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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 be-
havior 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 identi-
fied distinct behavioral patterns, allowing the identification of three easily trackable cell plate developmental phases.
Notably, the phase transition between phase | and phase Il is striking, indicating a switch from membrane accumula-
tion to the recycling of excess membrane material. We interrogated the role of callose using pharmacological inhibi-
tion 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.

Abbreviations: AIC, Advanced Imaging Center; CSL, cellulose synthase-like protein; ES7, Endosidin 7; 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.
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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; Stachelin and Hepler, 1996;
Jurgens, 2005; Drakakaki, 2015; Gu and Rasmussen, 2022;
Sinclair et al., 2022), de novo formation of a cell plate parti-
tions the cytoplasm of the dividing cell. Cell plate development
occurs in multiple stages. It requires the directed and choreo-
graphed accumulation of post-Golgi vesicles via the phragmo-
plast (a structure composed of cytoskeletal polymers, associated
proteins, and membranes) at the division plane (Lee and Liu,
2013; Smertenko, 2018).

Cell plate expansion is centrifugal, led by the accumulation
and fusion of vesicles arriving at the leading edge.Various mor-
phologically determined cell plate developmental stages exist
simultaneously during cytokinesis (Samuels ef al., 1995; Segui-
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 ac-
tivity of dynamin-related proteins (Otegui et al., 2001; Segui-
Simarro et al.,2004), helps the transition to a tubular—vesicular
network (TVN) (Samuels e al., 1995; Segui-Simarro et al.,
2004). The membrane morphology evolves through the ex-
pansion of the network to a smoother tubular network (TN).
The polysaccharide callose is predominantly deposited at this
stage (Samuels et al., 1995). The excess membrane material is
recycled via clathrin-coated vehicles (Otegui ef al., 2001). As
the cell plate smoothens and expands, it transitions to a planar
fenestrated sheet (PES).The cell plate stiffens with the deposi-
tion 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 polysac-
charides. Thus, at any given time, the cell plate contains a gra-
dient of developmental stages. A recent review (Sinclair et al.,
2022) includes an animated overview of cytokinesis.

The synchronous and timed deposition of membrane mate-
rial and polysaccharides control the cell plate’s expansion, sta-
bility, 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 ef 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 ef al., 1995; Segui-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,
callose, a p-1,3-glucan polysaccharide, is temporally integrated
into the cell plate (Samuels ef 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 compre-
hensive understanding of their contributions. Even with the
advancement in many technologies, research into cell plate
development is hindered by the fact that mutations in cyto-
kinesis, such as those of callose synthase/glucan synthase like
(GSLS8), are often lethal (Desprez ef al.,2007; Chen et al., 2009;
Thiele et al., 2009), making a genetic approach to the under-
lying 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 ex-
hibit 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
TUAG6 (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 pro-
cessing, including concatenation and alignment.
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Recent technological and methodological advances are
now allowing four-dimensional (4D, XYZT), in vivo fluores-
cence microscopy, which can provide more biologically rel-
evant quantitative information. The development of lattice
light sheet microscopy (LLSM) enables lengthy image acquisi-
tions with significantly minimized photobleaching. LLSM 1is
a promising avenue in dissecting mitosis across different bio-
logical 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 spatiotem-
poral accumulation of Annexin 1 — green fluorescent protein
(ANN1-GFP) around the nuclear envelope of elongating
trichoblasts (Ticha ef al., 2020), the dynamic subcellular local-
ization of ROOT HAIR DEFECTIVE 2 (GFP-RHD?2), as
well as the observation of fine actin filaments in young root
hairs (Ovecka et al., 2022). However, while LLSM is an ena-
bling modality, it has not yet been adopted to study cytokinesis
in plants, potentially in part due to the efforts required to es-
tablish 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 anal-
ysis revealed the presence of distinct phases, with easily iden-
tifiable transition points during cell plate development, which
were altered by inhibition of callose. The here presented im-
aging 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

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 (NaOCI)/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 ef 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 pM 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 1000X stock solutions. FM4-64 (5 pM) 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™" in water, diluted from 1 mg ml™" stock.
Staining was performed directly on imaging slides.

Transmission electron microscopy

Four-day-old Arabidopsis seedlings, treated with 50 M 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
and frozen under high pressure in a high-pressure freezing unit (BAL-TEC
HPM 010). Freeze substitution was performed in 1% OsO, 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 uM) utilizing a X100/1.4 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—R ABA2a 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 X40/1.2 NA (Korr DIC M27) water objective. Images are
representatives of five biological replicates (independent seedlings).

