during cell wall assembly at 
the cell plate (Yokoyama and Nishitani 2001).

While the type of secretory vesicles that carry poly-
saccharides to the cell plate and their cargo is still largely 
unknown, glycomic analysis of SYP61 TGN/EE vesicles 
has shown that this pathway is involved in the traffic of both 
XyG and pectin oligosaccharides. The ECHIDNA (ECH) 
and the YIP family of RAB GTPase interacting proteins 
associated with SYP61 are implicated in TGN polysac-
charide trafficking (Gendre et  a l. 2011; K ang et  a l. 2011; 
Gendre et al. 2013; McFarlane et al. 2013). Therefore, it is 
plausible that TGN/EE subdomains, including the afore-
mentioned components and the SNARE proteins SYP42/
SYP43 (Uemura et al. 2012), are involved in polysaccharide 
secretion. During cytokinesis, the whole secretory machin-
ery is recruited towards the development of the cell plate; 
thus, it is likely that similar to the SYP61 pathway, cytoki-
netic vesicles carry xyloglucan oligosaccharides in differ-
ent forms of substitution for their assembly into the nascent 
cell wall. A daunting task remains in the glycomic analysis 
of cytokinetic vesicles. Specifically, when isolated with the 
help of cytokinetic markers, it will be necessary to dissect 
the forms of hemicellulose oligosaccharides that are trans-
ported to the cell plate.

Pectin, first isolated in 1825 by the French chemist and 
pharmacist Henri Braconnot, is another Golgi-synthesised 
polysaccharide. The pectin structure comprises a backbone 
with galacturonic acid residues, with subgroups determin-
ing its diversification and classification into the following 
main types: homogalacturonan (HG), rhamnogalacturonan 
I (RG-I), and rhamnogalacturonan II (RG-II), and sub-
stituted galacturonans. Pectin accounts for up to 35% of 
the primary cell wall in dicotyledonous plants, and the 
other polysacharides are considered to be embedded in it 
(Mohnen 2008; Caffall and Mohnen 2009; Atmodjo et al. 
2013; Du et  al. 2022). For a more in-depth discussion on 
pectin structure and biosynthesis, refer to Chapter 5. The 
backbones of all pectins are synthesised in the Golgi with 
side group modifications thought to be added in d ifferent 
Golgi cisternae, which are presumably transported to the 
cell plate through secretory vesicles. Non-esterified RG-I 
and HG are present in the cis and medial Golgi, while 
arabinose-containing side chains of RG-I are detected only 
in the TGN, demonstrating specificity of Golgi cisternae 
in pectin biosynthesis (Zhang and Staehelin 1992). While 
pectins are synthesised and secreted in a methyl esterified 
form at the cell wall, they are de-esterified by pectin meth-
ylesterases (PMEs), which leads to their acidification and 
allows for further cross-linking (Caffall and Mohnen 2009; 
Albersheim et al. 2011). The presence of methyl esterified 
pectin at the cell plate has been detected with the aid of the 
JIM7 monoclonal antibody at the cell plate of Arabidopsis 
and BY-2 dividing cells (Toyooka et al. 2009; Rybak et al. 
2014). The absence of RG-I in the cell plate using RG-I-
specific polyclonal antibodies, but presence in the middle 

lamella of red clover (Trifolium pretense L.), suggests that 
acidification of the polysaccharide occurs at later stages 
(Moore and Staehelin 1988).

PMEs have also been shown to be transported to the cell 
plate through a Golgi-derived, but TGN-independent path-
way in tobacco BY-2 cells, as demonstrated by Brefeldin 
A (BFA) insensitivity (Wang et  al. 2016). RG-II, a more 
complex form of pectin, serves as the site of borate cross-
linking within pectin to facilitate gel formation. Notably, 
RG-II has also been detected at the cell plate, which was 
illustrated using immunoelectron microscopy in tobacco 
BY-2 cells (Zhou et al. 2017).

The association of specific molecular components of 
endomembrane trafficking and the corresponding pathways 
that are specialised in polysaccharide delivery to the cell 
plate are currently limited to a small number of proteins 
involved in vesicle trafficking. These include the Secretory 
Carrier Membrane Protein 2 (SCAMP2), which is associ-
ated with the transport of methyl esterified pectin to the cell 
plate (Toyooka et al. 2009) or tethering complexes, such as 
the Exocyst and TRAPPII, associated with pectin delivery 
at the cell plate (Rybak et al. 2014).

The few studies in this field combined with variation 
within cell types and species dependencies account for our 
limited understanding of vesicle-mediated polysaccharide 
transport at the cell plate (Drakakaki 2015; Sinclair et al. 
2022). The recent glycomic analysis of SYP61 TGN/EE 
vesicles showed that both matrix oligosaccharide glycans 
can be present in the same vesicle population (Wilkop 
et  al. 2019). Interestingly, both methyl esterified pectin 
and the partially esterified pectin HG backbone were 
included in the SYP61 glycome, suggesting that both 
forms of pectin may exist throughout the endomembrane 
system (Wilkop et al. 2019). It is likely that a combina-
tion of pectin glycans are also transported to the cell plate 
via cytokinetic vesicles, which should be further investi-
gated via glycomic analysis. Given that secretory traffic 
is heavily recruited towards cell plate formation (Richter 
et al. 2014) and that the abundance of structural polysac-
charides increases in later stages of cell plate formation, 
a question remains on the regulation of polysaccharide 
deposition during cytokinesis. One plausible hypothesis 
is that the regulation is directly conducted on the biosyn-
thesis level at the Golgi apparatus before transport and 
sorting takes place.

During the fusion of the cross wall with the mother 
cell wall, the cell plate membrane fuses with the plasma 
membrane of the mother cell. Initially, the cross wall is 
generally homogeneous and is continuously developed 
via the deposition of cellulose and other matrix polysac-
charides on each side. This generates a central layer rich 
in pectin known as the middle lamella. Dissolution of the 
region within the mother cell wall at the junction with the 
cross wall allows for the rearrangement of the cell wall, 
its development, and the generation of a three-way junc-
tion (Albersheim et  al. 2011). The pectin-rich middle 
lamella differentiates as the adjacent cell wall develops in 
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sequence via a mechanism that it is not well understood. 
De-esterification of HG along with abundance of RG-I in 
the middle lamella (Moore and Staehelin 1988) suggest a 
maturation step and stiffening process of the negatively 
charged pectin molecules. The middle lamella cements the 
two daughter cells together and provides a source of adhe-
sion and cell separation as well as helps to transfer load 
distribution. Further, it accommodates cell to cell commu-
nication, changes in cell geometry, and is involved in mod-
ification of cell wall chemistry in response to abiotic stress 
(reviewed in Zamil and Geitmann 2017). Interestingly, in 
the onion epidermis, cell fracture does not occur directly at 
the middle lamella but instead at the cell wall (Zamil et al. 
2014, 2015), emphasising its mechanical properties and 
supporting the load-bearing role of pectin in the cell wall 
(Dick-Pérez et  al. 2011; Peaucelle et  al. 2012; Cosgrove 
2022). Further, the spatial distribution of pectin modifica-
tions in the middle lamella reflects their mechanical role 
against load-bearing forces (Zamil and Geitmann 2017). 
With the combination of modelling and tools to study 
the spatiotemporal biochemical transition and the physi-
cochemical properties of this layer, we will gain a better 
understanding of how the middle lamella differentiates and 
responds to the diverse stresses that it can face. For further 
information regarding aspects of the middle lamella and its 
applications, please see Chapters 23 and 24.

Structural proteins of the cell wall contribute to its 
physical properties but have no described catalytic activ-
ity. Structural proteins constitute roughly 5–10% of the cell 
wall dry matter (Jamet et al. 2008). These include glycine-
rich proteins (GRPs), proline-rich proteins (PRPs), and 
hydroxyproline-rich glycoproteins (HRGPs), which are so 
named after the amino acids they enrich. A fourth class, 
arabinogalactan proteins (AGPs), has been implicated 
in diverse roles such as cell–cell recognition, cell fate, 
embryogenesis, and xylem development within a number of 
species (Albersheim et al. 2011; Showalter and Basu 2016; 
Silva et al. 2020). An in-depth review of AGPs is provided 
in Chapter 16.

A member of HRPG, EXTENSIN3 (EXT3), is specifi-
cally associated with cell plate development. EXTENSINs 
self-assemble into dendritic networks (Cannon et al. 2008). 
This form of self-assembly structure has the potential to 
react with negatively charged pectin, affecting the organ-
isation of the new cell wall material and the overall cell 
wall assembly during late cytokinesis (Cannon et al. 2008). 
AtEXT3 was enriched in the junctions of the mother 
cell wall and the leading edge of the cell plate, and was 
shown to be critical in the completion of cell wall forma-
tion in Arabidopsis (Hall and Cannon 2002; Cannon et al. 
2008). Interestingly, recent studies showed that AtEXT3 is 
not essential for embryogenesis and plant development in 
Arabidopsis, suggesting that its function is likely redundant 
with other related proteins (Doll et al. 2022). In addition to 
AtEXT3, AGPs labelled by the monoclonal antibody LM14 
have been detected at the cell plate, emphasising the overall 
importance of AGPs at the cell plate (Yu and Zhao 2012).

The expansion and maturation of the cell plate associates 
with microtubule depolymerisation. The communication of 
the expanding cell plate with the phragmoplast is likely car-
ried by complex networks that include the aforementioned 
kinase pathways as well as other proteins (Smertenko et al. 
2018). Many discoveries are awaiting with regard to the 
identification of these signalling components.

CHALLENGES, EMERGING TECHNOLOGIES, 
AND FUTURE PERSPECTIVES

Cell plate development is a process that requires both 
spatial and temporal resolution. Compared to the large 
number of publications on vesicle trafficking during plant 
cytokinesis that describe several molecular components, 
such as SNARE complexes, GTPases, and tethering fac-
tors (McMichael and Bednarek 2013; Jurgens et al. 2015; 
Smertenko et al. 2017; Gu and Rasmussen 2022), the lit-
erature related to polysaccharide deposition during cell 
plate formation is limited. Formative studies based on 
electron microscopy and tomography coupled with anti-
body labelling of polysaccharides provide excellent res-
olution and have shaped our current conceptual models 
(Moore and Staehelin 1988; Samuels et  al. 1995; Segui-
Simarro et  al. 2004). However, electron microscopy is a 
laborious and destructive process, limiting the number of 
studies that can be undertaken. To capture the different 
cytokinetic stages that occur simultaneously in an expand-
ing cell plate (see Video S1 in Sinclair et al. 2022), a four-
dimensional (4D) approach is required to depict long-term 
imaging in a biologically relevant (i.e., multicellular) sys-
tem. This poses several challenges and opportunities for 
development.

Historically, ultrastructural and immunofluorescence 
studies were followed by genetic screenings, which allowed 
for the identification of several key proteins and interesting 
mutants in cytokinesis. However, in-depth investigations 
are hampered by lethal phenotypes (Sollner et  al. 2002; 
Strompen et  al. 2002; McMichael and Bednarek 2013). 
Live imaging using fluorescent proteins and other probes 
has informed dynamics of endomembrane components that 
are amenable to tagging. However, several proteins, some 
of which have enzymatic activity and are multi-spanning 
membrane proteins, are recalcitrant to fluorescent tagging 
or recombinant expression. CRISPR-Cas9 editing, inducible 
systems that can be cell cycle-induced, conditional mutants, 
such as the temperature-sensitive tplate mutant (Wang et al. 
2021), and recombineering toolsets for direct chromosomal 
tagging (Brumos et al. 2020) can allow for functional analy-
ses that overcome many of the challenges faced with canoni-
cal cytokinesis mutants. The advancement of single cell 
omics technologies may prove instrumental in combination 
with cell cycle markers to establish expression and biochem-
ical profiles. In addition, it may lead to gene discovery in 
regulatory components. Further, in silico protein structure 
analysis, such as AlphaFold (Callaway 2022), can expedite 
the functional characterisation of identified proteins.
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Because it overcomes lethality challenges, chemical 
biology has played an important role in dissecting cell 
plate development. For example, by specifically i nhibit-
ing cytokinetic callose deposition, the small molecule ES7 
informed the role of this polymer in cytokinesis, which 
was tested using a biophysical model that dissected the 
behaviour of endomembrane components during cell plate 
development (Park et al. 2014; Davis et  al. 2016; Jawaid 
et  al. 2022). Similarly, SMIFH2 informed the role of 
formins in cytokinesis (Zhang et al. 2021). Furthermore, 
the use of nanotechnology in plants as sensors, probes, 
and delivery vehicles holds promise in both imaging, 
chemical, and genetic manipulation of cell plate develop-
ment (Kwak et al. 2017; Lew et al. 2018; Dong et al. 2019; 
Sanzari et al. 2019).

Extensive biochemical analysis on the polysaccharide 
content of a cell plate is challenging due to the diverse 
stages of cytokinesis in plants. Further, comparisons of 
reported studies on diverse sets of plant systems is an added 
complexity. The ever-increasing number of antibodies to 
visualise specific polysaccharide epitopes are useful in 
understanding the de novo formation of the new cell wall 
(Pattathil et al. 2010; Hervé et al. 2011; Lee et al. 2011; Avci 
et al. 2012; Duffieux et al. 2020). These antibodies can be 
coupled with electron tomography analysis of dividing cells 
(Otegui 2020). In addition, they can facilitate large-scale 
analysis of subcellular compartments, as shown for Golgi 
or specialised TGN populations, to better understand trans-
port routes of polysaccharide cargo of cytokinetic vesicles 
(Okekeogbu et al. 2019; Parsons et al. 2019; Wilkop et al. 
2019). While these antibodies can be informative enough 
to provide a biochemical profile of isolated cell walls, sub-
cellular compartments, and hopefully cytokinetic vesicles, 
their incorporation in a live imaging system still awaits 
development. It is potentially worth exploring the isola-
tion of specific antibody fragments that can be genetically 
encoded and targeted at the cell plate.

Recent light microscopy advances allow for a better 
understanding of plant cell dynamics (Komis et  al. 2018; 
DeVree et al. 2021). Super resolution techniques can pro-
vide more insight into the specificity of cytokinetic ves-
icles and the different cell plate stages, while light sheet 
microscopy provides information about cell plate develop-
ment dynamics under longer temporal imaging of events. 
Structured illumination microscopy has been instrumental 
to better understand CESA dynamics at the PM (Duncombe 
et al. 2022) and can potentially be applied to dissect pro-
tein dynamics at different cell plate stages. Lattice light 
sheet microscopy (LLSM) affords imaging at much faster 
rates, with less light exposure of the sample, minimising 
photobleaching and phototoxic effects (Chen et  al. 2014); 
this can extend the observation time necessary to capture 
cytokinesis events. LLSM has been used to dissect mito-
sis and endomembrane dynamics in a variety of systems 
(Chen et al. 2014; Aguet et al. 2016; Sen et al. 2021). Plant 
research is slowly embracing the benefits that light sheet 
microscopy and vertical imaging have to offer (Vyplelová 

et al. 2017; Glanc et al. 2018; Ovečka et al. 2021). However,
the potential of LLSM has not been explored to understand 
mechanisms that regulate cytokinesis in plants.

Additionally, there has been a recent increase in both 
qualitatively and quantitatively analysing microscopy 
results, which in turn can be used to build cell plate devel-
opment models and interrogate specific components. 
Quantitative analysis can help dissect characteristic pat-
terns of vesicle motion during developmental stages by 
using spatiotemporal image correlation spectroscopy 
(STICS), an imaging domain extension of fluorescence 
correlation spectroscopy, overcoming the diffraction lim-
its of light microscopy (van Oostende-Triplet et al. 2017). 
Further, the development of custom image analysis soft-
ware, such as Fluorescence Morphological Operators 
Software (FluMOS), allows for the automated measure-
ment of the dimensions of the expanding cell plate and the 
distinction of different phases during cell plate expansion 
(van Oostende-Triplet et  al. 2017). Artificial intelligence 
can be used to analyse large datasets by image segmenta-
tion, classification, and restoration, overcoming many of 
the challenges of microscopy (von Chamier et  al. 2019). 
The development of biophysical and mathematical models 
for cell plate development (Jawaid et al. 2022) can provide 
insights into the contribution of individual components in 
cytokinesis and can be used to interrogate the biomechani-
cal contribution of polysaccharides in cell plate matura-
tion. Similarly, 3D cell shape segmentation coupled with 
modelling can facilitate the prediction of division-plane 
orientations and aid in the characterisation of contribut-
ing proteins (Martinez et al. 2018). Such synergy of infor-
mation can help inform how cell plate development is 
regulated.

The generation of probes that allow live imaging of the 
cell wall, such as Pontamine Fast Scarlet 4B for cellulose, 
aniline blue fluorochrome for callose, fluorophore-func-
tionalised chitosan oligosaccharides (COS), and metabolic 
click-mediated labelling for pectin (Anderson et  al. 2012; 
DeVree et  al. 2021; Ropitaux et  al. 2022), are necessary 
to understand the spatiotemporal transition of cell plate 
development and maturation (DeVree et al. 2021). To date, 
the combination of imaging both cell wall biosynthetic 
enzymes together with their products remains a challenge 
but promises to uncover how cell wall assembly is regulated 
during cytokinesis.

Biomechanical readouts of the cell plate are neces-
sary to interrogate biophysical models. Once adapted to 
study cytokinesis, biomechanical methods using Brillouin 
microscopy, which assess stiffness through the thickness of 
the cell wall (Prevedel et al. 2019, Altartouri et al. 2019), or 
atomic force microscopy, which can assess external topog-
raphy and elasticity of plant cells (Braybrook 2015), will 
be able to better describe the changes in the transition of 
the cell plate to a new cell wall and how this is regulated in 
different genetic backgrounds. Focused ion beam scanning 
electron microscopy (Czymmek et al. 2020; Weiner et al. 
2021; Zechmann et al. 2022) has become more accessible 
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through the development of commercial instrumentation 
that can complement studies using serial sectioning trans-
mission electron microscopy, and thus contributes to an 
increased pool of 3D cell plate reconstructions that can be 
used to inform developing models. Biochemical analysis of 
isolated compartments (Wilkop et al. 2019; Dahhan et al. 
2022) has been instrumental in identifying both protein and 
biochemical cargo, and its adaptation for isolating cytoki-
netic vesicles can reveal the nature of diverse cargo trans-
ported at the cell plate.

Over the last 50 years, the characterisation of cell 
plate development and identification of several molecular 
components has been achieved; however, many questions 
remain unanswered. Some of these related to cell plate 
expansion are as follows: (i) How many types of cyto-
kinetic vesicles exist and what is their cargo? (ii) Which 
motor proteins specifically regulate cytokinetic vesicles 
and cargo delivery to the CPAM? (iii) What are the sig-
nalling mechanisms regulating cell plate orientation, cell 
plate expansion, and phragmoplast organisation? (iv) How 
is phragmoplast guidance achieved mechanistically? (v) 
What are the physicochemical properties of the assembled 
polysaccharide deposits during cell plate formation? (vi) 
How do specific polysaccharides, such as callose, contrib-
ute to the two-dimensional spreading force necessary for 
cell plate expansion and maturation? (vii) What regulates 
the fusion of the cell plate with the parental cell wall? (viii) 
What polysaccharides are deposited in each stage of cell 
plate development and how is this regulated? (ix) What 
is the function of the PPB? With all these tools in place, 
exciting discoveries in plant cytokinesis are awaiting, 
which together will form a complete picture of the forma-
tion of such an essential and dynamic structure for plant 
development—the new cell wall.
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Cytokinesis in plants is fundamentally different from that in animals and

fungi. In plant cells, a cell plate forms through the fusion of cytokinetic vesi-

cles and then develops into the new cell wall, partitioning the cytoplasm of

the dividing cell. The formation of the cell plate entails multiple stages that

involve highly orchestrated vesicle accumulation, fusion and membrane matu-

ration, which occur concurrently with the timely deposition of polysaccharides

such as callose, cellulose and cross-linking glycans. This review summarizes

the major stages in cytokinesis, endomembrane components involved in cell

plate assembly and its transition to a new cell wall. An animation that can be

widely used for educational purposes further summarizes the process.

Keywords: animation; callose; cell plate; cell wall; cytokinesis; model;

phragmoplast; SNARE; trans-Golgi network; vesicle trafficking

Cytokinesis is a fundamental process characterized by

highly coordinated events in space and time. Regulated

cell division along with coordination of cell expansion

is essential for plant development and cell shape deter-

mination [1–3]. In plant cytokinesis, a process funda-

mentally different from cytokinesis in animals and

fungi, de novo formation of a cell plate partitions the

cytoplasm of the dividing cell [4–8]. During somatic

cell cytokinesis, the orchestrated delivery of cytokinetic

vesicles guided by the phragmoplast leads to the devel-

opment of the cell plate. Recent reviews describe

phragmoplast dynamics, cell plate orientation, mem-

brane dynamics and cell wall polysaccharide delivery

[2,4,8–14]. In this article, an overview of the membrane

transitions is discussed; we also describe the polysac-

charide delivery required for the construction of the

new cell wall. This brief summary is accompanied by

an animation of plant cytokinesis for educational use.
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Cytokinesis – a multistage process
animated for educational use

During cytokinesis, the orchestrated delivery of cytoki-

netic vesicles guided by the phragmoplast (a structure

composed of cytoskeletal polymers, associated proteins

and membranes) [8] leads to the development of the

cell plate, which transitions via four membrane mor-

phological stages [6,15]. The overview of cytokinesis is

animated in Video S1, S2, and Fig. 1, with emphasis

on cell plate development. First, at the fusion of vesi-

cles stage (FVS), cytokinetic vesicles guided by the

phragmoplast arrive at the division plane where fusion

occurs (Fig. 2). Upon vesicle fusion and fission, dumb-

bell structures are formed. The morphology of the cell

plate membrane changes as more vesicle materials are

added. As the vesicles fuse, they tubulate largely due

to the activity of dynamin-related proteins [12,15,16].

The dynamin-like springs wrap around the neck of

fused vesicles, leading to fission and tubulation. This

aids in the creation of a membrane network [15] and

marks the transition to stage II, known as Tubular-

Vesicular Network (TVN) [6,15]. The SH3 Domain-

Containing Protein 2 (SH3P2) has also been impli-

cated in this process [17]. The membrane morphology

then evolves largely through the expansion of the net-

work to a smoother structure known as the tubular

network (TN) stage. At this stage (III), the polysac-

charide callose is predominantly deposited in a tran-

sient manner [6]. Clathrin-coated vesicles recycle

excess materials from the maturing cell plate and

allow the cell plate to form a thinner and smoother

structure. As the cell plate continues to smoothen and

expand, it forms a fenestrated sheet. At this planar

fenestrated sheet (PFS) stage (IV), the distinct plasma

membrane sheet is apparent. The fenestrae that are

left open often contain endoplasmic reticulum (ER)

strands and are sites of plasmodesmata formation [6].

Deposition of polysaccharides, such as cellulose, help

stiffen the cell plate. Membrane structures described

as ‘finger like fusion tubes’ extend from the cell plate

to meet the parental cell wall [6,15]. Finally, the cell

plate fuses with the parental cell wall and plasma

membrane, concluding cytokinesis. Notably, callose is

also present at the junction of the cell plate and the

parental cell wall [6].

Polymerization of microtubules and their alignment

into a solid phragmoplast facilitates the delivery of

vesicles at the cell division plane [18,19]. During the

TVN and TN stages, even distribution of microtubules

is observed over the wavy, membrane disk. The cen-

trifugal expansion of cell plate development coincides

with the timely disappearance of phragmoplast micro-

tubules from the centre, leading to a ring phragmo-

plast [8,20] (Fig. 2). This ring continues to expand and

grow along the direction of cell plate expansion

(Fig. 2). Thus, the cell plate itself contains a gradient

of stages ranging from the most mature at the cell

plate centre to newly accumulated membranes at the

leading edge. As the cell plate docks at the plasma

membrane, a discontinuous ring phragmoplast is

formed (Fig. 2).

Fig. 1. Schematic representation of cytokinesis, summarizing cell plate formation. Still image excerpt from Video S1, S2. MT (microtubules).

TGN (trans-Golgi network). Scale bar represents 1 lm.
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Molecular components involved in
cytokinesis

Cytoskeletal array in cytokinesis

During cytokinesis, the cytoskeleton is organized into

the phragmoplast that guides the delivery of cytoki-

netic vesicles to the ribosome-excluding cell plate

assembly matrix (CPAM) at the division plane. This

requires the coordination of microtubules and microfil-

aments, along with many microtubule-associated pro-

teins (MAPs) and actin-binding proteins (ABPs),

including kinesin and myosin motors. These motor

proteins deliver cargo to the cell plate and support its

expansion and maturation [10,11,21,22]. Early in the

G2 stage of mitosis, the division plane and phragmo-

plast orientation are determined by the preprophase

band (PPB) [23]. Proper PPB assembly and establish-

ment of the division plane require the TON1/TRM/

PP2A complex [24].

Once the division plane has been established, the

expansion of the phragmoplast requires a suite of pro-

teins including: myosin VIII [25], three myosin XI mem-

bers (1, 2, K) [26], Kinesin-12 POK1 and POK2 [27],

TAN1 and AIR9 and two PHGAPs [28,29]. Three IQ67

DOMAIN (IQD) proteins physically interact with POKs

and PHGAPs, likely providing a scaffold for division

plane maintenance [30]. During cytokinesis, the phrag-

moplast expands from the cell centre to the cell cortex,

while its shape transforms from a disc of microtubules to

a ring, and then to a wide discontinuous ring until it dis-

assembles (Fig. 2). The microtubule severing complex

KATANIN1 (KTN1) and its interactors, microtubule-

binding protein MACET4/CORD4, function in phrag-

moplast organization and expansion [31,32].

Vesicle fusion and membrane organization

Cytokinetic vesicles contribute membrane material and

deliver cargo for the biogenesis of the cell plate.

Fig. 2. Schematic representation of cell plate assembly and

phragmoplast organization. Cell plate assembly occurs in four

stages. On the left snapshots of the animation, represent different

cytokinetic stages. Nucleus (blue), Golgi stacks (variegated orange),

cytokinetic vesicles (yellow) and phragmoplast microtubules

(teal/green) in their arrangement around the developing cell plate

are shown. To the right is a simplified representation of this

process showing membrane organization (yellow) and the

phragmoplast (purple) to further illustrate the simultaneous

maturation and naming mechanics. (A) During the FVS stage,

cytokinetic vesicles guided by the phragmoplast accumulate at the

centre of the dividing cell, the cell plate assembly matrix, where

fusion starts to occur. This represents a disk-like tight bundling of

the phragmoplast microtubules. (B, C) Vesicles undergo fusion and

fission and conformational changes, resulting in TVN (B). The

phragmoplast continues to expand with the membrane material

expanding at the centre while microtubules depolymerize at the

sites where TVN – TN is formed. This leads to a ring-like phragmo-

plast conformation (C). (D) Transition from TN to PFS. The mem-

brane structures are beginning to close and create the PFS. The

membrane network further expands to a continuous PFS taking up

the majority of the cell plate. The fenestrae left open are often

sites of plasmodesmata formation. (E) As the cell plate docks at

the plasma membrane, a discontinuous ring phragmoplast is

formed. (F) The remaining end continues to mature until it fuses to

the parental cell wall completing cytokinesis.

R. Sinclair et al. Cell plate development during plant cytokinesis
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and provide directionality in vesicle transport. Among

the Arabidopsis small GTPases, RABA2 and RABA3

preferentially localize to the leading edge of the cell

plate, indicating a role in the delivery and incorpora-

tion of new material into the assembling cell plate [44].

A complete roadmap of the different GTPases and

their overlapping and complementary functions in

cytokinesis is still unknown. Several RABA1 members

are recruited to the cell plate during cytokinesis [45–
48]. The TGN/early endosome-resident RABA1d has

been implicated in the recycling of material from the

plasma membrane (PM) to the growing plate [48].

Further, the RABA2a and RABA1e vesicles display a

different spatiotemporal pattern during cytokinesis

[47]. In addition to RABAs, RABE1 localizes to the

cell plate and interacts with the Stomatal Cytokinesis-

Defective (SCD) complex that regulates trafficking to

the cell plate and potentially activates RABE1 [49,50].

The attachment of vesicles to the target membrane

over a distance is facilitated by tethering complexes

[51]. The tethering complexes, TRAPPII and exocyst

are sequentially regulating cell plate assembly, expan-

sion and maturation. TRAPPII— predominantly

assists in vesicle fusion inside the CPAM [52], while

the exocyst complex functions at the onset of cytokine-

sis and during cell plate maturation [51–53]. Tethering
factors act as guanine nucleotide exchange factors

(GEFs) on GTPases, mediating their activation.

Recent proteomic and large-scale interaction studies

indicate that TRAPPII likely acts on the RABA2

GTPase [54]. Notably, the TRAPPII complex is

involved in sorting exocyst subunits, demonstrating

synergistic activities between the two tethering com-

plexes or their subunits during cytokinesis [52]. Fur-

thermore, the DENN domain SCD1 and 2 proteins

also functionally interact with subunits of the exocyst

tethering complex and RabE1, regulating post-Golgi

trafficking to the plasma membrane and the cell

plate [49].

During cytokinesis, it is estimated that ~ 70% of

excess membrane material is recycled, via clathrin-

coated vesicles (CCVs) throughout the TN to PFS

stages [6,16] (Fig. 4). The presence of the Clathrin

Light Chain, Dynamin-Related Proteins, SCD1 and 2,

Epsin-like adaptors, and the adaptin-like T-PLATE at

the cell plate, support the role of clathrin-mediated

recycling of excess membrane material from the cell

plate [12,55–60].

Cell-wall construction

The primary cell wall comprises a dynamic network of

cellulose microfibers embedded in a network of

Fig. 3. Vesicle fusion. During the early stages of cell plate assembly,

cytokinetic vesicles regulated by molecular switches, such as RAB

GTPases (green and light purple) undergo fusion. Vesicle fusion is

mediated SNAREs (blue and orange) assisted by regulatory proteins

and tethering complexes (dark purple). Dynamin rings (dark blue)

assemble around the vesicles and stretch the fused membrane,

creating the dumbbell-like structures and tubulations.

Cytokinetic vesicles are primarily Golgi/trans Golgi

network (TGN) derived [15] with contributions from
endosomal populations. The ARF GEFs (BIG1-4)

assist in the delivery of newly synthesized proteins and
endocytosed cargo to the forming cell plate [33].

SNARE proteins regulate vesicle docking and fusion
at the CPAM. In Arabidopsis, two kinds of SNARE

complexes involving the cytokinesis-specific SNARE

KNOLLE act redundantly during cytokinesis [34]: (a)
KNOLLE and its partners Qbc-SNARE SNAP33 and
either R-SNAREs VAMP721/VAMP722, or (b)

KNOLLE and its partners Qb-SNARE NPSN11, Qc-

SNARE SYP71 and also R-SNAREs VAMP721/

VAMP722 [35–37]. Inactive cytokinetic SNARE com-

plexes are assembled at the ER and are transformed

into fusogenic SNARE complexes after passage

through the Golgi/TGN to the cell division plane [38].
The cytokinesis-specific KNOLLE [34] is widely used
as a marker to identify mitotic cells. The localization
of KNOLLE is tightly regulated and degraded in the
vacuole at the end of cytokinesis [37]. This regulation
includes the AP-1 adaptor subunits at the TGN [39],
which are essential for the trafficking of KNOLLE to
the cell plate [40,41] and sterol-dependent endocytosis,
further facilitating the correct localization of the syn-
taxin at the cell plate [42]. Sec1/Munc18 (SM) pro-
teins, such as KEULE, assist in SNARE complex

formation, essential for vesicle fusion during cytokine-
sis [43] (Fig. 3).

The action of Rab GTPases and tethering factors
brings in close proximity the cytokinetic vesicles with
the target membrane at the cell plate. Different

GTPases recognize classes of trafficking machinery
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hemicellulose, pectin, glycoproteins and other macro-

molecules [61]. The deposition and assembly of

polysaccharides into a new cell wall during cytokinesis

is a gradual process; however, a detailed study has

been mostly impeded by the technical limitations to

perform live imaging of polysaccharides (Box 1).

Callose and cellulose

Callose and cellulose are polysaccharides that are syn-

thesized by biosynthetic enzymes at the cell plate mem-

brane (Fig. 5). Callose, a b-(1,3)-linked glucan is

transiently deposited during cell plate development. Its

accumulation starts at the TVN stage and peaks at the

TN and PFS stages [6]. It has been proposed that

callose stabilizes the fragile membrane network and

assists in the expansion of the cell plate to a fenes-

trated sheet [6]. Callose synthases, also known as glu-

can synthase-like proteins (CALS/GSL), are

responsible for callose biosynthesis. Of the 12 family

members only one, CalS10/GSL8 has been shown to

be necessary for cytokinesis through genetic evidence,

exhibiting distinct mutant phenotypes including cell

plate stubs and seedling lethality [62–64]. CalS1/GSL6

has also been implicated [65] in cell plate development,

but its role in cytokinesis has not been genetically sup-

ported. GSL8 interacts with GSL10 but this interac-

tion remains to be investigated at the cell plate [66].

The trafficking pathway of GSL8 to the cell plate is

mediated via post-Golgi vesicles, which is supported

by its detection in proteomic analyses of TGN/EE

compartments [67,68]. The transient accumulation of

callose is achieved by the calcium activation of the cal-

lose synthase, followed by the timely removal of the

polysaccharide via hydrolytic enzymes, once the new

cell wall is stabilized [69–71]. The role of transient

deposition of callose in polysaccharide assembly is still

unknown. It is plausible that callose could serve as a

scaffold into which other more permanent polysaccha-

rides and proteins are later deposited [72]. The Ara-

bidopsis genome contains 50 (1,3)-b-glucanases [73,74],
however, no specific member has been so far assigned

for callose degradation at the cell plate.

The mechanisms underlying the complex transition

from a vesicle membrane network (TN) to a fenes-

trated sheet and a mature cell plate, and the contribu-

tion of polysaccharides such as callose in this

Fig. 4. Clathrin-coated vesicles (CCVs). Cartoon representation of

clathrin coated vesicles. Clathrin triskelion cage (purple) assisted by

adaptor protein complexes (teal) encapsulates cell plate membrane

(yellow). Dynamin ring (blue) facilitates CCV fission.

Box 1. Primary cell-wall components.

Term Location of synthesis Detected at the cell plate Structure

Callose Plasma membrane [6] b-(1,3)-linked glucan

Cellulose Plasma membrane [6]

[81]

b-(1,4)-linked glucan

Xyloglucan Golgi apparatus [87] b-(1,4)-linked glucan backbone that is further substituted with

xylosyl, galactosyl, fucosyl residues

Pectin Golgi apparatus and TGN [52,87,99] A family of galacturonic acid-rich polysaccharides that includes

homogalacturonan, rhamnogalacturonan I and the substituted

galacturonans rhamnogalacturonan II (RG-II) and

xylogalacturonan (XGA)

Glycoproteins ER and Golgi [52,104] Structural proteins with oligosaccharide chains (glycans)

attached to polypeptide (5 classes based on their enriched

amino acids)
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transition are not well understood. Overcoming the

lethality hurdles in genetic studies associated with the

GSL family [62–64], a modelling approach was imple-

mented. Cell plate sub-structures were approximated

with testable shapes. The free energy of cell plate

structures and their combination in a network was

modelled by adopting the Helfrich energy that exami-

nes the elastic properties of lipid bilayers [75]. The

Helfrich energy model was further modified with the

addition of a novel term, the spreading force, possibly

derived by polysaccharide deposition [76]. To reach a

mature cell plate, the proposed model requires the

onset of a two-dimensional spreading/stabilizing force,

coupled with a concurrent loss of spontaneous curva-

ture. The absence of a spreading/stabilizing force pre-

dicts failure of maturation [76]. The transient

accumulation of callose, coinciding with the predicted

stages requiring this spreading force is consistent with

the proposed model’s concept, lending support for the

proposed role of callose in cell plate maturation. Fur-

ther, a specific cytokinetic callose chemical inhibitor,

Endosidin7 (ES7), has been instrumental to better

understand the necessity for callose at the cell

plate [77]. Notably, ES7 does not inhibit wound or

stress-induced callose. The cytokinetic defects resulting

from ES7 application both in higher plants and algae

support the evolutionarily conserved role of the poly-

mer in cytokinesis [77,78]. The failure of cell plate mat-

uration with ES7 application indicates that callose is

likely a contributor to the stabilizing or spreading

force as predicted by modelling [76] (Fig. 5). Similarly,

The P. patens saber mutant has cytokinesis defects that

are caused by abnormal ER-cell plate connections, and

delayed/ aberrant callose accumulation [79]. A plausi-

ble hypothesis is that calcium levels necessary for cal-

lose synthase activity are mediated via ER-cell plate

interactions and are affected in the P. patens saber

mutant, highlighting the importance of callose during

cytokinesis and a potential ER-mediated regulation.

The junction of the cell plate with the parental cell

wall is also rich in callose [6], although the contribu-

tions of different polysaccharides and the flux of

polysaccharides and biosynthetic enzymes at this loca-

tion remain to be characterized.

The cell wall develops with the deposition of perma-

nent polysaccharides such as cellulose, cross-linking

glycans and glycoproteins [58] (Fig. 6). Deposition of

cellulose, a b-(1,4)-linked glucan, at the cell plate, coin-

cides with the flattening and stiffening of the cell plate

at the late TN and PFS stages concomitant with the

reduction of callose [6]. Cellulose synthase complexes

(CSC) are responsible for cellulose biosynthesis. For

an in depth analysis of cellulose deposition at the cell

plate, we refer to an excellent recent review [80]. Live

imaging of cellulose synthase suggested the appearance

of the enzyme and the product as early as the TVN

[81]. However, the limited resolution of light micro-

scopy in the study does not allow for the precise dis-

section of the cell plate stage. In addition to cellulose

synthases (CESAs), a member of the Cellulose Syn-

thase Like-D family (CSLD5), supports the construc-

tion of the new cell wall [82]. The direct product of

CSLD5 has not been yet identified, but similar to the

product of CSLD3, it is likely a b-(1,4)-glucan polysac-

charide [83], providing a scaffold for crystalline cellu-

lose.

Non-cellulosic polysaccharides and glycoproteins

Hemicelluloses and pectins, also known as matrix

polysaccharides or cross-linking glycans are synthe-

sized in the Golgi apparatus and are transported via

Fig. 6. Primary cell wall. Cartoon representation of primary cell

wall of dicot plants and organization of its constituents. Cellulose

(blue), pectin (yellow) and xyloglucan (green), structural proteins

(pink). Scale bar represents 200 nm.

Fig. 5. Callose-containing cell plate. Cartoon representation of pro-

posed callose conformations in helical structured fibres. Callose

(orange-red helical structures). The background in pale colours rep-

resents other cell wall components. Scale bar represents 200 nm.
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and assembly at the cell plate and the developing cell

wall.

The polysaccharide content of the TGN SYP61-

positive vesicle populations was characterized by com-

bining vesicle isolation using the SNARE SYP61 as

bait and a large-scale polysaccharide detection using a

collection of ~ 150 antibodies against cell wall polysac-

charides [101]. Interestingly, both xyloglucan and pec-

tin glycans were present in the isolated vesicles and

carried various degrees of substitution. This suggests

that diverse glycan populations are carried in the apo-

plast for their final assembly. Adoption of glycomic

analysis methodology for the identification of cytoki-

netic vesicles with the aid of specific markers for vesi-

cle isolation can shed light on the specific types of

polysaccharide structures transported to the cell plate.

Beyond polysaccharides, glycoproteins also consti-

tute important structural components of the cell wall,

although they do not possess catalytic activ-

ity [61,102,103]; their presence at the cell plate has

been detected with the aid of monoclonal antibodies

[52,104]. EXTENSIN3, a hydroxyproline-rich glyco-

protein is associated with cell plate development, is

enriched at the junctions with the parental cell wall,

and is proposed to provide a scaffold for polysaccha-

ride organization [105,106].

Challenges and emerging technologies

Cell plate development is a dynamic process that

involves the coordination of the cytoskeleton, vesicle

trafficking, polysaccharide deposition and assembly

with constant remodelling to develop a new cell wall

separating the two daughter cells. Given this complex-

ity, there are significant challenges in dissecting this

process.

The different stages of cell plate development occur

simultaneously in an expanding cell plate; thus, their

dissection in both time and space requires advanced

technologies and modalities including four-dimensional

(4D), high-resolution, long-term imaging in a biologi-

cally relevant (multicellular) system. The synchroniza-

tion of cytokinesis in a multicellular system is not

trivial because it occurs mostly in tissues with high

meristematic activity. Embryo or seedling lethality is a

landmark in cytokinesis mutants, hence the inability to

take full advantage of a genetic approach in their dis-

section.