The Zeiss 980 was used to image Arabidopsis seedlings treated for 2 h
with 50 uM ES7 or DMSO and co-stained with 5 pM 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
x40/1.2 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 esti-
mation (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,
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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 oppo-
site end of the coverslip holder was bolted to the sample piezo (Chen
et al., 2014).YFP-R ABA2a plants were stained with FM4-64, and both
fluorophores were excited using a 488 MPB fiber laser. A two-camera
system, 2X 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 pro-
cessing unit (GPU) (NVIDIA, GeForce GTX TITAN), using an ex-
perimentally 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 Image] 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 fol-
lowing 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-R ABA2a as channel 1.

Once a file was generated, channel alignment was applied first, fol-
lowed by drift correction (movement in the field of view). Note that
the drift correction can lead to misalighment if processing is conducted
in this sequence. Channel alignment followed a similar routine to the
drift correction, as described in AIC guidelines: https://knowledge.aic-
janelia.org/posts/20200730-stabilize-roi-selection/ with the following
modifications.

(i) In the Multiview Explorer window, the first time point was selected
for 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).

(i) Then the parameters used to identify the points of interest were re-
fined 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 alighment. 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
Transtormations. 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 differ-
ences 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 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 Image]. The time series were then bleach-corrected using
histogram matching. Finally, processed data were first exported into in-
dividual .tiffs and subsequently into the .ims format using the Imaris file
converter. Before converting, settings were adjusted for the voxel dimen-
sion, 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
https://doi.org/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://gbi.ug.edu.au/research/facili-
ties/microscopy-facility/image-analysis-user-guides/analysis-software/
imaris/creating-surface-imaris, with the following modifications. (i) In
the first step of the surface creation, a bounding box was drawn to en-
able the separation of a specific region to reduce the working file size. (if)
Surface segmentation was performed using the ‘new surfaces’ function.
The appropriate channel (histogram corrected) was used. Surface detail
was set to 0.1 pm, 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 meas-
ured in the 2D view under the slice mode. (iif) 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 dif-
ferent 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 pm.
The maximum gap size for surfaces in consecutive frames in a track was
set to 3. (v) Following surface rendering, individual cell plates were seg-
mented by selecting their corresponding subsurfaces, rebuilding the cell
plate individual tracks, and connecting the subtracks together. Surfaces
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and volumes of cell plates were extracted, uniquely named, and quanti-
tatively analyzed.

We note that working with different channels separately leads to man-
ageable 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 ef al.,
2008; 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
R?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 fit-
ness 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 fur-
ther statistical analysis. These bins correspond to the normalized volume
changes based on the following approach: bin 1 (increasing values from
0 to 0.33 um?), bin 2 (increasing values from 0.33 pm?® to 0.66 pm?), bin
3 (increasing values from 0.66 pm® to 1 wm?), bin 4 (decreasing values
from 1 pm’ to 0.66 pm?), bin 5 (decreasing values from 0.66 pm® to 0.33
pm?), and bin 6 (decreasing values from 0.33 wm? 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 pair-
wise t-tests (GraphPad) and then were plotted.

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 im-
aging is necessary to examine in depth the membrane and cell
plate expansion dynamics. We first used laser scanning con-
focal microscopy with a resonance scanner, maximizing acqui-
sition 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 scal-
ability. Further, using this approach, only already sufficiently
assembled cell plates could be imaged since their presence was
necessary to set up the acquisition.

Fig. 1. YFP-RABAZ2a dynamics at the cell plate. YFP-RABAZ2a (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 RABAZ2a at the cell plate. Data were collected on a Leica SP8 microscope. Scale bar=4 pm. At=1 min.
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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 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 pho-
tobleaching, 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

A. Image collection and data organization

for (XYZ) drift, and selection of an ROI to obtain a manage-
able 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 quanti-
tative 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 com-
pletion of cytokinesis can be observed, a time frame that was
not previously established with confocal and electron mi-
croscopy (Segui-Simarro et al., 2004; Higaki et al., 2008; van

3 day old

i)

Deskew Rename

image files Open file

A w—) using the
Bigstitcher
plugin

B. Data alignment, drift correction, ROl selection to minimize data size
Drift correction

Channel alignment

ROI selection

.