The dissection of polysaccharide deposition at the

cell wall is currently not easily amenable to live imag-

ing as most of the specific probes are monoclonal anti-

bodies against polysaccharide epitopes [107], requiring

immunodetection methods in fixed cells. Many

vesicles to the developing the cell plate. Hemicelluloses 
bind to cellulose microfibres while pectin forms a soft 
network with extensive but weak contacts to cellulose 
and xyloglucan in mature cell wall [84], thus their 
timely deposition and assembly are essential for a 
functional cell wall network. Our current understand-
ing of the delivery and assembly of these polysaccha-
rides into the developing cell plate and cell wall is 
limited and mostly derived from studies using electron 
microscopy coupled with immunolocalization with 
polysaccharide specific antibodies [85–91]. Hemicellu-

lose in dicot plants, known as xyloglucan (XyG), con-
sists of a b-1,4 glucan backbone featuring a regular 
pattern of substitutions [92]. Most Golgi localized 
enzymes involved in the biosynthesis of XyG are well 
characterized [92,93]. In red clover (Trifolium pretense 
L.) roots, XyG has been observed both in secretory 
vesicles and the developing cell plate, likely starting at 
the TVN stage with its presence most abundant upon 
completion of the new cell wall [87].
Pectin structure is comprised of a galacturonic acid-

based backbone, with subgroups determining its diver-
sification and classification into four main types: 
homogalacturonan (HG), rhamnogalacturonan I (RG-

I), rhamnogalacturonan II (RG-II) and substituted 
galacturonans [94]. While several pectin biosynthetic 
and modifying enzymes have been identified, due to 
the complexity of the molecules, many enzymes are 
still awaiting identification [94–96]. Pectin biosynthesis 
likely starts at the cis-Golgi with non-esterified RGI 
and HG present in the cis and medial cisternae, while 
arabinose-containing side chains of RGI are detected 
only in the TGN, following a compartmentalized 
assembly line [97]. While pectins are synthesized and 
secreted in a methyl esterified form at the cell wall, 
they are de-esterified by pectin methyl esterases, lead-
ing to their acidification and allowing for further 
cross-linking [61,98]. The presence of methyl esterified 
pectin at the cell plate has been detected in different 
systems including Arabidopsis and Nicotiana tabacum 
Bright-Yellow-2 (BY-2) dividing cells [52,99]. The 
absence of RGI in the cell plate but presence in the 
middle lamella of red clover (Trifolium pretense L.) 
suggests that acidification of the polysaccharide occurs 
at later stages [87]. RG-II, a more complex form of 
pectin, serves as the site of borate cross-linking within 
pectin to facilitate gel formation. Notably, RGII has 
been detected at the cell plate as shown using immu-

noelectron microscopy in tobacco BY-2 cells, suggest-
ing that complex pectin structures are deposited at 
the cell plate [100]. The complexity of the matrix 
polysaccharides and the various degrees of modifica-

tion complicates the task of dissecting their trafficking

30



polysaccharide imaging along with the biosynthetic

enzymes during cytokinesis can help understand the

complex regulation of polysaccharide transport, depo-

sition and assembly into the cell plate and new cell

wall.

Established cell culture systems, such as BY-2 cul-

tures [123] or algae [78], are amenable to synchroniza-

tion and can be used to establish quick pipelines for

interrogation. Conditional mutants, such as the tem-

perature sensitive tplate mutant, can overcome many

of the challenges with canonical cytokinesis mutants

[124]. Biochemical analysis of isolated cytokinetic vesi-

cles [101] can reveal the nature of diverse cargo trans-

ported at the cell plate.

Conclusions and perspectives

While recent advances have provided a better under-

standing of cell plate formation [11] many questions

remain, some of which are listed here. (a) What is the

cargo of cytokinetic vesicles? (b) How many types of

cytokinetic vesicles exist and how is their cargo sepa-

rated? (c) Which motor proteins specifically facilitate

the transport of cytokinetic vesicles along microtubules

regulating membrane and cargo delivery? (d) What is

the stoichiometry and organization/orientation of

organelles during cell plate assembly and expansion?

(e) What are the signalling mechanisms that coordinate

transitions of the cell-plate membrane and phragmo-

plast expansion? (f) What is the timing of polysaccha-

ride deposition and how is this regulated? (g) How do

specific polysaccharides, such as callose, contribute to

the two-dimensional spreading force necessary for cell

plate expansion and maturation? (h) What are the

mechanisms that regulate the fusion of the cell plate

with the parental cell wall?

Continuing on recent discoveries, and armed with

emerging technologies, the mysteries of this fundamen-

tal aspect of plant life will certainly be unravelled in

the near future.
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proteins involved in cell plate formation, such as cal-
lose synthases, are multi-spanning membrane proteins 
that are difficult to fluorescently tag or recombinantly 
express to characterize their localization and function.

Since the early studies of plant cytokinesis, the 
development of new technologies and approaches con-
tinues to provide means of dissecting complex pro-
cesses.

Chemical biology using ES7 and SMIFH2 informed 
the role of callose and formins, respectively, in cytoki-
nesis [77,78,108] and can be instrumental in dissecting 
different aspects of cytokinesis at a spatiotemporal 
level while overcoming lethality.
Advanced imaging technologies, such as Lattice 

Light Sheet (LLS) microscopy, enables long term 4D 
imaging without photobleaching [109] which has been 
used to analyse mitotic cells in mammalian cells [110] 
and is a promising approach for plants. Further, Light 
Sheet [111] and vertical imaging [112] are gaining more 
traction in plants and can provide cell division pat-
terns that take the effect of gravity into account. 
Structured illumination microscopy has been instru-
mental to better understand CESA dynamics at the 
PM [113]. The application of live super-resolution 
microscopy can help dissect protein dynamics at differ-
ent cell plate stages.

Advanced image-processing tools [114] and biophys-
ical modelling [76] enable the development of models 
that can provide insights into the contribution of indi-
vidual components in cytokinesis. The developed 
model [76] can be used to interrogate the biomechani-

cal contribution of polysaccharides in cell plate matu-

ration. Additionally, the application of Brillouin 
microscopy that assesses stiffness through the thickness 
of the wall [115] or atomic force microscopy (AFM)-

based analysis that can assess external topography and 
elasticity of plant cells [116] could be used to biologi-
cally interrogate proposed models. Such synergy of 
information can help inform how cell plate expansion 
and maturation are regulated based on different 
polysaccharides and genetic backgrounds. Similarly, 
cell shape analysis coupled with modelling can facili-
tate the prediction of division-plane orientations and 
aid in the characterization of contributing proteins 
[117].

The generation of probes that allow live imaging of 
the cell wall [118], such as Pontamine Fast Scarlet 4B 
for cellulose [119], aniline blue fluorochrome for cal-
lose, fluorophore-functionalized chitosan oligosaccha-
rides (COS) and metabolic click-mediated labelling for 
pectin [120–122], are critical to better understand 
polysaccharide deposition and assembly in the cell 
wall. Overcoming the major bottleneck of live
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Chapter 2. A biophysical model for plant cell plate maturation 
based on the contribution of a spreading force 

This chapter is published in a manuscript describing the development of a biophysical 

model for cell plate formation and the potential role of a spreading force, possibly contributed by 

callose, in cell plate expansion. The model was tested by inhibiting cytokinetic callose, which 

exhibited traits consistent with those proposed by the model, both phenotypically and temporally. 

I contributed to all the experimental aspects of the manuscript. 

A Biophysical Model For Plant Cell Plate Maturation Based On The 
Contribution Of A Spreading Force. 

Jawaid MZ, Sinclair R, Bulone V, Cox DL, Drakakaki G. A biophysical model for plant cell plate 
maturation based on the contribution of a spreading force. Plant Physiol. 2022 Feb 4;188(2):795-806.
doi: 10.1093/plphys/kiab552. PMID: 34850202; PMCID: PMC8825336. 
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Abstract
Plant cytokinesis, a fundamental process of plant life, involves de novo formation of a “cell plate” partitioning the cyto-
plasm of dividing cells. Cell plate formation is directed by orchestrated delivery, fusion of cytokinetic vesicles, and mem-
brane maturation to form a nascent cell wall by timely deposition of polysaccharides. During cell plate maturation, the
fragile membrane network transitions to a fenestrated sheet and finally a young cell wall. Here, we approximated cell plate
sub-structures with testable shapes and adopted the Helfrich-free energy model for membranes, including a stabilizing and
spreading force, to understand the transition from a vesicular network to a fenestrated sheet and mature cell plate.
Regular cell plate development in the model was possible, with suitable bending modulus, for a two-dimensional late stage
spreading force of 2–6 pN/nm, an osmotic pressure difference of 2–10 kPa, and spontaneous curvature between 0 and
0.04 nm–1. With these conditions, stable membrane conformation sizes and morphologies emerged in concordance with
stages of cell plate development. To reach a mature cell plate, our model required the late-stage onset of a spreading/stabi-
lizing force coupled with a concurrent loss of spontaneous curvature. Absence of a spreading/stabilizing force predicts
failure of maturation. The proposed model provides a framework to interrogate different players in late cytokinesis and po-
tentially other membrane networks that undergo such transitions. Callose, is a polysaccharide that accumulates transiently
during cell plate maturation. Callose-related observations were consistent with the proposed model’s concept, suggesting
that it is one of the factors involved in establishing the spreading force.

Introduction
Cytokinesis is a fundamental process of plant life that is
different from animal cell cytokinesis. In plants, formation of

a cell plate develops into the new cell wall, partitioning the
cytoplasm of the dividing cell. Cell plate formation involves
highly orchestrated vesicle accumulation, fusion, and
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membrane transformation concurrent with the time-specific
deposition of polysaccharides such as callose, cellulose, and
cross-linking glycans along with glycoproteins (Figure 1).
This development requires choreographed accumulation of
post-Golgi vesicles via the phragmoplast, an assembly of
microtubules and microfilaments that help organize vesicle
delivery to the cell plate assembly matrix, at the division
plane (Lee and Liu, 2013).

Cell plate expansion is centrifugal, led by the accumulation
and fusion of cytokinetic vesicles to the leading edge and
maturation of the membrane network from the center
(Samuels et al., 1995; Segui-Simarro et al., 2004; Lee and Liu,
2013; Smertenko et al., 2017). Cell plate development takes
place in morphologically defined stages (Figure 1). It starts
with initial fusion of Golgi vesicles stage, in which cytokinetic
vesicles are guided by the phragmoplast to the cell plate as-
sembly matrix (Figure 1A). Fused vesicles are transformed
into dumbbells that undergo conformational changes to form
a tubulo-vesicular network (TVN) (Figure 1B), which transi-
tions to a tubular network (TN) (Figure 1C). The TN
expands into a planar fenestrated sheet (PFS). As the gaps in
the fenestrated sheet are gradually closing, this leads to the
formation of the young cell wall sandwiched between two
parallel plasma membranes that fuses with the parental cell
wall (Figure 1D) (Samuels et al., 1995; Segui-Simarro et al.,
2004). Excess membrane material is recycled concurrently,
along with the accumulation of different polysaccharide
materials. Based on elegant electron tomography studies, it is
estimated that 70% of membrane material is removed during
the transition of the cell plate from TVN to TN and PFS
(Segui-Simarro et al., 2004). Analysis of vesicle dynamics sup-
port electron microscopy studies showing an initial vesicle de-
livery with fast expansion, followed by slower expansion
phase (van Oostende-Triplet et al., 2017). It is notable that
the multiple stages exist simultaneously (Figure 1), adding
complexity in dissecting them (Drakakaki, 2015).

During cell plate expansion and maturation, membrane
remodeling and network expansion are highly coordinated
with the deposition of polysaccharides, providing an oppor-
tunity to study membrane morphology changes. The molec-
ular basis of vesicle delivery at the cell plate has been
extensively studied (McMichael and Bednarek, 2013; Boruc
and Van Damme, 2015; Jurgens et al., 2015) with key
components such as RAB GTPases, soluble N-ethylmalei-
mide-sensitive factor attachment protein receptor, tethering
complexes, dynamin rings, and accessory proteins receiving
attention (McMichael and Bednarek, 2013; Jurgens et al.,
2015; Smertenko et al., 2017). However, the factors contrib-
uting to stage transition from a vesicular network to a fenes-
trated sheet, leading to cell plate maturation, are largely
unknown. Dynamin rings and clathrin coated vesicles con-
tribute to recycling of excess material (McMichael and
Bednarek, 2013), while the deposition of polysaccharides
likely contributes to transition into a mature cell plate.
Hemicelluloses and pectins are deposited via Golgi derived
vesicles. Callose and cellulose are directly synthesized at the

Figure 1 Schematic representation of cell plate development stages
and the potential role of a spreading force in cell plate maturation. A–
D, Cell plate development occurs centrifugally in multiple stages. A,
During the first stage (I), cytokinetic vesicles guided by the phragmo-
plast accumulate at the center of the dividing cells, at the cell plate
assembly matrix. B, Vesicles undergo fusion and fission and conforma-
tional changes resulting in TVN (Stage II). C, Interconnected mem-
brane structures transition to a TN. At this stage high callose
deposition occurs (Stage III). D, The membrane network further
expands to an almost continuous fenestrated membrane sheet (PFS)
(Stage IV). Deposition of additional polysaccharides helps transition to
a new cell wall, separating the two daughter cells. Note that different
stages can occur simultaneously, images are not to scale. This simpli-
fied representation emphasizes on cell plate membranes (Samuels
et al., 1995; Segui-Simarro et al., 2004). E–H, Schematic representation
of cell plate development describing the role of a spreading force. E,
Early stages of vesicle accumulation and fusion and F, TVN and
TN structures are shown. Two different possibilities are projected for
stage transition (1) Incomplete/arrested cell plate G. In the absence of
a spreading force G, tubular and fenestrated structures accumulate,
and there is a lack of maturation towards a single, complete cell plate
structure. (2) Normal cell plate transition H. In our calculations, we
discover that for expansion/maturation to occur as in D, the presence
of a spreading force is required, along with the decrease of spontane-
ous curvature to a threshold value. This allows for a sheet-like cell
plate (SCP) structure to form. The structures in this schematic de-
scription are adapted from data collected from EM tomography
(Segui-Simarro et al., 2004) with bars in E–G = 50 nm, H = 0.25 mm.
Dark blue vesicles denote those labeled by the mathematical naming
schema as described in Figure 2. Whereas in E, 2 � 1 � 0 denotes
two oblate spheroids, one tubular connection, and zero holes.
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cell plate (Miart et al., 2014; Chen et al., 2018). Callose, a b-
1-3 glucan is a dominant polysaccharide transiently synthe-
sized at the cell plate. Structural glycoproteins such as exten-
sins are part of the newly formed cell plate (Cannon et al.,
2008) and can contribute to cell plate maturation. Given
the complexity of cell plate development and the concur-
rent presence of different stages, a biophysical model can be
used as a framework for interrogation of individual compo-
nents that can provide insights and guide future research.

In this study, we used biophysical modeling to dissect the
transition between the vesicular network stage to a fenes-
trated sheet and a mature cell plate. We tested the hypoth-
esis that a time-dependent spreading and stabilizing force is
necessary for cell plate maturation. We could model this
force by adding a phenomenological “areal pressure” term
to the Helfrich model free energy for the cell plate surface.
Furthermore, we monitored its influence by adopting a vari-
ational approach to locally minimize the model free energy
in time, assuming the process is sufficiently slow to consider
the system close to thermodynamic equilibrium. The quasi-
equilibrium is constantly redefined as vesicles are added at
the cell plate boundary. This enables us to use the total cell
plate surface area as a proxy for time. We demonstrate
semi-quantitatively that by assuming a late time onset of
this spreading and stabilizing force, followed by the reduc-
tion of membrane spontaneous curvature, we can reproduce
the observed morphological time dependent transition of
the cell plate morphology.

Results
We took a modeling approach to generate tools to dissect
better membrane network transition during cell plate
maturation. Due to the complexity of cell plate develop-
ment, we decided to look for energy minima within a pa-
rameterized restrictive geometry basis set, thereby
adopting a restricted variational approach within testable
approximated structures. We found that existing general
adaptive mesh approaches, such as Surface Evolver, while
in principle more accurate, were not amenable for appli-
cation in our study, due to their inability to incorporate
the spreading/stabilizing force into such a large-scale sys-
tem (Brakke, 1996).

Shape approximation
First, we approximated subcellular structures with testable
shapes that could be used in a model. As shown in
Figure 1, the cell plate, during its different transitional
stages, contains cytokinetic vesicles, fused vesicles stretched
to dumbbells, TVNs and fenestrated structures that finally
mature to a complete cell plate and a new cell wall. These
structures can be modeled using a combination of oblate
spheroids and elliptical hyperboloids (Figures 1 and 2).
Namely, cytokinetic vesicles can be approximated using ob-
late spheroids, where the two defining radii can be used as
variational parameters as shown in Figure 2A. The oblate
spheroid can also be used to model the expanded/late-stage

Figure 2 Approximating cell plate structures using a variational approach. A–D, Examples of membrane structure parameterizations used for
modeling. A, Cross-section of an oblate spheroid through the polar axis. The major axis radius is labeled a and the minor axis radius is labeled c.
This structure is used to model vesicles, or mature cell plate structures in the case where a� c. B, Cross-section of an elliptic hyperboloid at its
center, showing the skirt radii. The hyperboloid can be parameterized by its length l and its skirt radius in the equatorial plane ah , the skirt radius
in the axial plane is given by bh , which can be written as a function of the other parameters listed as shown in Supplemental Equation S3. C, An
example of a tubulo-vesicular structure parameterized by two oblate spheroids connected by a single elliptic hyperboloid (referred to as a
2 � 1 � 0 structure). Only the top view is shown. D, An example of a 4 � 4 � 1 conformation that models a transition to a fenestrated network
with genus g ¼ 1 ðone gapÞ. E, Evolution of single oblate spheroid parameters in the presence of a spreading force. In the presence of a spread-
ing force, the thickness of the oblate spheroid remains in the 40–80 nm range despite the increase in area. This reflects the thicknesses and growth
patterns found in intermediate cell plate stages (Samuels et al., 1995). Here, hos = 2c (aos; c shown in A), represents the overall height, or thick-
ness, of the oblate spheroid. In the absence of a spreading force, hos, or the thickness, is estimated to grow in values that are not observed experi-
mentally. For reference, an area of 104nm2 is roughly equal to that of a single vesicle.
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cell plate close to completion, as a very large oblate spheroid
with a� c.

Similarly, structures found within the fenestrated sheet
and the TVN stages can be approximated using a combina-
tion of elliptic hyperboloids and oblate spheroids, such that
the hyperboloids are continuous at the oblate spheroid
boundaries. These elliptic hyperboloids can be parameterized
by their length, hereafter referred to as l, and their skirt
radius in the equatorial plane, hereafter referred to as ah.
The other parameters needed to define an elliptic hyperbo-
loid can be written as a function of these two parameters
due to boundary conditions that arise from mandating
continuity. Figure 2B shows a cross-section of an elliptic
hyperboloid, while Figure 2C shows an example of two
vesicles joined by a single tube.

Naming convention of different approximated
conformations
The naming convention for different conformations follows
the example: A shape that is labeled as 6 � 7 � 2, repre-
sents a conformation that has six oblate spheroids (or
vesicles), seven hyperboloids (or tubes), and two gaps (or
fenestrations, with g ¼ 2). A 2 � 1 � 0 conformation, can
approximate dumbbell structures found in early TNs, where
two vesicles join via a single tube (Figure 2C). An example
of a 4 � 4 � 1 conformation with a single fenestration,
which can be used to approximate early fenestrated struc-
tures, is shown in Figure 2D.

Energy minimization
The area of any given conformation was calculated by nu-
merical integration methods, and a corresponding parameter
space of a given area was found. For simplicity, we analyzed
conformations that shared the same parameters for each of
the oblate spheroids, and each of the hyperboloids with
examples shown in Figure 2. We found a four-dimensional
parameter space (a; c; ah; l) that corresponded to a given
area up to an error tolerance (50.01%) for each conforma-
tion of interest, and then calculated the energies of
Equation 1 within that parameter space. The energy mini-
mum was then extrapolated from that parameter space.
Additional information about the four-dimensional parame-
ter space as well as the calculation of the area elements
used in the numerical integration methods is given in the
supplemental information (Supplemental Eq. S1–S4, S10 and
S11), and the full list of the parameters involved are shown
in Supplemental Figure S1.

Modified Helfrich energy
In order to identify contributing factors for cell plate matu-
ration beyond the vesicle network stage, we modeled the
free energy for the cell plate surface by adopting the
Helfrich energy (Helfrich, 1973) with the addition of a novel
term to model the presence of a spreading/stabilizing force.
The free energy is defined as follows:

E ¼ Ebending þ Epressure þ Etension þ Egaussian þ Espreading (1)

Each of the components is described in detail in the sup-
plemental information corresponding to Supplemental
Equations S5–S9.

The terms describe (1) the bending energy over the closed
membrane surface(s) of the cell plate, which depends on
the local curvature or the spontaneous curvature of the
membrane, given by co, and the bending modulus, given
by KB, (2) the pressure energy which results from the differ-
ence in osmotic pressure between the inside and the out-
side of the cell plate, represented by Dp; (3) the energy
associated with the surface tension of the membrane, which
depends on the local surface tension, given by c, (4) the
Gaussian bending energy, and (5) the novel term of spread-
ing/stabilizing force.

The novel spreading force term is analogous to a two-
dimensional pressure acting against the periphery of the cell
plate structure along the equatorial plane. It is dependent
on k, which parameterizes the spreading/stabilizing force,
having units of force/length. We allow for k to be time-
dependent, which would represent the “turning on” of poly-
mer production in an expanding plate. We also allow for co

to be time-dependent, accounting for differences in sponta-
neous curvature that may arise from changes in membrane
composition during cell plate evolution.

This methodology can also be used to provide a basis for
the quantitative assessment of membrane structures found
in the endoplasmic reticulum and the Golgi apparatus
which are so far limited in a large-scale view using Helfrich
theory. Earlier work (Shemesh et al., 2014) examined possible
morphologies as a function of curvature modifying proteins
using full minimization of the free energy via the Surface
Evolver finite element approach (Brakke, 1996). However,
these finite element methods were unable to consider the
spreading/stabilizing force required in Supplemental
Equations S6–S9 in any such available code. To establish a
testable and functional model, we adopted the variational
approach including multiple connected surfaces with nega-
tive curvature tubulations as a reasonable compromise ap-
proach to explore the quasi-equilibrium stabilities of
different morphologies that are fully representative of the
observed structures.

Model parameter ranges and the need of a
spreading/stabilizing force
We first minimized the modified Helfrich energy (Eq. 1) for
multiple conformations (vesicular, tubular, and fenestrated)
to determine a range of parameters that would match the
experimentally observed cell plate sizes/thicknesses. From
electron tomography cryo-EM images of developing cell
plates, we determined that the thickness of a cell plate in
various stages of development was �40–120 nm (Segui-
Simarro et al., 2004). Therefore, we tuned the free parame-
ters in our energy model such that conformations’ thickness
across the equatorial plane was in the range of 40–120 nm.
We determined that, depending on the choice of the
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bending modulus, the allowed values of the spreading/stabi-
lizing force parameter k should be between 0.0 and 6.0 pN/
nm, the spontaneous curvature co between 0 and
0.04 nm�1, and a finite pressure difference Dp around 2–
10 kPa. A deviation from these ranges results in structures
that are either too thick or too thin to exist in intermediate
stages of cell plate development based on literature. An ex-
ample of how we tuned the parameters to fit the experi-
mental sizes and shapes is given in Figure 2E, in which a
single oblate spheroid evolves with the area increase with
given parameter values while maintaining the experimentally
observed thickness. It is notable that a spreading force is
necessary to achieve the desired values. A summary of the
full range of parameter values are given in Table 1 and a
full description of these parameters is provided in the sup-
plemental information.

Although the range of values for the pressure difference
and the planar spreading force parameter were phenomeno-
logically determined, they are within reasonable bounds. For
instance, the solute concentration difference between the in-
terior and the exterior of the cell plate by employing the
van’t Hoff equation, which yields a solute concentration dif-
ference between 8 � 10–4 mol=l and 4 � 10–3 mol=l, com-
parable to protein solute concentration differences in higher
plant cells. The spreading force required for cell plate matu-
ration over a length of a nanometer is around 2–6 pN,
which is comparable to the polymerization ratchet forces of
a microtubule (Kent and Lele, 2017).

A spreading force is required for cell plate
maturation while its absence energetically favors
the accumulation of tubular and vesicular networks
Our goal was to assess within the modeled free energy of
Eq. (1), whether a spreading force is essential for the necessary
transitions from a combination of TVN to a fenestrated sheet
and finally to a single mature cell plate structure. Applying
Equation 1, we compared the energy minima compared to
that of a mature cell plate (Figure 3A). From an energy per-
spective, we identified that in the absence of a spreading

force, tubulo-vesicular and fenestrated structures have a lower
value of energy at minima and are more stable than a single
late-stage cell plate structure (resembled by a single oblate
spheroid) of the same area. Figure 3A shows the energy min-
ima of tubular and fenestrated structures (7 � 6 � 0,. . .)
compared to those of a single oblate spheroid (1 � 0 � 0).
DEmin represents the difference of the energy minima value of
the labelled structure with that of a single oblate spheroid, so
that DEmin(2 � 1 � 0) = Emin(1 � 0 � 0)�Emin(2 � 1 � 0).
Thus, positive DEmin indicate the relative stability of the la-
belled conformation. Our simulations indicate that in the ab-
sence of a spreading force, increased tubularity is preferred
with the increase in area (Figuer 1G and 3A). Furthermore, in
the absence of a spreading force, some fenestrated structures
(4 � 4 � 1, 6 � 7 � 2) are also energetically stable and are
therefore likely to accumulate.

We then examined the possibility of a transition from
TVNs to a single oblate spheroid or a fully mature cell plate
in the presence of a spreading force (Figure 3B). Within the
theory and the variational approach, we find that this is pos-
sible if the spontaneous curvature decreases to a threshold
value (�0.015 nm�1) with larger cell plate area, that is, in
the presence of a spreading force. From an energy perspec-
tive, this suggests that TVNs, TNs, as well as fenestrated
sheets, should be unstable as compared to a single oblate
spheroid, and thus transition of their morphology to one
without tubes or fenestrations. While a finite spontaneous
curvature is necessary to explain the origin of stability of the
incoming vesicles (Jung et al., 2001), a change in the sponta-
neous curvature of the membrane is predictable due to the
expected changes in membrane composition and protein
activity that occurs during cell plate development
(McMahon and Boucrot, 2015).

Figure 3B shows the relative instability of selected tubular
and fenestrated structures compared to a single oblate
spheroid in the presence of a spreading force and zero spon-
taneous curvature. Less tubular structures are now energeti-
cally favorable than highly tubular or fenestrated structures,
with a single, complete structure being the most favorable.
For structures without fenestrations or gaps (such as
2 � 1 � 0 or 3 � 2 � 0), we can also map a path to a sin-
gle oblate spheroid if we relax the parameter restrictions
that were initially imposed during the variational calculation.
Figure 3B shows results with the parameter restrictions in
place. Supplemental Figure S2 shows data for a fenestrated
structure in the absence (Supplemental Figure S2A) and the
presence (Supplemental Figure S2B) of a spreading/stabiliz-
ing force, leading to gap shrinkage with the parameter
restrictions in place.

To better represent a biological system, we compared an
ensemble of 2 � 1 � 0 structures (approximating accumu-
lated fused vesicles forming a network) to a single oblate
spheroid of the same combined area. Similar to our earlier
calculations, we find that in the absence of a spreading
force, a single oblate spheroid is less stable, as shown in

Table 1 Model parameter ranges

Parameter Value

Bending modulus KB 62.5–200 pNnm
Spontaneous curvature co 0–0.04 nm�1

Pressure difference Dp 2–10 kPa
Spreading force parameter k 2–6 pN=nm
Surface tension parameter c 1.6 pN=nm
Gaussian bending modulus KG –0.8 KB

The terms describe (1) the bending energy over the closed membrane surface(s) of
the cell plate, which depends on the local curvature or the spontaneous curvature
of the membrane, given by co , and the bending modulus, given by KB , (2) the pres-
sure energy which results from the difference in osmotic pressure between the in-
side and the outside of the cell plate, represented by Dp, (3) the energy associated
with the surface tension of the membrane, which depends on the local surface ten-
sion, given by c, (4) the Gaussian bending energy, and (5) the term of spreading/sta-
bilizing force.
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Figure 3C. The relative instability is magnified with the in-
crease of area, and with the increase in the number of tubu-
lar structures. In the presence of a spreading force and a
decreased spontaneous curvature, as in Figure 3D, the in-
verse is true, favoring fewer complex structures. When com-
paring multiple structures to a single mature structure of
the same area, there is no need to enforce the decrease in
spontaneous curvature. However, for consistency, results
with a zero spontaneous curvature in the presence of a
spreading force, and a finite spontaneous curvature in the
absence of a spreading force are shown.

Our simulations also showed that a stiffer membrane, for
example, one that is represented by a larger bending modu-
lus, requires a stronger spreading force in addition to a
higher pressure difference to transition to a mature cell
plate structure as shown in Supplemental Figures S3–S7.
However, regardless of the choice of the bending modulus
that may arise in different regions of the cell plate due to
varying thickness and rigidity, a spreading force is necessary
(see Supplemental Figures S3–S7). We also show calculations
for larger, highly tubulated fenestrated structures
(i.e.10 � 13 � 4) in Supplemental Figures S8 and S9, which

A B

DC

Figure 3 Stability tests to determine the role of a spreading force in different shape conformations. A and B, Stability tests determined by DEmin

versus Area for different conformations compared to a single oblate spheroid at the labelled area. A positive value of DEmin indicates relative stabil-
ity of the labelled conformation as compared to a single oblate spheroid (1 � 0 � 0). A, Relative stability of tubular (2 � 1 � 0, 5 �4 � 0,
7 � 6� 0) and fenestrated (4 � 4 � 1, 6 � 7 � 2) structures in the absence of a spreading force with a finite spontaneous curvature. B, Stability
of a single oblate spheroid over tubular and fenestrated structures in the presence of a spreading force and with zero spontaneous curvature.
Note that in (B) a decrease of spontaneous curvature to a threshold value close to 0.015 nm�1 yields similar results. C and D, Stability test for mul-
tiple 2 � 1 � 0 structures compared to a single oblate spheroid at the labeled area. C, Relative stability of multiple 2 � 1 � 0 structures com-
pared to a single oblate spheroid in the absence of a spreading force. At a labeled area, a larger number of structures have collectively a higher,
more positive value of DEmin, thereby indicating that in the absence of a spreading force, tubular, as well as emerging fenestrated/network struc-
tures (as inferred by the results of A and B) are energetically favorable and tend to accumulate as shown in Figure 1G. D, Stability of a single oblate
spheroid compared to multiple 2 � 1 � 0 structures in the presence of a spreading force and with zero spontaneous curvature. In the presence of
a spreading force, at a labeled area, a larger number of structures have a lower, more negative value of DEmin collectively, thereby indicating the en-
ergetic favorability of structures fusing to form larger, more mature structure(s).
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are stable in the absence of a spreading force, but unstable
compared to a single oblate spheroid in the presence of a
spreading force, further supporting our model. In
Supplemental Figures S10 and S11, we animate the 3D evo-
lution and transition of cell plate structures in the presence
and the absence of a spreading force as predicted by our
model.

Exploring polysaccharide deposition as a
contributing factor to cell plate maturation and
model prediction
There are several potential contributing factors during cell
plate maturation including cell wall polysaccharides. Given
that the model examines the specific transition between TN
to a fenestrated sheet and a mature cell plate, the timing of
the contributing sources at the lagging zone is critical. Among
the different polysaccharides we first examined callose.

Live staining of callose in dividing Arabidopsis thaliana
roots showed a prominent and transient accumulation of
the polysaccharide at the lagging zone, starting from the
center (Figure 4, B–D). Treatment with Endosidin7 (ES7),
which inhibits cytokinetic callose deposition (Park et al.,
2014), caused failure of the cell plate to mature into a cross
wall. Figure 4, E–G shows an example of arrested cell plate
development in the absence of callose, in contrast to normal
gradual cell plate maturation concomitant with callose de-
position as in Figure 4, A–D. This is consistent with the
model’s prediction in the absence of a spreading force,
where planar fenestrated and tubular structures accumulate,
but do not mature into a stable cross-wall like structure.

Given the loadbearing role of cellulose, we then examined
the effect of cellulose compared to callose inhibition in our
experimental conditions. Cellulose inhibition by isoxaben
(IXB) treatment led to strong reduction of root growth
(Scheible et al., 2001; Worden et al., 2015) and a root swol-
len phenotype compared to ES7 (Supplemental Figure S12).
However, while cytokinesis defects in the form of cell plate
stubs, were observed with ES7 treatment (Figure 5, E and
Supplemental Figure S12, E and J), this effect was not detect-
able in IXB treatment (Figure 5 and Supplemental Figure
S12, G– J). ES7 treatment caused binucleate cells as a result
of failed cytokinesis (Figure 5F); however, this phenotype
was not pronounced in the IXB treatment (Figure 5J).

We then included a treatment with the myosin inhibitor
2,3-butanedione monoxime (BDM), interfering with actin-
based organelle transport (Samaj et al., 2000; Tominaga
et al., 2000; Higaki et al., 2008). Unlike ES7 (Figure 5, P–R), a
20-mM BDM treatment for 2 h led to inhibition of RABA2a
trafficking Figure 5, S–X, but not cell plate fragmentation,
showing an effect on endomembrane trafficking, that in
turn could impact cell plate development.

Estimating the required polysaccharide synthesis
rates for a stabilizing/spreading force
We note that the spreading/stabilizing force can be described
by the mean square end-to-end excursion within the Flory

self-avoiding polymer theory in two-dimensions (Schulmann
et al., 2013). If we assume reasonable values of polymer persis-
tence length and areal density, we require a rate of polysac-
charide synthesis close to dN

dt � 1:75 � 106 s�1 to obtain
the spreading force parameter of k ¼ 4 pN

nm. The modeled
dN/dt is biologically achievable given an estimated cellular
value of 1:8 � 105 � s�1 based on in vitro callose synthase
activity (Him et al., 2001) and an average protein concentra-
tion in eukaryotic cells (Albe et al., 1990; Milo, 2013).
However, in-vitro experimental systems of the relevant poly-
mer(s) synthase(s) in artificial vesicles are required to test this
hypothesis. A full description of this derivation is given in the
supplemental information corresponding to Supplemental
Equations S12–S17.

Discussion
Although several proteins have been identified that regulate
cell plate formation (McMichael and Bednarek, 2013;
Smertenko et al., 2017, Gu and Rasmussen, 2021), the mech-
anisms underlying the complex transition from a vesicle
membrane network (TN) to a fenestrated sheet and a ma-
ture cell plate are not well understood.

To circumvent these hurdles and to better dissect cell
plate maturation, we used biophysical modeling. We devel-
oped a model based on the Helfrich free energy for the cell
plate surface with the incorporation of a spreading/stabiliz-
ing force as an “areal pressure” (force per unit distance).
From an energy minimization analysis, we have shown that
a planar spreading/stabilizing force is vital for cell plate to
transition from vesicle membrane network to a fenestrated
sheet and late stage/mature cell plate. We also show that in
the absence of a spreading/stabilizing force, the addition of
membrane material yields stable TN structures, but that
those structures are unable to mature beyond this stage. As
shown by different simulations, the need for this spreading/
stabilizing force is magnified when we compare a single ma-
ture cell plate to multiple smaller vesicle network structures
of the same total area. We do not have the detailed molecu-
lar scale mechanisms behind the spreading/stabilizing force,
but we show that a simple model based upon the expansion
of a quasi-two-dimensional self-avoiding polymer captures
the correct form (Supplemental Figure S13).

To reach a mature cell plate, our model requires the late-
stage onset of the spreading force coupled with a concur-
rent loss of spontaneous curvature. This raises the intriguing
possibility of a common origin to the decrease in spontane-
ous curvature and onset of a spreading/stabilizing force. In
the model, the spreading force is relevant when there is suf-
ficient connection of individual oblate spheroidal vesicles,
and it is at this stage that we shut off the spontaneous cur-
vature. The nanoscale surface topography can potentially
serve as a direct biochemical signal to activate this process
(Lou et al., 2019). The possible tethering of polysaccharides
or glycoproteins to the membrane could concomitantly in-
duce spreading and reduce spontaneous curvature by modi-
fying the membrane mechanics. Notably, inhibition of long
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chain fatty acid affects cell plate maturation (Bach et al.,
2011). It is plausible that membrane microdomains control
both spontaneous curvature and the onset of a spreading
force at the cell plate.

Curvature-stabilizing proteins are active at the cross-
sections of tubules and sheet edges of endoplasmic reticu-
lum (Shemesh et al., 2014; Schweitzer et al., 2015). While
force generating proteins are involved in the tubulation and
membrane material recycling processes (Otegui et al., 2001;
Ahn et al., 2017), no proteins have been identified with
properties of membrane expansion at the cell plate.

The phragmoplast-driven vesicle delivery is a dynamic and
complex process (Buschmann and Müller, 2019) that with
the aid of motor proteins can be considered as a spreading/
stabilizing force during cell plate maturation. For example,
Myosin VIII plays a role in guiding phragmoplast expansion
(Wu and Bezanilla, 2014), while several kinesins are involved
in the functional organization of the phragmoplast
(Buschmann and Müller, 2019). Microtubule directed vesicle
delivery occurs at the leading edge; however, it is followed
by microtubule depolymerization at the lagging zone, which
is the transitional stage that the model describes (Lee and

Figure 4 Progression of the cell plate in the presence and absence of callose. A–D, Cell plate progression in the presence of callose. A, It shows an
early stage cell plate before the accumulation of callose, while (B–D) represent later cell plate stages including SCP as indicated in Figure 1D.
FM4–64 staining (magenta) is used to stain plasma membrane and the cell plate, while Aniline Blue fluorochrome (green) staining shows callose
accumulation. Note the transient accumulation of callose in later stages leading to the maturation of cell plate during normal cytokinesis (B–D).
C and D represent two snapshots of a time series. C, Two cell plates can be observed, and as maturation continues to D, callose is eliminated from
one cell plate indicating its transient nature. Arrows indicate callose accumulation at the cell plate. E–G, Progression of cytokinesis under ES7
treatment for 2 h that inhibits callose deposition. Note that early cell plate development is not affected with ES7 treatment as shown in earlier
studies (Park et al., 2014) (E). However, in late stages of cell plate development under ES7 treatment, the absence of callose prevents the transition
into a stable mature single structure, leading to characteristic “cell plate stubs” (F and G). CP indicates cell plate, SCP indicates SCP as depicted in
Figure 1. CW indicates cell wall. Yellow arrowheads denote lack of callose at cell plate breakage points. Dotted lines in F, G outline the position
where callose should be deposited. Images are 3D reconstructions from Z-stacks of live confocal imaging and show single timepoints. C and D are
snapshots of a time series. Figures are representative of root tips from a minimum of 10 Arabidopsis seedlings. A schematic representation on the
right indicates the accumulation of callose in relation to cell plate development. White gaps at the bottom indicate cell plate fragmentation.
Bars = 3 mm.
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Liu, 2013). Furthermore, inhibition of myosin causes a
broader effect on cell plate expansion, as it is involved in
general vesicle delivery (Figure 5). Therefore, it is challenging
to assign a specific function of motor proteins to cell plate
maturation at the lagging zone. Time-lapse experiments di-
rected at the role of motor proteins at the lagging zone will
shed light on their contribution to the stabilizing and
spreading force that the model predicts.

It is plausible that polysaccharide deposition serves as this
stabilizing and spreading role. The matrix polysaccharides
hemicellulose and pectin are synthesized in the Golgi appa-
ratus and delivered via vesicles from the beginning of cytoki-
nesis (Moore and Staehelin, 1988; Toyooka et al., 2009;
Rybak et al., 2014). Thus, these classes of polysaccharides are
unlikely the major players as they do not overlap with the
predicted onset of the spreading/stabilizing force, although

Figure 5 Comparison of chemical inhibitors of cellulose, callose and myosin on cytokinesis. A–L, Evaluation of cytokinesis inhibition under 5 day
chemical treatment in Arabidopsis root tips. Under control DMSO treatment normal cytokinesis is observed (A–D). Under ES7 treatment typical
cytokinesis defects are observed with the cytokinesis marker RABA2a (E), multinucleate cells (F) are shown by DAPI staining. Under IXB treatment
cell plate progression was observed (I) without discernable cytokinetic defects in the form of binucleate cells (J) or cell plate stubs (I, K, and L).
Please note cell swelling under IXB treatment. The cytokinesis marker RABA2a is shown in green, while FM4–64 staining of plasma membrane is
shown in magenta. Nuclei staining by DAPI are indicated in blue. Samples were stained with FM4–64FX, fixed and stained post fixation for DAPI.
Results were observed in at least six roots for each drug treatment. Samples are single scans of fixed cells. Bars = 10 mm. M–X, Effect of 2 h short-
term (50 mM) ES7 and the putative myosin inhibitor 2,3-butanedione 2-monoxime (20 mM BDM) treatment in cytokinesis. Under DMSO control
treatment normal progression of cytokinesis is observed (M–O). Under ES7 treatment, characteristic cell plate stubs were observed with RABA2a
and the plasma membrane stain FM4–64 (P–R). Under BDM treatment, a reduction of RABA2a signal was observed with increase in cytoplasmic
pattern (S–X). The cytokinesis marker RABA2a is shown in green, while FM4–64 staining of plasma membrane is shown in magenta. Samples are
single scans of live cell confocal imaging. Results were observed in at least six roots for each drug treatment. Bars = 5mm.
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experimental verification awaits. Callose and cellulose are
synthesized directly at the plasma membrane and are excel-
lent candidates for exploration. Our data showed that phar-
macological inhibition of cellulose at the root tip inhibited
cell elongation in general, while inhibition of callose deposi-
tion led to cytokinesis defects consistent with the conforma-
tions predicted by the model in the absence of a spreading
force. Callose accumulation peaks at the intermediate TN
stage, a transitional stage that coincides with loss of mem-
brane volume (Samuels et al., 1995; Segui-Simarro et al.,
2004). The timing of callose deposition in late stages when
the overall cell plate membrane network “flattens” (Samuels
et al., 1995; Segui-Simarro et al., 2004) is consistent with the
need of callose in providing a lateral spreading/stabilizing
force. Furthermore, the predicted required values of callose
deposition are within biological thresholds (Him et al., 2001;
Pelosi et al., 2003). Notably, a study by Thiele et al. (2009)
indicates that callose is required to establish the connection
between the nascent cross-wall and the parental cell wall,
rather than stabilizing the young cell plate (Thiele et al.,
2009), so that further analysis on the role of callose in the
proposed model awaits verification. It is plausible that cal-
lose could serve as a scaffold into which other more perma-
nent polysaccharides and proteins are later deposited (Stone
and Clarke, 1992; Him et al., 2001). Potential transient inter-
action with cellulose or other glucans (Miart et al., 2014; Gu
et al., 2016; Abou-Saleh et al., 2018) can contribute to a
composite that supports the stability of the cell plate and
helps the attachment to the parental cell wall. Structural
glycoproteins such as extensins (Cannon et al., 2008) can
provide a scaffold for polysaccharide deposition, and these
altogether can generate the desired spreading/stabilizing
force proposed by the model. Further (challenging) experi-
ments are necessary to determine how the possible confor-
mations of different polysaccharides and proteins or their
combinations, synthesized in vitro in an artificial membrane
setup, can contribute to different magnitudes of spreading/
stabilizing force in lipid vesicle networks.