C. Follow up processing

1. Concatenate .tiff to create 4D stack for each channel
2. Correction for photo bleaching
3. Export file for segmentation

D. Segmentation

Export for statistical
analysis

1L

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 pm.
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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 um. (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 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.

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 cyto-
kinesis takes place within 20—-30 min. Within this time window,
cell plate volume peaked during the first 8 min (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 phrag-
moplast 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 accu-
mulation trends to be observed across biological samples (Fig.
3B). As mentioned above, the cell plate volume accumulation
based on YFP-R ABA2a peaked within ~8 min, followed by a
rapid reduction over the following 8 min. The rates of volume


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae091#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae091#supplementary-data

2836 | Sinclair et al.

(1.5 X 10°-9.5 x 10° um® min™") accumulation determined
by the first-order derivative showed a net positive addition of
YFP-R ABA2a 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 expan-
sion and maturation, as postulated from electron microscopy
analysis (Otegui et al., 2001; Segui-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 ac-
cumulation. Without overinterpretation of the data, one can
note that peak values are slightly deviating, which might be
indicative for geometrical changes—thinning or thickening.

In summary, three distinct phases became apparent based on
our quantification: phase I, a rapid phase of cytokinetic ve-
sicle material delivery with a positive YFP—R ABA2a 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-R ABA2a cytoki-
netic 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-R ABA2a volumes and stained cell mem-
branes for selected samples observed via LLSM (Supplementary
Fig. S1A-D) and laser scanning confocal microscopy is shown in
Supplementary Fig. S1; Supplementary Table S3.

The normalized and polynomial fitted data for both the
YFP-RABA2a volume and membrane volume follow a sim-
ilar pattern. Both exhibit a distinct and rapid growth phase
of volume accumulation that, after reaching its zenith, is fol-
lowed by a reduction at somewhat lower rates. The peaks for
bothYFP—R ABA2a and the FM4-64 membrane occur at sim-
ilar times. It is noteworthy, that the FM4-64 membrane re-
moval 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 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 mech-
anism to decipher progression of cell plate formation consistent
with earlier predictions based on electron microscopy (Otegui
et al., 2001; Segui-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 mem-
brane 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 ma-
terial. During the transition of the cell plate from a membrane
network to a fenestrated sheet, the accumulation of the pol-
ysaccharide 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,Y FP-R ABA2a 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-R ABA2a
and FM4-64 staining (Fig. 4). Quantification of cell plate stubs
on 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 con-
focal 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
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YFP-RABA2a cell plate dynamics under ES7

Fig. 4. YFP-RABAZ2a cell plate dynamics under Endosidin 7 (ES7) treatment. YFP-RABAZ2a (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-RABAZ2a 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 ym. At=1.5 min.

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 im-
pact 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—R ABA2a volume that persisted
beyond 15 min without significant expansion in the cell plate
itself. Meanwhile, the marker maintained a condensed struc-
ture, eventually fragmenting throughout the lifetime of the
imaged cell plates (Fig. 5A; Supplementary Video S2, cell plates
shown in blue). Another ES7-induced 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 dis-
cussed 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 prob-
ably due to the timing of the drug’s effect at different cytoki-
netic 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 be-
tween 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 nega-
tive 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 di-
vided 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 vari-
ability. The first three intervals (bins 1-3) correspond to the
normalized increasing volumes in the control, ranging from
0 to 0.33 um’, 0.33 um’ to 0.66 um?, and 0.66 pm’ to 1
um’, respectively. Intervals 4 and 5 represent reducing vol-
umes ranging between 1 um’ and 0.66 um’ and between 0.66
pm” and 0.33 um?, respectively (Fig. 6F). Bin 1 (Fig. 6A) cor-
responds to the interval with maximum volume accumula-
tion, which is similar between the control and ES7 (Figs 3,
5). Intervals 2, 3, and 5 exhibited statistically significant dif-
ferences between the control and ES7 treatments (Fig. 6B—C,
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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 pm. n=18.

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 re-
duction 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 ef al., 2017).To gain deeper
insights into the morphological stages of cell plate develop-
ment 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 op-
posing edges of detectable YFP-RABA2a at the cell plate’s
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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-C) Bins 1-3 represent the rates corresponding to normalized volumes increasing from 0 to 0.33 pm®, 0.33 um® to 0.66
um?, and 0.66 um?® to 1 um?®, 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 um® to 0.66 um® and from 0.66 um® to 0.33 pm?®, 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).

rim, using the FM4-64 plasma membrane stain to determine
the predicted final cross-wall width, and normalized the diam-
eters, accounting for cell size variations (Chow ef al., 2008; van
Oostende-Triplet ef 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 in-
hibition on cell plate development and its impact on the ex-
pansion 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 hy-
pothesize that cell plate formation is characterized by a distinct,
callose-dependent transition that changes from membrane ac-
cumulation to membrane recycling within ~10 min. We sup-
pose 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.

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 thick-
ness. The volume-to-bounding surface area ratio in control
cell plates shows a bell curve distribution (Fig. 7B), with
an initial volume accumulation phase followed by flattening,
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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.

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 dif-
ferent (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-RABAZ2a to test if its presence corresponds to the pre-
dicted 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 iden-
tified (Fig. 8A), while significant YFP-RABA2a accumula-
tion was observed, marking an expanding cell plate. During
later stages of cell plate development, callose was clearly
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Callose

Early Stage

Late Stage

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 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-RABAZ2a. (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-RABAZ2a is shown at the discontinuous

ring (E). Mature cell plate predominately labeled by callose. Scale bar=5 pm.

identifiable and spatially distinct from YFP-RABA2a. The
cytokinetic vesicle marker YFP—R ABA2a showed a ring or
partial ring pattern (Fig. 8C, D), while callose was observed
in an expanded disk form (Fig. 8C—E). We observed callose
deposition beginning at this critical morphological transi-
tion point corresponding to the ~8—10 min mark charac-
terized by a change from a disk-shaped to a ring-shaped
YFP-—RABA2a pattern. We conclude that the polysac-
charide 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 cov-
ers 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
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studies have contributed significantly to our current know-
ledge of cytokinesis (Samuels ef al., 1995; Segui-Simarro ef 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 mi-
croscopy, despite its excellent lateral, axial, and temporal resolu-
tion, 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 pho-
tobleaching and phototoxic effects, which extends the ob-
servation 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 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 cul-
ture, Caenorhabditis elegans, zebrafish (Chen et al., 2014; Aguet
et al.,2016), and human cells (Sen ef 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 (Vyplelova et al.,
2017; Glanc et al., 2018; Ovecka et al., 2022). In plants, apart
from root hair studies (Ticha 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 aberra-
tions in super-resolution imaging methods (Chatterjee ef al.,
2018; Novak 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 spatio-
temporal 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 ran-
domly 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 num-
bers represents a major step forward in methodology and an
opportunity for experimentation.

Cell plate volume behavior follows three distinct and
consistent phases

Our robust cytokinetic YFP-RABA2a vesicle volume anal-
ysis 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 accumula-
tion rate that peaks at ~7—10 min before reaching an in-
flection 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.

(i1) Phase II, transitioning through an easily identifiable inflec-

tion 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 transi-

tioned to a fenestrated sheet (PES) (Samuels et al., 1995),

requiring massive membrane recycling (Segui-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.

Phase 111, marked by the remaining period of cell plate de-

velopment, is characterized by a minimal but stable posi-

tive volume growth rate. The overall return to net positive
growth probably represents PES structures (Samuels et al.,

1995; Segui-Simarro et al., 2004) associated with a discon-

tinuous phragmoplast with minimal cytokinetic vesicle de-

livery, leading to the final expansion and maturation of the
cell plate until it fuses with the parental cell wall.

(111)

Because cell plate development encompasses several stages
that occur simultaneously in each phase, recycling of excess
membrane material may already begin during phase I; how-
ever, 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 min-
imal 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 re-
organization 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 ef al., 2017) as the
cell plate expands towards the parental wall. The model of van
Oostende-Triplet et al. identifies a primary centrifugal growth
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(PCG) phase in BY-2 cells with an average diameter growth rate
of 1.44 + 0.44 um min~" and a secondary centrifugal growth
(SCG) phase with a rate of 0.35 + 0.13 pm min ', along with
similar estimates in Arabidopsis (PCG ~0.87 + 0.26 pm min™',
SCG ~0.25 + 0.09 wm min~") (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 um min~' followed by a gradual decrease,
which can be grouped in two bins that average 1.1 £ 0.05
pm min~" and 0.59 £ 0.04 um min~"' (#=18) (Supplementary
Fig. S5A), consistent with the earlier calculated rates described
above (van Oostende-Triplet ef al.,2017). The extremely rapid
expansion rate within the first 2.5 min of cell plate develop-
ment (Supplementary Fig. S5B, C) aligns with cell plate bi-
ogenesis 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 under-
standing cell plate development based on volumetric growth
provides more straightforward cut-oft points for phase transi-
tions 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 un-
derstand the contribution of different components. For ex-
ample, 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 crit-
ical points during the transition of the membrane network and
cell plate expansion that requires the onset of specific con-
tributing factors. We propose that during the transition from
phase I to I, 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 pro-
teins 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 al., 2013; Jirgens
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 |