A unique element in the study was the approximation of
cellular compartments with testable shapes such as vesicles
and complete cell plates with oblate spheroids, fused vesicles
and tubular structures with elliptical hyberboloids and their
combination in a network. Approximating vesicles, tubula-
tions and their networks in the current model has the poten-
tial of a wider application and can be adopted during
quantitative assessment of membrane dynamics. It can be
used as a basis for addressing the equilibrium of vesiculation
(oblate spheroids) and tubulation (elliptic hyperboloids) and
applied to ER-intermediate compartments, Golgi, and endo-
somes in all eukaryotic cells.

In conclusion, our model provides a framework for under-
standing how membrane structures evolve in the presence
of a spreading/stabilizing force and will likely shed light in
such transitions that occur beyond cytokinesis.

Materials and methods
A full description of our model development, parameter set
up, plant growth, chemical treatment, and analysis is pre-
sented in the supplemental material.

Supplemental data
Supplemental Text S1.

Supplemental Figure S1. Parameters visualized on a rep-
resentative 2 � 1 � 0 structure.

Supplemental Figure S2. Effect of a spreading force visu-
alized in a 8 � 10 � 3 conformation.

Supplemental Figure S3. Evolution of single oblate spher-
oid parameters in the presence of a spreading force.

Supplemental Figure S4. Stability tests of various configu-
rations under different bending modulus in the absence of a
spreading force.

Supplemental Figure S5. Stability tests of various configu-
rations under different bending modulus in the presence of
a spreading force and with zero spontaneous curvature.

Supplemental Figure S6. Stability tests of multiple
2 � 1 � 0 structures as compared to a single oblate spher-
oid in the absence of a spreading force and with finite spon-
taneous curvature.

Supplemental Figure S7. Stability tests of multiple
2 � 1 � 0 structures as compared to a single oblate spher-
oid in the presence of a spreading force and with zero spon-
taneous curvature.

Supplemental Figure S8. Stability tests of tubular/fenes-
trated structures as compared to a single oblate spheroid in
the absence of a spreading force.

Supplemental Figure S9. Stability tests of tubular/fenes-
trated structures as compared to a single oblate spheroid in
the presence of a spreading force.

Supplemental Figure S10. Evolution/transition of a cell
plate structure in the absence of a spreading force as pre-
dicted by the model.

Supplemental Figure S11. Evolution/transition of a final
cell plate structure from Figure S10 in the presence of a
spreading force as predicted by the model.

Supplemental Figure S12. Effect of IXB and ES7 on cellu-
lar organization and root growth.

Supplemental Figure S13. Proposed model of polymer
deposition generating a two-dimensional spreading force.

Supplemental Video S1. Evolution/transition of a cell
plate structure in the absence of a spreading force as pre-
dicted by the model.

Supplemental Video S2. Evolution/transition of a final
cell plate structure from Figure S10 in the presence of a
spreading force as predicted by the model.

Acknowledgments
We would also like to thank the members of the Drakakaki
lab, particularly Drs. Destiny Davis, Michel Ruiz Rosquete,

47

https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab552#supplementary-data


Minmin Wang for useful discussions and Dr. Shuxiao Zhang
for help with statistical analysis. We thank Anika Sagar and
Alexander Zhou for help with quantification.

Funding
This work was supported by NSF Grant MCB 1818219 to
G.D. and D.C. G.D. was additionally, partially supported by
the Department of Agriculture Hatch (CA-D-PLS-2132-H).

Conflict of interest statement. None declared.

References

Abou-Saleh RH, Hernandez-Gomez MC, Amsbury S, Paniagua C,
Bourdon M, Miyashima S, Helariutta Y, Fuller M, Budtova T,
Connell SD, et al. (2018) Interactions between callose and cellu-
lose revealed through the analysis of biopolymer mixtures. Nat
Commun 9: 4538

Ahn G, Kim H, Kim DH, Hanh H, Yoon Y, Singaram I, Wijesinghe
KJ, Johnson KA, Zhuang X, Liang Z, et al. (2017) SH3
domain-containing protein 2 plays a crucial role at the step of
membrane tubulation during cell plate formation. Plant Cell 29:
1388–1405

Albe KR, Butler MH, Wright BE (1990) Cellular concentrations of
enzymes and their substrates. J Theor Biol 143: 163–195

Bach L, Gissot L, Marion J, Tellier F, Moreau P, Satiat-
Jeunemaitre B, Palauqui JC, Napier JA, Faure JD (2011)
Very-long-chain fatty acids are required for cell plate formation
during cytokinesis in Arabidopsis thaliana. J Cell Sci 124:
3223–3234

Boruc J, Van Damme D (2015) Endomembrane trafficking overarch-
ing cell plate formation. Curr Opin Plant Biol 28: 92–98

Brakke KA (1996) The surface evolver and the stability of liquid sur-
faces. Philos Trans Royal Soc Mathe Phys Eng Sci 354: 2143–2157

Buschmann H, Müller S (2019) Update on plant cytokinesis: rule
and divide. Curr Opin Plant Biol 52: 97–105

Cannon MC, Terneus K, Hall Q, Tan L, Wang Y, Wegenhart BL,
Chen L, Lamport DT, Chen Y, Kieliszewski MJ (2008)
Self-assembly of the plant cell wall requires an extensin scaffold.
Proc Natl Acad Sci USA 105: 2226–2231

Chen HW, Persson S, Grebe M, McFarlane HE (2018) Cellulose syn-
thesis during cell plate assembly. Physiol Plant 164: 17–26

Drakakaki G (2015) Polysaccharide deposition during cytokinesis:
challenges and future perspectives. Plant Sci 236: 177–184

Gu F, Bringmann M, Combs JR, Yang J, Bergmann DC, Nielsen E
(2016) Arabidopsis CSLD5 functions in cell plate formation in a
cell cycle-dependent manner. Plant Cell 28: 1722–1737

Gu Y, Rasmussen CG (2021) Cell biology of primary cell wall synthe-
sis in plants. Plant Cell koab249;doi:10.1093/plcell/koab249

Helfrich W (1973) Elastic properties of lipid bilayers - theory and
possible experiments. Z Naturforsch C 28: 693–703

Higaki T, Kutsuna N, Sano T, Hasezawa S (2008) Quantitative
analysis of changes in actin microfilament contribution to cell
plate development in plant cytokinesis. BMC Plant Biol 8: 80

Him JLK, Pelosi L, Chanzy H, Putaux JL, Bulone V (2001)
Biosynthesis of (1 -4 3)-beta-D-glucan (callose) by detergent
extracts of a microsomal fraction from Arabidopsis thaliana. Eur J
Biochem 268: 4628–4638

Jung HT, Coldren B, Zasadzinski JA, Iampietro DJ, Kaler EW
(2001) The origins of stability of spontaneous vesicles. Proc Natl
Acad Sci USA 98: 1353–1357

Jurgens G, Park M, Richter S, Touihri S, Krause C, El Kasmi F,
Mayer U (2015) Plant cytokinesis: a tale of membrane traffic and
fusion. Biochem Soc Trans 43: 73–78

Kent IA, Lele TP (2017) Microtubule-based force generation. Wiley
Interdiscip Rev Nanomed Nanobiotechnol 9: 10.1002/wnan.1428

Lee YRJ, Liu B (2013) The rise and fall of the phragmoplast microtu-
bule array. Curr Opin Plant Biol 16: 757–763

Lou HY, Zhao W, Li X, Duan L, Powers A, Akamatsu M, Santoro
F, McGuire AF, Cui Y, Drubin DG, et al. (2019) Membrane curva-
ture underlies actin reorganization in response to nanoscale sur-
face topography. Proc Natl Acad Sci USA 116: 23143–23151

McMahon HT, Boucrot E (2015) Membrane curvature at a glance. J
Cell Sci 128: 1065–1070

McMichael CM, Bednarek SY (2013) Cytoskeletal and membrane dy-
namics during higher plant cytokinesis. New Phytol 197: 1039–1057

Miart F, Desprez T, Biot E, Morin H, Belcram K, Hofte H,
Gonneau M, Vernhettes S (2014) Spatio-temporal analysis of cel-
lulose synthesis during cell plate formation in Arabidopsis. Plant J
77: 71–84

Milo R (2013) What is the total number of protein molecules per
cell volume? A call to rethink some published values. BioEssays 35:
1050–1055

Moore PJ, Staehelin LA (1988) Immunogold localization of the
cell-wall-matrix polysaccharides rhamnogalacturonan I and xyloglu-
can during cell expansion and cytokinesis inTrifolium pratense L.;
implication for secretory pathways. Planta 174: 433–445

Otegui MS, Mastronarde DN, Kang BH, Bednarek SY, Staehelin
LA (2001) Three-dimensional analysis of syncytial-type cell plates
during endosperm cellularization visualized by high resolution elec-
tron tomography. Plant Cell 13: 2033–2051

Park E, Diaz-Moreno SM, Davis DJ, Wilkop TE, Bulone V,
Drakakaki G (2014) Endosidin 7 specifically arrests late cytokinesis
and inhibits callose biosynthesis, revealing distinct trafficking
events during cell plate maturation. Plant Physiol 165: 1019–1034

Pelosi L, Imai T, Chanzy H, Heux L, Buhler E, Bulone V (2003)
Structural and morphological diversity of (1–43)-beta-D-glucans
synthesized in vitro by enzymes from Saprolegnia monoı̈ca.
Comparison with a corresponding in vitro product from blackberry
(Rubus fruticosus). Biochemistry 42: 6264–6274

Rybak K, Steiner A, Synek L, Klaeger S, Kulich I, Facher E,
Wanner G, Kuster B, Zarsky V, Persson S, et al. (2014) Plant cy-
tokinesis is orchestrated by the sequential action of the TRAPPII
and exocyst tethering complexes. Dev Cell 29: 607–620

Samaj J, Peters M, Volkmann D, Baluska F (2000) Effects of myosin
ATPase inhibitor 2,3-butanedione 2-monoxime on distributions of
myosins, F-actin, microtubules, and cortical endoplasmic reticulum
in maize root apices. Plant Cell Physiol 41: 571–582

Samuels AL, Giddings TH Jr, Staehelin LA (1995) Cytokinesis in to-
bacco BY-2 and root tip cells: a new model of cell plate formation
in higher plants. J Cell Biol 130: 1345–1357

Scheible WR, Eshed R, Richmond T, Delmer D, Somerville C
(2001) Modifications of cellulose synthase confer resistance to iso-
xaben and thiazolidinone herbicides in Arabidopsis Ixr1 mutants.
Proc Natl Acad Sci USA 98: 10079–10084

Schulmann N, Meyer H, Kreer T, Cavallo A, Johner A, Baschnagel
J, Wittmer JP (2013) Strictly Two-Dimensional Self-Avoiding
Walks: Density Crossover Scaling. Polym Sci Ser C 55: 181–211

Schweitzer Y, Shemesh T, Kozlov MM (2015) A model for shaping
membrane sheets by protein scaffolds. Biophys J 109: 564–573

Segui-Simarro JM, Austin JR, White EA, Staehelin LA (2004)
Electron tomographic analysis of somatic cell plate formation in
meristematic cells of Arabidopsis preserved by high-pressure freez-
ing. Plant Cell 16: 836–856

Shemesh T, Klemm RW, Romano FB, Wang S, Vaughan J, Zhuang
X, Tukachinsky H, Kozlov MM, Rapoport TA (2014) A model for
the generation and interconversion of ER morphologies. Proc Natl
Acad Sci USA 111: E5243–E5251

Smertenko A, Assaad F, Baluska F, Bezanilla M, Buschmann H,
Drakakaki G, Hauser MT, Janson M, Mineyuki Y, Moore I, et al.
(2017) Plant cytokinesis: terminology for structures and processes.
Trends Cell Biol 27: 885–894

Stone BA, Clarke AE (1992) Chemistry and Biology of 1,3-b-Glucans,
La Trobe University Press, Victoria, Australia

48



Thiele K, Wanner G, Kindzierski V, Jurgens G, Mayer U, Pachl F,
Assaad FF (2009) The timely deposition of callose is essential for
cytokinesis in Arabidopsis. Plant J 58: 13–26

Tominaga M, Yokota E, Sonobe S, Shimmen T (2000) Mechanism
of inhibition of cytoplasmic streaming by a myosin inhibitor,
2,3-butanedione monoxime. Protoplasma 213: 46–54

Toyooka K, Goto Y, Asatsuma S, Koizumi M, Mitsui T, Matsuoka
K (2009) A mobile secretory vesicle cluster involved in mass trans-
port from the Golgi to the plant cell exterior. Plant Cell 21:
1212–1229

van Oostende-Triplet C, Guillet D, Triplet T, Pandzic E, Wiseman
PW, Geitmann A (2017) Vesicle dynamics during plant cell cytokinesis
reveals distinct developmental phases. Plant Physiol 174: 1544–1558

Worden N, Esteve VE, Domozych DS, Drakakaki G (2015) Using
chemical genomics to study cell wall formation and cell growth in
Arabidopsis thaliana and Penium margaritaceum. Methods Mol
Biol 1242: 23–39

Wu SZ, Bezanilla M (2014) Myosin VIII associates with microtubule
ends and together with actin plays a role in guiding plant cell divi-
sion. Elife 3: e03498

49



Chapter 3. Quantitative cell plate development and identification of robust 
transition points between growth phases 

This chapter, as part of a published manuscript, describes the use of four-dimensional 

imaging by lattice light sheet microscopy (LLSM) to address cell plate development. By 

developing a pipeline to quantitatively extract cell plate dynamics, it enabled us to dissect robustly 

transition phases during cell plate formation. This further allowed us to elucidate the point in which 

callose is critical for membrane transition as proposed by our model described in chapter 2. 

Rosalie Sinclair, Minmin Wang, Muhammad Zaki Jawaid, Toshisangba Longkumer, Jesse Aaron, 
Blair Rossetti, Eric Wait, Kent McDonald, Daniel Cox, John Heddleston, Thomas Wilkop, Georgia 
Drakakaki, Four-dimensional quantitative analysis of cell plate development using lattice light 
sheet microscopy identifies robust transition points between growth phases, Journal of 
Experimental Botany, 2024;, erae091, https://doi.org/10.1093/jxb/erae091 
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Employing lattice light sheet 4D microscopy, we dissected plant cytokinesis, a multistage 

process involving orchestrated delivery of membranes and polysaccharides. Quantitative analysis 

revealed phase shifts, that disappeared through inhibition of callose deposition. 

Abstract 

Cell plate formation during cytokinesis entails multiple stages occurring concurrently and 

requiring orchestrated vesicle delivery, membrane remodelling, and timely deposition of 

polysaccharides, such as callose. Understanding such a dynamic process requires dissection in 

time and space; this has been a major hurdle in studying cytokinesis. Using lattice light sheet 

microscopy (LLSM), we studied cell plate development in four dimensions, through the behavior 

of yellow fluorescent protein (YFP)-tagged cytokinesis-specific GTPase RABA2a vesicles. We 

monitored the entire duration of cell plate development, from its first emergence, with the aid of 

YFP–RABA2a, in both the presence and absence of cytokinetic callose. By developing a robust 

cytokinetic vesicle volume analysis pipeline, we identified distinct behavioral patterns, allowing 

the identification of three easily trackable cell plate developmental phases. Notably, the phase 

transition between phase I and phase II is striking, indicating a switch from membrane 

accumulation to the recycling of excess membrane material. We interrogated the role of callose 

using pharmacological inhibition with LLSM and electron microscopy. Loss of callose inhibited 

the phase transitions, establishing the critical role and timing of the polysaccharide deposition in 

cell plate expansion and maturation. This study exemplifies the power of combining LLSM with 

quantitative analysis to decode and untangle such a complex process. 

Keywords: Callose, cell plate, cytokinesis, 4D imaging, lattice light sheet microscopy, plant cell 

division, quantitative image analysis, RABA2a. 
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Abbreviations: AIC, Advanced Imaging Center; CSL, cellulose synthase-like protein; ES7, 

Endosidin 7; FVS, fusion of 

vesicles stage; GSL, glucan synthase like;LLSM, lattice light sheet microscopy; MS, Murashige 

and Skoog; PFS, planar fenestrated sheet; ROI, region of interest; TN, tubular network; TVN, 

tubular–vesicular network YFP, yellow fluorescent protein. 

Introduction 

Cytokinesis is a fundamental process in life, determining growth, development, and 

differentiation. In plant cytokinesis, a process fundamentally different from cytokinesis in 

animals and fungi (Samuels et al., 1995; Staehelin and Hepler, 1996; Jürgens, 2005; Drakakaki, 

2015; Gu and Rasmussen, 2022; Sinclair et al., 2022), de novo formation of a cell plate partitions 

the cytoplasm of the dividing cell. Cell plate development occurs in multiple stages. It requires 

the directed and choreographed accumulation of post-Golgi vesicles via the phragmoplast (a 

structure composed of cytoskeletal polymers, associated proteins, and membranes) at the 

division plane (Smertenko, 2018)(Lee and Liu, 2013). 

Cell plate expansion is centrifugal, led by the accumulation and fusion of vesicles 

arriving at the leading edge. Various morphologically determined cell plate developmental stages 

exist simultaneously during cytokinesis (Samuels et al., 1995; Seguí-Simarro et al., 2004). First, 

during the fusion of vesicle stage (FVS), cytokinetic vesicles guided by the phragmoplast arrive 

at the division plane where fusion occurs. Upon vesicle fusion and fission, membrane tubulation, 

primarily due to the activity of dynamin-related proteins (Otegui et al., 2001; Seguí-Simarro et 

al., 2004), helps the transition to a tubular–vesicular network (TVN) (Samuels et al., 1995; 

Seguí-Simarro et al., 2004). The membrane morphology evolves through the expansion of the 

network to a smoother tubular network (TN). The polysaccharide callose is predominantly 
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deposited at this stage (Samuels et al., 1995). The excess membrane material is recycled via 

clathrin-coated vehicles (Otegui et al., 2001). As the cell plate smoothens and expands, it 

transitions to a planar fenestrated sheet (PFS). The cell plate stiffens with the deposition of 

polysaccharides, leading to the formation of a cross-wall. As the phragmoplast expands 

centrifugally, delivering vesicles to the leading edge of the cell plate, the center matures with the 

removal of excess membranes and deposition of polysaccharides. Thus, at any given time, the 

cell plate contains a gradient of developmental stages. A recent review (Sinclair et al., 2022) 

includes an animated overview of cytokinesis. 

The synchronous and timed deposition of membrane material and polysaccharides control 

the cell plate’s expansion, stability, and maturation into a new cross-wall (Drakakaki, 2015; 

Smertenko et al., 2017; Gu and Rasmussen, 2022). However, little is known about how these 

mechanisms are orchestrated (Drakakaki, 2015; Smertenko et al., 2017). Many GTPases are 

localized at the cell plate (Chow et al., 2008; Geldner et al., 2009; Qi et al., 2011; Qi and Zheng, 

2013; Berson et al., 2014; Mayers et al., 2017; Shi et al., 2023), including the Rab-related 

GTPase RABA2a, which is involved in the delivery of trans-Golgi network-derived vesicles to 

the leading edge of the cell plate. As such, RABA2a is considered a good marker for cytokinetic 

vesicle accumulation directing cargo to the cell plate (Chow et al., 2008). Necessary, vesicular 

fusion events during Arabidopsis cell plate formation are mediated by SNARE complexes that 

involve KNOLLE and its partners (El Kasmi et al., 2013). 

Our current insights into cell plate formation are based on two-dimensional, electron 

(Samuels et al., 1995; Seguí-Simarro et al., 2004) and in vivo fluorescence micrographs, with 

only minimal contributions from multidimensional spatiotemporal data (reviewed in Drakakaki, 

2015; Smertenko et al., 2017; Sinclair et al., 2022; Geitmann, 2023). During the TN stage, 
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callose, a β-1,3-glucan polysaccharide, is temporally integrated into the cell plate (Samuels et al., 

1995). It is proposed that callose contributes a spreading force in the stabilization and maturation 

of the cell plate (Jawaid et al., 2022). However, its timely delivery and contribution to the stage 

progression of cytokinesis remain elusive. Dissecting the dynamic behavior of components such 

as callose and other polysaccharides, and the overall phragmoplast machinery, is essential for a 

comprehensive understanding of their contributions. Even with the advancement in many 

technologies, research into cell plate development is hindered by the fact that mutations in 

cytokinesis, such as those of callose synthase/glucan synthase like (GSL8), are often lethal 

(Desprez et al., 2007; Chen et al., 2009; Thiele et al., 2009), making a genetic approach to the 

underlying questions unfeasible. Therefore, imaging modalities that allow observation of the 

whole cytokinesis process in space and over time, with high image quality, are required to 

improve our understanding. 

So far, confocal-based modalities are not ideal as they exhibit significant photobleaching, 

making it very challenging to capture with high temporal resolution the entire process of cell 

plate formation from initiation to maturation. In order to identify a region in the seedling where 

cell plates will develop requires a dedicated marker that labels the phragmoplast, such as TUA6 

(Ueda et al., 2003), and/or a nuclear stain suitable for live cell  imaging. For a cytokinetic vesicle 

marker, such as RABA2a, the presence of an already initiated cell plate is required to set up the 

image acquisition, which in turn compromises early-stage observations. Additional challenges 

include: balancing field of view with temporal resolutions and inherent growth motion of the 

seedling laterally and axially. In the absence of automated tracking algorithms, manual 

adjustments in x, y, and z are often required. These go hand in hand with extensive post-data 

processing, including concatenation and alignment. 
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Recent technological and methodological advances are now allowing four-dimensional 

(4D, XYZT), in vivo fluorescence microscopy, which can provide more biologically relevant 

quantitative information. The development of lattice light sheet microscopy (LLSM) enables 

lengthy image acquisitions with significantly minimized photobleaching. LLSM is a promising 

avenue in dissecting mitosis across different biological systems. It is allowing for easier 

acquisition of multiple cytokinesis events simultaneously, from their earliest detection, while 

decreasing the constant need to manually track the cell plate during acquisition (Chen et al., 

2014; Aguet et al., 2016). In plants, LLSM has been employed to reveal the spatiotemporal 

accumulation of Annexin 1 – green fluorescent protein (ANN1-GFP) around the nuclear 

envelope of elongating trichoblasts (Tichá et al., 2020), the dynamic subcellular localization of 

ROOT HAIR DEFECTIVE 2 (GFP–RHD2), as well as the observation of fine actin filaments in 

young root hairs (Ovecka et al., 2022). However, while LLSM is an enabling modality, it has not 

yet been adopted to study cytokinesis in plants, potentially in part due to the efforts required to 

establish an imagining and quantitative analysis routine. 

In this study, we adopted LLSM to study cytokinesis in plants. Taking advantage of the 

unique capabilities of LLSM, we investigated cell plate dynamics using the cytokinesis marker 

yellow fluorescent protein (YFP)–RABA2a coupled with pharmacological inhibition of callose. 

Quantitative analysis revealed the presence of distinct phases, with easily identifiable transition 

points during cell plate development, which were altered by inhibition of callose. The here 

presented imaging pipeline together with the identified stage transition can help further unravel 

the complex process of cytokinesis and interrogate the biological role of its components. 

Materials and methods 

Plant materials and growth 
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All Arabidopsis (Arabidopsis thaliana) seedlings were grown as described previously (Park et 

al., 2014). Briefly, seeds were sterilized for 10 min in a solution containing 10% (v/v) sodium 

hypochlorite (NaOCl)/80% (v/v) ethanol/10% (v/v) water, followed by three washes in 90% 

(v/v) ethanol for 1 min, and subsequently air dried. Seeds were germinated on square plates 

containing Murashige and Skoog (MS) medium (Sigma; one-quarter strength), supplemented 

with 1% (w/v) Suc, pH 5.7, solidified with 0.5% (w/v) phytagel (Sigma) and designated 

chemicals. Plates were incubated at 10° off the vertical in a growth room with a 16 h light/8 h 

dark photoperiod for 3–5 d. Transgenic lines expressing YFP–RABA2a (Chow et al., 2008) were 

used to observe cell plate development with or without chemical treatment (Park et al., 2014). 

Chemical treatment and staining procedures 

For microscopy, seedlings were grown as described above for 3 d and then transferred to 48-well 

plates containing 2 ml of liquid MS medium supplemented with 390 mM DMSO (Sigma), 50 

μM Endosidin 7 (ES7) (ChemBridge) (or otherwise indicated concentration) and allowed to 

grow for 2 h as pulse treatment. Chemicals were diluted to their working concentrations from 

1000× stock solutions. FM4-64 (5 µM) diluted 1:1000 from a stock solution, applied for 5 min, 

was used to stain the plasma membrane. Aniline blue fluorochrome (Biosupplies) was used to 

detect callose at 0.1 mg ml–1 in water, diluted from 1 mg ml–1 stock. Staining was performed 

directly on imaging slides. 

Transmission electron microscopy 

Four-day-old Arabidopsis seedlings, treated with 50 µM ES7 for 1 h, were analyzed by 

transmission electron microscopy (TEM). Root tips (1 mm) were excised and fixed using high-

pressure freezing methods as described earlier (McDonald, 2014; Otegui, 2020). Excised root 

tips were placed in a type B freezing planchette containing yeast paste as a filler/cryoprotectant 
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and frozen under high pressure in a high-pressure freezing unit (BAL-TEC HPM 010). Freeze 

substitution was performed in 1% OsO4 and 0.1% uranyl acetate in acetone, followed by 

infiltration and embedding in Epon resin as described earlier (McDonald and Webb, 2011; 

McDonald, 2014). Thin sections (70 nm) were cut on a Leica Ultracut E ultramicrotome, picked 

up on Formvar-coated slot or 100 mesh grids, and post-stained for 7 min in 2% uranyl acetate in 

70% methanol, followed by 4 min staining in Reynold’s lead citrate. Images were taken with a 

Gatan Ultrascan 1000 camera on a FEI Tecnai-12 electron microscope operating at 120 kV. 

Confocal/high resolution microscopy 

Image aquisition 

A Zeiss Airyscan 980 or a Leica SP8 was used for confocal imaging. The Leica SP8 was used to 

image YFP–RABA2a seedlings co-stained with FM4-64 (5 µM) utilizing a ×100/1.4 NA oil 

objective (HC PL APO CS2) employing a high resonant scanning with line averaging set to 15. 

Excitation at 512 nm was used for both YFP–RABA2a and FM4-64, with emissions collected at 

520–558 nm and 650–800 nm for YFP and FM4-64, respectively. For the time-lapse series, Z-

stacks were collected at intervals of ~1 min for 30–45 min. Images are representatives of five 

biological replicates (independent seedlings). 

The Zeiss 980 was used to image YFP–RABA2a seedlings co-stained with aniline blue at 

single time points, using Airyscan CO 8Y mode. The fluorescent signal of YFP–RABA2a was 

exited using a 514 nm laser at 25% power, and aniline blue fluorochrome was excited using the 

405 nm laser at 15% power. All images were collected using the LD LCI Plan-Apochromat 

×40/1.2 NA (Korr DIC M27) water objective. Images are representatives of five biological 

replicates (independent seedlings). 
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The Zeiss 980 was used to image Arabidopsis seedlings treated for 2 h with 50 µM ES7 

or DMSO and co-stained with 5 µM FM4-64. The fluorescent signal of FM4-64 was excited 

using a 514 nm laser at 10% power. All images were collected using the LD LCI Plan-

Apochromat ×40/1.2 NA (Korr DIC M27) water objective. Images are representatives of 20 

biological replicates (independent seedlings). 

Image processing 

Leica SP8 data were deconvolved using classic maximum likelihood estimation (CMLE), 

manually adjusting for background with a maximum of 20 iterations and corrected for XYZ drift 

using Huygens (SVI). Collected images from the Zeiss 980 Airyscan were processed using the 

Zeiss built-in Airyscan processing software employing automated settings. All data were 

exported to Imaris (Oxford Instruments) for segmentation and 3D or 4D visualization. Figures 

were assembled using Affinity Designer (Serif). 

Lattice light sheet microscopy 

Imaging 

Imaging was performed using the lattice light sheet microscope at the Advanced Imaging Center 

(AIC) on the Janelia Research Campus, following sample preparation and imaging procedures as 

previously described (Chen et al., 2014). Arabidopsis seedlings at 3–4 d old were mounted on a 

5 mm coverslip [Warner Instruments Cat. No 64-0700 (CS-5R)]. One seedling was mounted per 

coverslip within a thin layer of 0.5% low melting agarose (w/v) in water. The cover slip was 

clipped to the end of a long extension of the sample holder and submerged in a bath filled with 

8.5 ml of 1/4-strength MS liquid medium. The opposite end of the coverslip holder was bolted to 

the sample piezo (Chen et al., 2014). YFP–RABA2a plants were stained with FM4-64, and both 
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fluorophores were excited using a 488 MPB fiber laser. A two-camera system, 2× Hamamatsu 

Orca Flash 4.0 v2 sCMOS, was used to acquire the images of the two fluorophores. 

Lattice light sheet microscopy image processing 

All data were acquired in the dithered mode and were deconvolved by using a Richardson–Lucy 

algorithm adapted to run on a graphics processing unit (GPU) (NVIDIA, GeForce GTX TITAN), 

using an experimentally measured point spread function (PSF) for each emission wavelength. 

Before visualization, all 3D datasets acquired via sample scan in the x, y, and z coordinated 

system were transformed (‘deskewed’) to the more conventional x, y, and z coordinates using a 

GPU. 

Selection of points of interest for channel alignment and image stabilization 

Channel alignment 

The BigStitcher plugin in ImageJ was used to process datasets before quantitative analysis. All 

files using BigStitcher were converted to .xml to register how the data are stored and track any 

internal processing following the pipeline described in the AIC guidelines: 

https://knowledge.aicjanelia.org/posts/20200730-stabilize-roi-selection/. One .xml file was 

generated per time-lapse dataset. For our experiments, the metadata denoted FM4-64 as channel 

0 and YFP–RABA2a as channel 1. 

Once a file was generated, channel alignment was applied first, followed by drift 

correction (movement in the field of view). Note that the drift correction can lead to 

misalignment if processing is conducted in this sequence. Channel alignment followed a similar 

routine to the drift correction, as described in AIC guidelines: 

https://knowledge.aicjanelia.org/posts/20200730-stabilize-roi-selection/ with the following 

modifications. (i) In the Multiview Explorer window, the first time point was selected for 
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channel 0 (FM4-64), and the command ‘Detect Interest Points’ was used for navigation to the 

interest points ‘Difference-of-Gaussian’ with no other restrictions selected. This was repeated for 

channel 1 (YFP–RABA2a). (ii) Then the parameters used to identify the points of interest were 

refined using the sigma and threshold sliders. The minimum threshold was used to detect the 

space within each cell, enabling the individual selections of interest for each cell. Sigma values 

were set to a range of 8–9 to obtain detectable points/regions inside each cell that can be used for 

the alignment. Adjustments were made to create the best recognizable points common between 

the two channels to facilitate the best alignment in the next step. (iii) The points of interest were 

registered using a precise descriptor-based (translation-invariant) algorithm to align the two 

channels and validate them through the viewer window 3D function. The transformation model 

is rigid, with an allowed error for random sample consensus iterative methodology known as 

RANSAC (px) of 7–8. This was repeated for various sigma thresholds until the two channels 

overlapped. (iv) Once complete, the BigStitcher windows were closed, and in the plugins menu 

the following sequence was selected: Multiview Reconstruction→Batch 

Processing→Tools→Duplicate Transformations. Transform one-time points to other time points. 

The selected transformation was then applied to all time points across the dataset. 

Drift correction 

Following channel alignment, drift correction was applied using the steps below as described in 

the AIC guidelines: https://knowledge.aicjanelia.org/posts/20200730-stabilize-roi-selection/. 

Note the significant differences from the channel alignment steps: (i) the use of all time points in 

one channel, instead of the first time point and (ii) the adjustment of Gaussian values to identify 

the cell wall corners across the time points, instead of the space inside the cells that was used for 
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channel alignment. The threshold was set to the maximum, while the sigma value was set to a 

range from 7.5 to 9.5. 

Create a bounding box for the region of interest 

Region of interest (ROI) selection and export as 3D .tiffs were used to decrease file size and 

obtain workable files by following the steps ‘Create Bounding Box for Region of Interest’ as 

outlined in AIC guidelines: https://knowledge.aicjanelia.org/posts/20200730-stabilize-roi-

selection/. 

Image stack assembly and bleach correction 

The .tiff files generated from the bounding box ROI step were then separated into folders by 

each channel and concatenated into a full-time series using ImageJ. The time series were then 

bleach-corrected using histogram matching. Finally, processed data were first exported into 

individual .tiffs and subsequently into the .ims format using the Imaris file converter. Before 

converting, settings were adjusted for the voxel dimension, XYZT frame, and image acquisition 

time points. Files were finalized and imported into Imaris for 4D volumetric rendering. All time 

series at this step contained two datasets, one for ‘raw’ data and one for the histogram-matched 

bleach-corrected data. 

. Representative datasets used in the study are available on Zenodo at 

10.5281/zenodo.10515765 

Imaris segmentation 

Surface rendering of individual cell plates was performed with the surface creation tool using 

Imaris X64 9.6.0 in conjunction with object tracking as outlined by user guidelines, 

https://qbi.uq.edu.au/research/facilities/microscopy-facility/image-analysis-user-guides/analysis-

software/imaris/creating-surface-imaris, with the following modifications. (i) In the first step of 
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the surface creation, a bounding box was drawn to enable the separation of a specific region to 

reduce the working file size. (ii) Surface segmentation was performed using the ‘new surfaces’ 

function. The appropriate channel (histogram corrected) was used. Surface detail was set to 0.1 

µm, and thresholding was based on background subtraction with the values set based on the 

diameter of the largest sphere fitting the object. To obtain these values, the diameter of the 

largest shape was measured in the 2D view under the slice mode. (iii) During the next step, the 

image histogram was adjusted to best fit the objects of interest. Multiple surfaces/segmentations 

could be used for different cell plates and different time points for statistical analysis. (iv) In the 

next step, a preview was generated by Imaris, with the final surfaces bounding all the objects that 

were detected in the ROI. Objects were filtered based on voxel count to better define the 

observed objects. In general, a voxel count of 20 throughout the dataset allowed for the best 

observation. Surfaces were tracked throughout the time course with autoregression motion 

selected, and the maximum travel distance between time points was set to 4 µm. The maximum 

gap size for surfaces in consecutive frames in a track was set to 3. (v) Following surface 

rendering, individual cell plates were segmented by selecting their corresponding subsurfaces, 

rebuilding the cell plate individual tracks, and connecting the subtracks together. Surfaces and 

volumes of cell plates were extracted, uniquely named, and quantitatively analyzed. 

We note that working with different channels separately leads to manageable file sizes matching 

better the computer processing power. As the different channels are aligned, they can be later 

combined after further processing. (vi) Cell plate diameter values were recorded manually for 

each time point during cell plate formation by measuring the largest distance of YFP–RABA2a. 

The FM4-64 plasma membrane stain was employed to determine the predicted cross-wall width 

and was used to normalize the diameters, accounting for cell size variations (Chow et al., 2008; 
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van Oostende-Triplet et al., 2017). Finally, normalized diameter values were averaged at their 

respective time points across cell plates. 

Quantification and statistical analysis 

The data generated from the intensity-based Imaris segmentation were compiled in Excel files 

and further analyzed (Supplementary tables S1 &S2). The Origin 2021 software (Origin. 2003. 

Origin 7.5. OriginLab Corp., Northampton, MA, USA) was used to normalize the data to their 

maximum volume or area. To determine an approximate rate of change of measured 

volumes/areas, the data were fitted to a polynomial (adjusted R2 0.69±0.03), from which 

derivatives were calculated. For visualization purposes, the derivatives were linearly shifted, 

creating a time when all rates passed through zero. However, raw datasets were considered for 

fitness comparison and any further statistical analysis differences. 

Binning approach for further statistical analysis 

For statistical comparison of volume accumulation between control and ES7 treated samples, the 

data were divided into five groups (bins) for further statistical analysis. These bins correspond to 

the normalized volume changes based on the following approach: bin 1 (increasing values from 0 

to 0.33 µm3), bin 2 (increasing values from 0.33 µm3 to 0.66 µm3), bin 3 (increasing values from 

0.66 µm3 to 1 µm3), bin 4 (decreasing values from 1 µm3 to 0.66 µm3), bin 5 (decreasing values 

from 0.66 µm3 to 0.33 µm3), and bin 6 (decreasing values from 0.33 µm3 until reaching the final 

minimal YFP–RABA2a cell plate volume). The width of the bins, as well as the divide between 

increasing and decreasing values, were chosen for simplicity. The derived rates from each of the 

volume bins were then averaged. These averages were statistically analyzed using two-tailed 

pairwise t-tests (GraphPad) and then were plotted . 
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P-values for diameter studies were additionally calculated using a second binning 

approach. The normalized diameter values were averaged across cell plates at their respective 

time points . For comparisons, The ES7 time points were laterally adjusted such that the 

averaged ES7 values at the starting point matched the corresponding control value . P-values 

were then calculated using pairwise t-tests (GraphPad) . 

Results 

Development of a 4D lattice light sheet microscopy image acquisition and 

processing pipeline to study plant cytokinesis 

Cell plate assembly, expansion, and maturation are regulated in space and time over an extended 

period. Therefore, 4D imaging is necessary to examine in depth the membrane and cell plate 

expansion dynamics. We first used laser scanning confocal microscopy with a resonance 

scanner, maximizing acquisition speeds, to follow cytokinesis over extended periods of time. 

Using YFP–RABA2a (Chow et al., 2008) as a cytokinesis marker, high resolution imaging of 

cell plate development was possible (Fig. 1). Time-lapse imaging showed centrifugal expansion 

of the cell plate. This approach, however, was not sustainable for the dissection of a large 

number of cytokinesis events. With confocal microscopy, one could only manually track 

developing cell plates, one at a time, limiting its scalability. Further, using this approach, only 

already sufficiently assembled cell plates could be imaged since their presence was necessary to 

set up the acquisition. 

To circumvent these hurdles and capture full cell plate events, while improving 

throughput, we used LLSM. LLSM affords imaging at much faster rates and with less light 

exposure of the sample, minimizing photobleaching and phototoxicity (Chen et al., 2014). LLSM 

helps to extend the observation time, while affording higher axial resolution with similar lateral 
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resolutions to those obtained with confocal microscopy. Using LLSM, we recorded the marker 

YFP–RABA2a in the root tips of 3-day-old A. thaliana seedlings. We generated 4D data  

capturing the complete process of cell plate development with minimal photobleaching, allowing 

the acquisition of datasets amenable to in-depth quantitative analysis. The cell membrane and 

cellular architecture dye, FM4-64, was used to provide a reference for overall cell shape and cell 

plate expansion perspective. Once image acquisition was completed, a pipeline was developed 

primarily using open-source software for image processing followed by quantitative analysis 

(Fig. 2, see more details in the Materials and methods). In brief, this involved image deskewing, 

aligning the two fluorescence channels, correcting for (XYZ) drift, and selection of an ROI to 

obtain a manageable data size. Once data were exported into readable formats (.tiff), they were 

concatenated into time series stacks for each channel. The image files were bleach-corrected by 

histogram matching across time points for the whole stack (Fig. 2B, C). Segmentation of 

developing cell plates was performed using an intensity value-based algorithm in IMARIS, 

followed by quantitative analysis of cell plate volume, surface area, and diameter (Fig. 2D). 