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 cal-
lose plays a critical role has long been debated, with views
arguing on either the transition from a TN to PES or the cell
plate insertion in the parental cell wall (Samuels ef al., 1995;
Thiele et al., 2009). Different methods to dissect its role, di-
rect detection of callose with antibodies against the polysac-
charide with electron microscopy (Samuels ef al., 1995) versus
confocal 2D staining and mutant characterization (Thiele
et al., 2009), might contribute to this difference. The devel-
oped 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 pro-
longed. An irregular pattern is seen following the initial phase,
with no distinguishable phase II and III. This clearly illustrates
that the polysaccharide is essential during the transition be-
yond phase 1.

A modeling approach was previously implemented to un-
derstand better the cell plate stage transition from a vesic-
ular 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 curva-
ture, 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 fe-
nestrated sheet (PSF) (Jawaid et al., 2022), which overlaps with
the phase 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 (Pirselova and Matusikova, 2013; Zhang et al., 2021; Usik
et al.,2023). The polysaccharide has the ability to enhance ri-
gidity while maintaining flexibility and to reduce permeability
to various compounds across a range of functions (Yim and
Bradford, 1998; Parre and Geitmann, 2005;Vatén ef 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; Usak 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 interpre-
tations 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 Stachelin, 1988), cellulose
(Miart et al., 2014), and other forms of linear glucose can be
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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 condi-
tional genetic mutations or pharmacological inhibition of cellu-
lose synthases (Chen ef al., 2018). Interestingly, a 5 d inhibition
of cellulose synthase activity with isoxaben causes reduction of
cell elongation but does not have a prominent eftect 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 quantitative analysis during cell plate phase transi-
tion can help dissect the contribution of cellulose or other linear
[-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 [3-1,4-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 devel-
opment and indicate associations with other polysaccharides or
cell wall components. Such a study can address the potential in-
teraction of CSLD5 products with callose in creating a scaffold
(Abou-Saleh ef 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 ef al., 2022; Lebecq et al., 2023;
Nan et al., 2023; Park et al., 2023), for example pharmacolog-
ical 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 or-
ganization, 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 dissect-
ing the role of formins in cell plate development and phrag-
moplast 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 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 for-
ward in both utilizing cutting-edge microscopy tools and address-
ing 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 multi-
channel 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) infrastruc-
tures for processing and storage. However, it is important to high-
light 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 Image] and MATLAB.
The segmentation pipeline employed in Imaris is also docu-
mented 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 de-
veloped, 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 develop-
ment with minimal photobleaching, higher axial resolution,
and faster imaging rates compared with traditional laser scan-
ning 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 transi-
tion. 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 spatiotem-
poral dynamics of cell plate development and the role of cal-
lose 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 con-
tributes to the broader understanding of plant cell biology and
suggests new avenues for further investigations into the molec-
ular mechanisms underlying cell plate assembly and expansion.

Supplementary data

The following supplementary data are available at JXB online.
Fig. S1. Quantitative Y FP-R ABA2a 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 bounding
surface area across treatments.

Fig. S4. Expansion rates of individual cell plates based on
their radial growth.

Fig. S5. Comparison of expansion trends based on diameter
or volume.

Fig. S6. Overlay of polynomial fit to YFP-RABA2a seg-
mented volume over time.

Table S1. Quantitative data used for untreated cell plate
analysis.

Table S2. Quantitative data used for ES7 pulse-treated cell
plate analysis.

Table S3. Quantitative data used for cell plate analysis as
described in Supplementary Fig. S1.

Video S1.4D rendering of YFP—R ABA2a cell pate accumu-
lation with surface segmentation. Images were acquired with
LLSM.

Video S2. 4D rendering of YFP-RABA2a cell pate accu-
mulation with surface segmentation under 2 h treatment with
50 uM ES7 displaying relatively no expansion. Images were
acquired with LLSM.

Video S3. 4D rendering of Y FP—R ABA2a cell pate accumu-
lation with surface segmentation under 2 h treatment with 50
pM ES7 displaying minimal relative expansion. Images were
acquired with LLSM.
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