Quantification of cell plate dynamics shows three distinct developmental 

stages based on YFP–RABA2a accumulation patterns 

With the adoption of LLSM, cell plate growth from its point of origin at the vesicle accumulation 

stage (FVS) until completion of cytokinesis can be observed, a time frame that was not 

previously established with confocal and electron microscopy (Seguí-Simarro et al., 2004; 

Higaki et al., 2008; van Oostende-Triplet et al., 2017; Geitmann, 2023). An example is presented 

in Fig. 3A, a pink segmented surface, in which volume and area change and rates are tracked by 

a bold blue line in Fig. 3B–E. As shown in Fig. 3A, B, completion of cytokinesis takes place 

within 20–30 min. Within this time window, cell plate volume peaked during the first 8 min 
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(Fig. 3A). Then the cell plate expanded laterally and flattened, with the gradual reduction of the 

vesicle accumulation marker dispersing at the cell plate rim and finally disappearing 

(Supplementary Video S1), probably representing transitions to discontinuous phragmoplast 

stages (Smertenko et al., 2017; Sinclair et al., 2022). With LLSM, observation of multiple 

cytokinetic events within the same root tip was possible. Each observed cytokinetic event was 

unique. Events in the same root tip did not exhibit over-reaching similarity. 

A quantitative analysis of segmented cell plates based on the cytokinetic marker was 

performed to better understand the spatiotemporal dynamics of vesicle accumulation and cell 

plate expansion. Normalized volumes of developing cell plates were fitted to a polynomial 

regression, allowing accumulation trends to be observed across biological samples (Fig. 3B). As 

mentioned above, the cell plate volume accumulation based on YFP–RABA2a peaked within ~8 

min, followed by a rapid reduction over the following 8 min. The rates of volume (1.5×103–

9.5×103 µm3 min–1) accumulation determined by the first-order derivative showed a net positive 

addition of YFP–RABA2a vesicle/membrane material for the first 8 min (Fig. 3C). Within this 

period, a short interval exhibits linear growth. The first 8 min marked a turning point at which 

the rates of volume accumulation switched to a net negative value (Fig. 3C, asterisk). The 

negative rate values probably represent recycling of large amounts of material during cell plate 

expansion and maturation, as postulated from electron microscopy analysis (Otegui et al., 2001; 

Seguí-Simarro et al., 2004). We also quantified the bounding surface area corresponding to the 

segmented cell plates. The time course of the YFP–RABA2a bounding surface areas and their 

corresponding rates (Fig. 3D, E) showed an overall similar trend in line with the volume 

accumulation. Without overinterpretation of the data, one can note that peak values are slightly 

deviating, which might be indicative for geometrical changes—thinning or thickening. 
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In summary, three distinct phases became apparent based on our quantification: phase I, a 

rapid phase of cytokinetic vesicle material delivery with a positive YFP–RABA2a cell plate 

volume rate, followed by a substantial volume reduction (phase II). Finally, a third phase (phase 

III) of minimal cytokinetic vesicle presence at the rim of the cell plate took place before joining 

the parental cell wall. 

To correlate the dynamic behavior of YFP–RABA2a cytokinetic vesicles with that of the 

cell plate membrane, we quantitated both volumes and bounding surface areas. The membrane 

was visualized by staining with the endocytic lipophilic dye FM4-64. The segmentation of FM4-

64-stained membranes throughout cytokinesis is not a trivial task, given that the staining is very 

much prone to indiscriminate staining of all membranes over time and/or bleaching. The 

inherently fluctuating time point for cell plate formation after the initiation of the staining is an 

additional challenge and limits available datasets. The temporal behavior of the YFP–RABA2a 

volumes and stained cell membranes for selected samples observed via LLSM (Supplementary 

Fig. S1A–D) and laser scanning confocal microscopy is shown in Supplementary Fig. S1, Table 

S3.  

The normalized and polynomial fitted data for both the YFP–RABA2a volume and 

membrane volume follow a similar pattern. Both exhibit a distinct and rapid growth phase of 

volume accumulation that, after reaching its zenith, is followed by a reduction at somewhat 

lower rates. The peaks for both YFP–RABA2a and the FM4-64 membrane occur at similar 

times. It is noteworthy, that the FM4-64 membrane removal dynamics exhibit higher dispersion, 

compared with the very coherent rates of the YFP–RABA2a volume. One can only speculate on 

the causative factors for this, with varying rates of membrane removal or incomplete FM4-64 

staining (stain exhaustion) being possible reasons. Bounding surfaces follow similar trends for 
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both YFP–RABA2a and FM4-64 staining (Supplementary Fig. S1C, D). Confocal data show a 

very similar pattern to that observed for the LLSM data. Both YFP–RABA2a volumes and FM4-

64 membrane volumes follow similar dynamics, with distinct peaks at similar times 

(Supplementary Fig. S1E, F). 

These data highlight the suitability of our global analysis of membrane volumes during 

cell plate development as a mechanism to decipher progression of cell plate formation consistent 

with earlier predictions based on electron microscopy (Otegui et al., 2001; Seguí-Simarro et al., 

2004). In future studies, the use of the cytokinesis-specific SNARE KNOLLE (Lukowitz et al., 

1996)might be a useful alternative for charting the membrane kinetics. 

Inhibition of callose deposition arrests cytokinesis and induces aberrant 

membrane accumulation patterns 

Our data show that while vesicle volume accumulation is a very rapid process, the expansion and 

maturation phase is lengthier. The latter stages are accompanied by a significant loss of cell plate 

volume, probably due to the recycling of membrane material. During the transition of the cell 

plate from a membrane network to a fenestrated sheet, the accumulation of the polysaccharide 

callose is implicated in stabilizing this network and providing a spreading force for expansion 

and maturation (Samuels et al., 1995; Jawaid et al., 2022). To better understand the role of 

callose during these dynamic cell plate transitions, we applied ES7, a small molecule that has 

shown inhibition of cytokinetic callose deposition and callose synthase activity in microsome 

assays (Drakakaki et al., 2011; Park et al., 2014). As observed by confocal microscopy, YFP–

RABA2a accumulation was not affected by the 2 h ES7 pulse treatment. However, the cell plate 

expansion and maturation were impaired, leading to stagnation, as shown by the cytokinesis 

marker YFP–RABA2a and FM4-64 staining (Fig. 4). Quantification of cell plate stubs on 
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seedlings stained with FM4-64 averaged three stubs per seedlings, while DMSO controls showed 

zero to rarely one cell plate stub (Supplementary Fig. S2A–C)  We then used TEM on high-

pressure-fixed root tips to resolve changes induced by ES7 at the ultrastructural level. Consistent 

with our confocal observations, no cell plate stubs were observed in DMSO controls 

(Supplementary Fig. S2D) while irregular cell plate structures were observed in ES7-treated 

roots (Supplementary Fig. S2E). As shown in Supplementary Fig. S2F, the structure of 

cytokinetic vesicles was not affected during the accumulation stage, and no discernible 

aberrations in the vesicle or Golgi morphology were observed. However, irregular cell plate 

stubs were observed in later stages of cytokinesis (Supplementary Fig. S2G, arrows) in contrast 

to normally expanding cell plates as previously reported in Arabidopsis (Samuels et al., 1995), 

corroborating our light microscopy observations. 

Membrane transition between cytokinetic stages is affected by the chemical 

inhibition of callose 

While informative, confocal and electron microscopy were not ideal for studying the dynamic 

nature of cell plate development under ES7 treatment. Thus, we again employed LLSM. The use 

of LLSM still allowed imaging of various cytokinetic events, facilitating quantification and 

providing an analysis of the impact of callose inhibition. It is worth noting that the observed 

events took longer compared with untreated plants. 

In contrast to the untreated seedlings (Fig. 3), the cell plates subjected to a 2 h ES7 pulse 

treatment (Fig. 5) exhibited a notable accumulation of YFP–RABA2a volume that persisted 

beyond 15 min without significant expansion in the cell plate itself. Meanwhile, the marker 

maintained a condensed structure, eventually fragmenting throughout the lifetime of the imaged 

cell plates (Fig. 5A; Supplementary Video S2, cell plates shown in blue). Another ES7-induced 
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phenotype, though less frequent, showed relative expansion in the cell plate, but also eventually 

fragmented in an erratic pattern (shown in pink in Supplementary Video S3). Overall, the relative 

expansion did not match that observed in untreated samples, as further discussed below. Under 

the influence of ES7, the attempted cell plate development ran longer than in the controls, 

averaging 35±13.7 min compared with the 20–30 min in untreated samples. The variation in 

ES7-induced phenotypes was probably due to the timing of the drug’s effect at different 

cytokinetic stages, as multicellular root tips are not synchronized. 

Quantifying YFP–RABA2a cell plate volumes (Fig. 5B) and their corresponding rates of 

change (Fig. 5C) under a 2 h ES7 pulse treatment showed an initial phase of rapid volume 

growth, followed by a slower to stagnant accumulation of YFP–RABA2a membrane material, 

leading to a plateau of retained volume over a longer time frame. This prolonged plateau 

contributes to the increased average division time compared with the untreated plants (Fig. 5B, 

C). Similarly, the bounding surface area of the cell plates exhibited very similar dynamics and 

behavior, with a broad plateau of surface area over time and a severely depressed rate of surface 

area change (Fig. 5D, E). Overall, the phenotypic observations and quantifications of cell plate 

characteristics demonstrate a stark difference between ES7-treated and control cell plates. While 

the control cell plates followed distinct, consistent growth phases based on volume changes, 

marked by a transition from positive to negative rates, no apparent pattern changes in ES7-

treated volumes, corresponding to discernible phase transitions, were observed. 

In order to assess the impact of ES7, the volume growth rates of both control and ES7-

treated cell plates were divided into equidistant volume intervals using 20% intervals (six ‘bins’) 

for statistical analysis. We focused on five bins, as the sixth bin at the end of the collection 

showed high variability. The first three intervals (bins 1–3) correspond to the normalized 
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increasing volumes in the control, ranging from 0 to 0.33 μm3, 0.33 μm3 to 0.66 μm3, and 0.66 

μm3 to 1 μm3, respectively. Intervals 4 and 5 represent reducing volumes ranging between 1 μm3 

and 0.66 μm3 and between 0.66 μm3 and 0.33 μm3, respectively (Fig. 6F). Bin 1 (Fig. 6A) 

corresponds to the interval with maximum volume accumulation, which is similar between the 

control and ES7 (Figs 3, 5). Intervals 2, 3, and 5 exhibited statistically significant differences 

between the control and ES7 treatments (Fig. 6B–C, E). The most pronounced difference was 

observed in interval 5 (Fig. 6E), in which ES7-treated cell plates showed minimal growth 

reduction and maintained a positive average rate, in contrast to the non-treated plates. Notably, 

the maximum amount of volume or bounding surface area accumulated by YFP–RABA2a 

throughout all the events was not statistically different between ES7 and controls 

(Supplementary Fig. S3), indicating that vesicle accumulation remains unaffected by the 

inhibition of callose. Taken together, the data suggest that inhibition of cytokinetic callose 

disrupts the phase transition from cytokinetic vesicle/volume accumulation to volume reduction 

and cell plate maturation. 

Expansion rate analysis identifies a critical point for callose deposition 

Prior models have relied on radial expansion to stage cell plate maturation, using confocal 

microscopy data (Higaki et al., 2008; van Oostende-Triplet et al., 2017). To gain deeper insights 

into the morphological stages of cell plate development and how they are impacted by callose 

inhibition, we also adopted the cell plate diameter as a measure of expansion (Fig. 7; 

Supplementary Fig. S4). At each time point, we measured the diameter at the longest distance 

across the outermost opposing edges of detectable YFP–RABA2a at the cell plate’s rim, using 

the FM4-64 plasma membrane stain to determine the predicted final cross-wall width, and 

normalized the diameters, accounting for cell size variations (Chow et al., 2008; van Oostende-
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Triplet et al., 2017). The diameter analysis (Fig. 7A; Supplementary Fig. S4A, B) displayed a 

logarithmic expansion pattern in control plants. In contrast, the ES7-treated plants exhibited 

unstable growth with a reduction trend observed after 10–12 min (Fig. 7A; Supplementary Fig. 

S4C, D). These findings provide valuable insights into the effect of callose inhibition on cell 

plate development and its impact on the expansion dynamics of the cell plates. 

Interestingly, during the first 8–10 min that marked the bulk of vesicle volume 

accumulation, both ES7-treated and control cell plates reached the same expansion levels 

corresponding to ~60% of the predicted final diameter. While control cell plates continued 

growing exponentially, ES7-treated cell plates showed minimal expansion beyond the first 10 

min (Fig. 7A). Based on these data, the intersection of the two growth curves indicates a critical 

point at which callose is essential for cell plate expansion. Notably, this time interval 

corresponds to the cell plate phase transition from phase I to phase II, during which volume 

growth changes from a positive to a negative rate and a significant volume loss occurs (Fig. 3B, 

C). 

Our previously developed biophysical model highlights the importance of a spreading 

force, probably by the deposition of callose, for a cell plate to transition from a vesicular 

membrane network to a fenestrated sheet and finally to a mature cell plate (Jawaid et al., 2022). 

Combined with the presented data, we hypothesize that cell plate formation is characterized by a 

distinct, callose-dependent transition that changes from membrane accumulation to membrane 

recycling within ~10 min. We suppose that some ES7-treated cell plates achieve a considerable 

level of expansion, probably due to the timing of the treatment. However, the majority tend to 

collapse or fragment, and fail to reach the parental cell wall. 
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There were significant technical difficulties in reliably measuring the thickness of the 

somewhat irregular cell plates, which led us to use the cell plate volume divided by the bounding 

cell plate surface to estimate plate thickness. The volume-to-surface area ratio in control cell 

plates shows a bell curve distribution (Fig. 7B), with an initial volume accumulation phase 

followed by flattening, thinning, and diametric expansion of the cell plate. However, when 

treated with callose-inhibiting ES7, the volume-to-bounding surface ratio followed a fluctuating 

flat line without a significant volume loss (Fig. 7B). This behavior might be indicative of a 

mechanism that critically inhibits ‘radial’ expansion and potential redistribution/recycling of 

membrane material. Polynomial fitted cell plate diameters were grouped into 20 intervals (bins) 

which were subjected to statistical analysis comparing control versus ES7-treated cell plates 

(Fig. 7C). All but one interval was statistically different (Fig. 7D; Supplementary Fig. S4E). 

Notably, this one interval identifies the intersection of the ES7 and control cell plate expansion 

curves and is a critical point in which callose’s presence is essential. 

Callose deposition appears in the late cytokinetic stages 

Next, we examined the localization of callose in relation to YFP–RABA2a to test if its presence 

corresponds to the predicted critical point during cell plate expansion. Using the callose-specific 

stain aniline blue fluorochrome (Evans and Hoyne, 1982) and employing multichannel live cell 

imaging, we characterized the transient presence of callose in relation to the cytokinesis marker 

YFP–RABA2a. During the early stages of cell plate development, no callose signal was identified 

(Fig. 8A), while significant YFP–RABA2a accumulation was observed, marking an expanding 

cell plate. During later stages of cell plate development, callose was clearly identifiable and 

spatially distinct from YFP–RABA2a. The cytokinetic vesicle marker YFP–RABA2a showed a 

ring or partial ring pattern (Fig. 8C, D), while callose was observed in an expanded disk form (Fig. 
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8C–E). We observed callose deposition beginning at this critical morphological transition point 

corresponding to the ~8–10 min mark characterized by a change from a disk-shaped to a ring-

shaped YFP-–RABA2a pattern. We conclude that the polysaccharide is deposited during the 

transitional stages of YFP–RABA2a volume reduction and cell plate expansion. This pattern 

distinctly corresponds to phases II and III and covers the interval beyond the crossover point 

predicted by cell plate diameter expansion. 

Discussion 

Mitosis, being the fundamental process of life that drives growth and development, necessitates a 

deeper understanding of its intricate details and complexity. Thus, the ability to image cytokinesis 

at a high spatiotemporal level is of immense value in advancing developmental biology. In plants, 

cytokinesis is unique as it involves the de novo formation of a cell plate that expands centrifugally, 

leading to the separation of two daughter cells. The dynamic nature of various cell plate 

development stages that occur simultaneously demands sensitive imaging techniques with minimal 

photobleaching to comprehensively capture the entire process. Although electron tomography 

studies have contributed significantly to our current knowledge of cytokinesis (Samuels et al., 

1995; Seguí-Simarro et al., 2004), they lack the ability to provide consecutive time points in the 

same sample, limiting their capacity for robust statistical analysis. Moreover, conventional laser 

scanning confocal microscopy, despite its excellent lateral, axial, and temporal resolution, is too 

photo-damaging to conduct high-quality, extended time-lapse acquisitions. 

The development of LLSM affords imaging at much faster rates, with less light exposure 

of the sample, minimizing photobleaching and phototoxic effects, which extends the observation 

time, while affording higher axial resolution and maintaining near confocal microscopy-type 

lateral resolutions (Chen et al., 2014). In this context, LLSM allows the collection of previously 
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unobtainable datasets to dissect mitosis. Taking advantage of the resolution, speed, and gentle 

illumination, LLSM has been used to dissect mitosis and endomembrane dynamics in a variety of 

systems, including single cells in culture, Caenorhabditis elegans, zebrafish (Chen et al., 2014; 

Aguet et al., 2016), and human cells (Sen et al., 2021), providing new insights into cell division 

and its regulatory processes. The plant research community is slowly embracing the benefits that 

light sheet microscopy and vertical imaging offer (Vyplelová et al., 2017; Glanc et al., 2018; 

Ovecka et al., 2022). In plants, apart from root hair studies (Tichá et al., 2020; Ovecka et al., 

2022), the potential of LLSM has not been explored to understand regulatory mechanisms in 

cytokinesis. A likely factor is the still limited availability of the instrumentation and the substantial 

effort needed in the post-processing and quantitative analysis. 

Further, given that plant cell walls can introduce aberrations in super-resolution imaging 

methods (Chatterjee et al., 2018; Novák et al., 2018; Ovecka et al., 2022), performance of LLMS 

is understandably a potential concern when imaging plants. This study, however, illustrates the 

feasibility and power of LLSM for attaining hitherto unobtainable detailed spatiotemporal data in 

plants over time periods of 30–40 min on a whole organismal level and within a biologically 

relevant context. Volume imaging at ~25–30 s time intervals allowed a detailed view of cell plate 

transition stages with high enough quality to segment and quantify at a biologically relevant scale. 

High imaging frequency is particularly exciting and valuable when observing transient events that 

appear somewhat randomly and unpredictably, such as cell plate formation within the intact root 

tip. The ability to capture complete (temporally and spatially) sporadic events embedded within 

plant tissue with sufficient resolution and in statistically significant numbers represents a major 

step forward in methodology and an opportunity for experimentation. 

Cell plate volume behavior follows three distinct and consistent phases 
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Our robust cytokinetic YFP–RABA2a vesicle volume analysis during the entire process of 

cytokinesis showed distinct behavioral patterns that allowed the identification of three phases 

based on volume growth patterns. We attempt to assign previously structurally described cell 

plate development stages (Samuels et al., 1995) to the identified phases. 

(i) Phase I is characterized by a positive volume accumulation rate that peaks at ~7–10 min 

before reaching an inflection point, representing the initial cell plate biogenesis stage. Our 

analysis showed a relative diameter increase of 50–60% of the parental cell width during 

phase I. The vesicle fusion, tubular  vesicular network (FVS, TVN), and some tubular 

network (TN) transitions (Samuels et al., 1995) are probably included in this phase that 

corresponds to the delivery and fusion of cytokinetic vesicles at the cell plate edge and 

membrane network formation at the core of the cell plate disk. 

(ii) Phase II, transitioning through an easily identifiable inflection point, is characterized by a 

negative volume growth rate with rapid loss reaching a minimum within ~15 min. We reason 

that during this phase, representing a ring phragmoplast stage, the center of the cell plate has 

transitioned to a fenestrated sheet (PFS) (Samuels et al., 1995), requiring massive membrane 

recycling (Seguí-Simarro et al., 2004). The observed recycling is consistent with earlier 

predictions estimating a 75% membrane reduction during cell plate maturation in endosperm 

cellularization (Otegui et al., 2001). The cell plate during this phase reaches almost 70–80% 

of the final cell plate diameter. 

(iii) Phase III, marked by the remaining period of cell plate development, is characterized by a 

minimal but stable positive volume growth rate. The overall return to net positive growth 

probably represents PFS structures (Samuels et al., 1995; Seguí-Simarro et al., 2004) 

associated with a discontinuous phragmoplast with minimal cytokinetic vesicle delivery, 
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leading to the final expansion and maturation of the cell plate until it fuses with the parental 

cell wall. 

Because cell plate development encompasses several stages that occur simultaneously in 

each phase, recycling of excess membrane material may already begin during phase I; however, 

based on the vast vesicle delivery, the net rate is positive, contrasting with phase II, dominated 

by membrane recycling and a net negative volume growth rate. Phase III requires minimal 

membrane addition but stabilization and maturation of the cell plate, thus reverting to a net 

positive volume growth rate. The minimal net positive increase could be due to the 

reorganization of the cell plate membrane at the edge, as it needs to combine with the parental 

plasma membrane carrying the targeted and necessary machinery and cargo for joining with the 

parental cell wall. 

Earlier models based on cell plate diameter suggest a gradual decrease in cell plate 

expansion rates (Higaki et al., 2008) or a biphasic pattern (van Oostende-Triplet et al., 2017) as 

the cell plate expands towards the parental wall. The model of van Oostende-Triplet et al. 

identifies a primary centrifugal growth (PCG) phase in BY-2 cells with an average diameter 

growth rate of 1.44±0.44 µm min−1 and a secondary centrifugal growth (SCG) phase with a rate 

of 0.35±0.13 µm min−1, along with similar estimates in Arabidopsis (PCG ~0.87±0.26 µm min−1, 

SCG ~0.25 ± 0.09 µm min−1) (van Oostende-Triplet et al., 2017). Analysis of our diameter 

expansion data, as guided by the YPF–RABA2a marker, showed an initial high growth rate of 

4.09±0.26 µm min−1 followed by a gradual decrease, which can be grouped in two bins that 

average 1.1±0.05 µm min−1 and 0.59±0.04 µm min−1 (n=18) (Supplementary Fig. S5A), 

consistent with the earlier calculated rates described above (van Oostende-Triplet et al., 2017). 

The extremely rapid expansion rate within the first 2.5 min of cell plate development 
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(Supplementary Fig. S5B, C) aligns with cell plate biogenesis during vesicle delivery. It 

corresponds to the initial plate assembly (IPA) stage postulated by van Oostende-Triplet et al. 

(2017), for which expansion rates were not detectable. Taken together, this is a clear example of 

LLSM enabling the recording of cell plate biogenesis and the calculation of the corresponding 

rates, as it can capture early events prior to well-defined cell plate appearance in the field of 

view. 

It is apparent in comparing different models that understanding cell plate development 

based on volumetric growth provides more straightforward cut-off points for phase transitions 

and complements cell plate diameter analysis. Proof of this concept is demonstrated in this study 

with the volume accumulation rates of the easily trackable cytokinesis marker. This analysis 

allows the prediction of quantitative behaviors during cell plate development and their 

interrogation to understand the contribution of different components. For example, models of 

phragmoplast expansion (Higaki et al., 2008) can be tested, similarly to what was done here, to 

evaluate the contributions of the array that helps build the cell plate. The easily identifiable 

inflection points between phases mark critical points during the transition of the membrane 

network and cell plate expansion that requires the onset of specific contributing factors. We 

propose that during the transition from phase I to II, clathrin-mediated recycling is enhanced, and 

that polysaccharide deposition and assembly are dominant during the transition from phase II to 

III. Future studies can leverage the method and explore the proposed model to interrogate

different markers such as clathrin, dynamin, and SNARE proteins involved in different aspects 

of cell plate development. It is plausible that the volumetric-based transitions will vary based on 

the marker used, for example SNARE versus clathrin (Bednarek and Backues, 2010; El Kasmi et 
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al., 2013; Jürgens et al., 2015; Dahhan and Bednarek, 2022; Park et al., 2023), which will help to 

build more comprehensive models. 

Callose is necessary during cell plate expansion for the transition beyond 

phase I 

An example of how the current analysis and proposed model can provide insights into cell plate 

development is the contribution of callose, a polysaccharide transiently deposited during cell 

plate development. The specific stage at which callose plays a critical role has long been 

debated, with views arguing on either the transition from a TN to PFS or the cell plate insertion 

in the parental cell wall (Samuels et al., 1995; Thiele et al., 2009). Different methods to dissect 

its role, direct detection of callose with antibodies against the polysaccharide with electron 

microscopy (Samuels et al., 1995) versus confocal 2D staining and mutant characterization 

(Thiele et al., 2009), might contribute to this difference. The developed approach and the derived 

model here, in combination with pharmacological treatment, allow the detailed dissection of each 

stage, providing insights into the biological role of the polymer. Upon inhibition of callose with 

ES7, phase I is prolonged. An irregular pattern is seen following the initial phase, with no 

distinguishable phase II and III. This clearly illustrates that polysaccharide is essential during the 

transition beyond phase I. 

A modeling approach was previously implemented to understand better the cell plate 

stage transition from a vesicular network to a fenestrated sheet and mature cell plate. The model 

predicts that the onset of a 2D spreading/stabilizing force, coupled with a concurrent loss of 

spontaneous curvature, is necessary for cell plate expansion (Jawaid et al., 2022). Biophysical 

modeling highlights the need for a spreading force during the transition of the membrane 

network (TN) to a fenestrated sheet (PSF) (Jawaid et al., 2022), which overlaps with the phase 
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transition (phase I to phase II) in our study. Directly detecting callose via fluorescent staining 

corresponding to these phases validates the prediction of the biophysical model. Callose, due to 

its amorphous structure, can lead to alterations in the physical and mechanical properties at the 

deposition site (Piršelová and Matušíková, 2013; Zhang et al., 2021; Ušák et al., 2023). The 

polysaccharide has the ability to enhance rigidity while maintaining flexibility and to reduce 

permeability to various compounds across a range of functions (Yim and Bradford, 1998; Parre 

and Geitmann, 2005; Vatén et al., 2011). Additionally, callose’s unique composition compared 

with other polysaccharides enables controlled degradation when no longer necessary, underlining 

its significance as a compound that can operate both spatially and temporally (Samuels et al., 

1995; Ušák et al., 2023). 

Lattice light sheet microscopy along with 4D volume-based phase transition 

analysis is robust for cytokinesis dissection 

The quantitative prediction of phase transitions, with unbiased characterization, provides an 

advantage over descriptive interpretations of fragmented datasets. Further, it establishes a 

roadmap into which other components can be incorporated. Structural cell wall proteins, such as 

extensins (Cannon et al., 2008), wall matrix polysaccharides (Moore and Staehelin, 1988), 

cellulose (Miart et al., 2014), and other forms of linear glucose can be interrogated with the same 

analysis methodology. Cellulose, the load-bearing cell wall polysaccharide, is a prime candidate 

for this analytical approach, especially in combination with conditional genetic mutations or 

pharmacological inhibition of cellulose synthases (Chen et al., 2018). Interestingly, a 5 d 

inhibition of cellulose synthase activity with isoxaben causes reduction of cell elongation but 

does not have a prominent effect on cell plate biogenesis or expansion (Jawaid et al., 2022), 

which suggests a role for cellulose in the formed cell wall instead of cell plate expansion. A 
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quantitative analysis during cell plate phase transition can help dissect the contribution of 

cellulose or other linear β-1,4-glucans. Beyond cellulose synthase, cellulose synthase-like 

proteins (CSLs), such as CSLD3, produce linear glucan polymers (Yang et al., 2020). CSLD5, a 

cytokinesis-specific protein (Gu et al., 2016), produces a β-1,4-glucan polysaccharide, similar to 

that produced by CSLD3 (Yang et al., 2020). Adaptation of our quantitative analysis in 

conditional mutations of these proteins might pin down the specific contributions to cell plate 

development and indicate associations with other polysaccharides or cell wall components. Such 

a study can address the potential interaction of CSLD5 products with callose in creating a 

scaffold (Abou-Saleh et al., 2018) for the establishment of the spreading force necessary for cell 

plate maturation. 

While our study was centered on callose, the described model of cytokinetic vesicle 

behavior can be interrogated for an array of contributions to cell plate development (Smertenko, 

2018; Cheng and Bezanilla, 2021; Dahhan and Bednarek, 2022; Gu and Rasmussen, 2022; 

Sinclair et al., 2022; Lebecq et al., 2023; Nan et al., 2023; Park et al., 2023), for example 

pharmacological inhibition of secretory traffic, cytoskeleton dynamics at the phragmoplast, and 

its interaction with vesicle delivery. In a recent study, the application of the Small Molecular 

Inhibitor Formin Homology 2 (SMIFH2) revealed the function of  formins in several aspects of 

cytokinesis, including cell plate membrane organization, microtubule polymerization, and 

nucleating F-actin at the cell plate (Zhang et al., 2021). The application of LLSM and the 

methodology developed here can aid in further dissecting the role of formins in cell plate 

development and phragmoplast organization. The pharmacological inhibition of actin or 

microtubule polymerization has been extensively used to study phragmoplast expansion and was 

recently employed for cell plate development studies using a radial expansion model (van 
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Oostende-Triplet et al., 2017). Extending these studies to a 4D analysis based on rates of volume 

accumulation can provide extra depth, allowing for direct correlations of the contributions of 

cytoskeleton dynamics, secretory traffic, and protein synthesis in cell plate biogenesis and 

expansion. 

Conclusion 

The development of a comprehensive 4D image acquisition and processing pipeline using LLSM 

represents an important step forward in both utilizing cutting-edge microscopy tools and 

addressing long-standing questions about spatiotemporal dynamics in cytokinesis. Despite the 

advantages, today LLSM-based imaging of plant seedlings is still limited. The current approach 

requires genetically encoded fluorophores with high photostability, thus not all markers are 

ideally suited. Multiplex imaging of different fluorophores may be impacted by crosstalk and 

requires multichannel camera systems. Another major challenge is the substantial data size 

generated during the image analysis and archiving. For instance, the current study produced ~40 

TB of data, which poses significant demands on Information technology (IT) infrastructures for 

processing and storage. However, it is important to highlight a distinctive feature of this 

experimental design—the ability to conduct prolonged imaging over a large field of view. 

The developed 4D imaging pipeline using LLSM, along with the tools for processing the 

acquired images, are documented and are available through plugins in ImageJ and MATLAB. 

The segmentation pipeline employed in Imaris is also documented for easy adaptation (Fig. 2). 

The cell plate development model can be applied using different modalities beyond LLSM to 

dissect plate cytokinesis. We hope that this study inspires the community to adopt the 

methodology of exploring LLSM in plants, take advantage of the image analysis pipeline tools 
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developed, and refine the model of cell plate development and its factors contributing to each 

phase. 

More importantly, our study was able to showcase first-of-its-kind data of the complete 

process of cell plate development with minimal photobleaching, higher axial resolution, and 

faster imaging rates compared with traditional laser scanning confocal microscopy. The study 

revealed three distinct developmental phases of cell plate growth, from rapid vesicle 

accumulation to subsequent volume reduction and cell plate expansion, and the critical role of 

callose in the phase transition. The use of the chemical inhibitor ES7 in combination with LLSM 

provided quantitative insights into the timing and role of callose in stabilizing the cell plate 

during expansion and maturation. Inhibition of callose deposition led to impaired cell plate 

expansion, resulting in fragmented and aberrant membrane accumulation patterns. The findings 

of this study have significant implications for understanding the spatiotemporal dynamics of cell 

plate development and the role of callose along with other components in this process. 

We see this pioneering effort in quantitative dissection of cell plate development helping 

to understand the array of factors controlling plant cytokinesis. Taken together, this research 

contributes to the broader understanding of plant cell biology and suggests new avenues for 

further investigations into the molecular mechanisms underlying cell plate assembly and 

expansion. 

Supplementary data 

The following supplementary data are available at JXB online. 

Fig. S1. Quantitative YFP–RABA2a dynamics and FM4-64-stained membrane accumulation at 

the cell plate 

Fig. S2. Representative morphologies of ES7-induced arrested development of cell plate growth. 
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Fig. S3. Maximum accumulation of volume and surface area across treatments. 

Fig. S4. Expansion rates of individual cell plates based on their radial growth across treatments. 

Fig. S5. Binning of cell plate’s radial growth rate by time, based on growth rate values. 

Fig. S6. Overlay of polynomial fit to YFP–RABA2a segmented volume over time. 

Table S1. Quantitative data used for cell plate analysis. 

Table S2. Quantitative data used for ES7 pulse-treated cell plate analysis. 

Table S3. Quantitative data used to generate Supplementry Fig. S1. 

Video S1. 4D rendering of YFP–RABA2a cell pate accumulation with surface segmentation. 

Images were acquired with LLSM. Scale bar=20 µm. 

Video S2. 4D rendering of YFP–RABA2a cell pate accumulation with surface segmentation 

under 2 h treatment with 50 µM ES7 displaying relatively no expansion. Images were acquired 

with LLSM. Scale bar=20 µm. 

Video S3. 4D rendering of YFP–RABA2a cell pate accumulation with surface segmentation 

under 2 h treatment with 50 µM ES7 displaying minimal relative expansion. Images were 

acquired with LLSM. Scale bar=20 µm. 
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Fig. 1. YFP–RABA2a dynamics at the cell plate. YFP–RABA2a (green) vesicle accumulation 

and FM4-64- (purple) stained plasma membrane show the transition from vesicle accumulation 

to mature membrane throughout cell plate development in untreated plants. The accumulation of 

YFP–RABA2a at the cell plate periphery during maturation with a concurrent increase in the 

membrane content in the center shows centrifugal growth and maturation. The arrow indicates 

RABA2a at the cell plate. Data were collected on a Leica SP8 microscope. Scale bar=4 µm. Δt=1 

min. 

Fig. 2. Schematic representation of the lattice light sheet data processing pipeline. Schematic 

representation of the processing workflow for collecting plant cytokinesis events under lattice 

light sheet microscopy (LLSM). The workflow is separated into four overarching steps: (A) 

image collection and data organization; (B) data alignment with drift correction and ROI 

selection; (C) concatenation of each time point to create a  4D stack and bleach correction 

follow-up processing; (D) image segmentation and quantification. Scale bar=20 µm. 

Fig. 3. Quantitative YFP–RABA2a dynamics at the cell plate. (A) Representative snapshots of a 

time series showing the transition of YFP–RABA2a (green) in segmented cell plates (purple) 

during their expansion and maturation. Scale bar=5 μm. (B and C) Volumes of segmented cell 

plates and their growth rates. (D and E) Bounding surface areas of segmented cell plates and 

their rates of change. Each line indicates an individually segmented cell plate. Note the cell plate 
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shown in (A) is highlighted in bold in all graphs. Normalized volumes and bounding surfaces , 

respectively, of developing cell plates were fitted to a polynomial (B and D). Additionally, the 

polynomials (B and D) were used to derive the rates of change of the volume and bounding 

surface area (C and E). n=24. 

Fig. 4. YFP–RABA2a cell plate dynamics under Endosidin 7 (ES7) treatment. YFP–RABA2a 

(green) vesicle accumulation and FM4-64- (purple) stained plasma membrane show cell plate 

development under ES7 treatment. Note the abnormal pattern and the fragmentation of the cell 

plate as it transitions during different time points. The pattern of YFP–RABA2a at the cell plate 

periphery does not expand radially, as seen in the untreated plants. Further, the cell plate cannot 

follow normal maturation into membranes detectable with FM4-64. Data were collected on a 

Leica SP8. Scale bar=10 μm. Δt=1.5 min. 

Fig. 5. Quantitative YFP–RABA2a dynamics at the cell plate under ES7 treatment. (A) 

Representative snapshots of a time series showing the YFP–RABA2a segmented cell plate 

transition under ES7 treatment. The segmented cell plate is shown in purple from its first 

emergence, not able to expand radially and flatten. (B–E) Volumes and bounding surfaces of 

segmented cell plates and their rates of change. Each line indicates an individually segmented 

cell plate. Note that the cell plate shown in (A) is highlighted in bold in all graphs. Normalized 

volumes and bounding surface areas of developing cell plates were fitted to a polynomial 

distribution (B and D). First-degree derivatives present the corresponding rates of change of the 

polynomial fits for the volume and the bounding surface area, respectively (C and E). Scale 

bar=10 µm. n=18. 

Fig. 6. Statistical comparison of volume accumulation. YFP–RABA2a normalized volume 

growth rates, averaged within pre-defined groups and shown with 95% confidence intervals. (A–
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C) Bins 1–3 represent the rates corresponding to normalized volumes increasing from 0 to 0.33 

μm3, 0.33 μm3 to 0.66 μm3, and 0.66 μm3 to 1 μm3, respectively. All bins correspond to the first 

derivative rates of volume growth. *Indicates P<0.005. (D and E) Bins 4 and 5 represent the 

rates corresponding to volumes decreasing from 1 μm3 to 0.66 μm3 and from 0.66 μm3 to 0.33 

μm3, respectively; bin 6 data are not shown due to the bin spanning over the region in which the 

end of collection has limited control over noise. All bins correspond to the first derivative rates 

of volume growth. *Indicates P<0.005. (F) Schematic representation of volume growth grouped 

in bins for further processing as shown in (A–E). 

Fig. 7. Cell plate diameter expansion under control and Endosidin 7 (ES7) treatment. Cell plate 

transition based on cell plate diameter expansion under control and ES7 treatment. (A) Control 

cell plates show a logarithmic expansion pattern, while ES7 treatment causes a more level 

pattern. Cell plate diameters are normalized to the expected cross-wall length. Note the 

intersection between control and ES7 treatment, indicating a critical point for cell plate 

maturation. (B) Volume-to-bounding surface area ratio in control and ES7-treated cell plates. 

The average of the ratio for cell plates analyzed in Figs 3 and 5 are shown. Control n=23, ES7 

n=12. (C) Polynomial fit was applied to cell plate diameters that have been normalized to the 

corresponding cross-wall. (D) Results of pairwise t-test comparisons along moving averages 

shown in (C). Analysis shows that all except one time point are statistically different on cell plate 

expansion when comparing control with the absence of callose via ES7 treatment. Non-treated 

n=24, treated n=18. 

Fig. 8. Progression of the cell plate in the presence of callose. (A–E) Cell plate development in 

the presence of callose. (A) An early-stage cell plate before the accumulation of callose. At this 

stage, only vesicle accumulation by YFP–RABA2a (green) makes up the cell plate. (B–D) Later 
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stage cell plates where callose accumulation stained with aniline blue fluorochrome (magenta) is 

detectable. Note the transient accumulation of callose in later stages, leading to the maturation of 

the cell plate during normal cytokinesis. (B) Initial callose deposition overlapping with YFP–

RABA2a. (C) As the cell plate maturation continues and the YFP–RABA2a accumulation takes 

a ‘doughnut shape’ pattern, callose deposition appears in the middle of the cell plate with 

minimal overlap with YFP–RABA2a at the leading edge. (D) Callose is present throughout the 

cell plate, while minimal YFP–RABA2a is shown at the discontinuous ring (E). Mature cell plate 

predominately labeled by callose. Scale bar=5 μm. 
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Conclusion and Future perspectives 

A significant emphasis has been placed on understanding the role of callose in plant 

cytokinesis and its pivotal role as a potential spreading force in driving membrane transitions. This 

has not only deepened our understanding of plant cell division, but has also highlighted the 

challenges and future directions of this field. 

The biophysical model laid the groundwork for further biological investigations of potential 

cell plate components contributing to the spreading force. The phenotypes caused by callose 

inhibition suggest that callose is the likely candidate for a spreading force as predicted by the model. 

In Chapter 3, I utilized four-dimensional imaging and developed quantitative imaging pipelines that 

allowed robust dissection of cell plate transitions based on cell plate vesicle volume dynamics. 

Through these studies, I have leveraged multidisciplinary approaches, incorporating 

advanced imaging techniques and collaborating across disciplines, including animating science, to 

advance our understanding of plant cytokinesis and the role of transiently deposited callose in cell 

plate expansion. As I look to the future, the trajectory of the research I leave unfinished is poised to 

unravel further complexities, address lingering questions, and promise new discoveries. 

Future work following Chapters 2 and 3 would involve investigating the enzyme responsible 

for synthesizing callose at the cell plate. The callose synthase/Glucan Synthase Like (GSL) family 

comprises twelve members in higher plants, with GSL8 presumably being the best candidate acting 

at the cell plate. I had the opportunity to characterize a fluorescent-tagged line of GSL8. Using this 

tool, we can detect the protein localization and its temporal relationship with other cell wall 

biosynthetic enzymes and their products at the cell plate. The combination of biological material 

with the tools created in Chapter 3 will allow further investigation of the dynamics and regulation of 

different cell wall biosynthetic enzymes and their products in cell plate assembly during cytokinesis. 

Additionally, the evolutionary conserved role of callose in cytokinesis was previously demonstrated 

with a study on Penium margaritaceum (Davis et al., 2020). I investigated the role of callose during 

Chlamydomonas reinhardtii (C. reinhardtii) cell division, establishing the presence of the 

polysaccharide and its significance when inhibited by ES7.  Further work, with the use of 
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subcellular markers and cell wall biosynthetic mutants in C. reinhardtii, can aid in dissecting the 

evolutionary conserved mechanisms of cytokinesis between algae and land plants. 

Looking ahead, the trajectory of questioning in plant cytokinesis research is poised for 

continued growth and innovation. With emerging technologies and collaborative efforts driving 

exploration, I anticipate uncovering further intricacies of this dynamic black box and unlocking new 

avenues for potential biotechnological applications. 
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