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ABSTRACT

During the life cycle of any multicellular organism, cell division contributes to the proliferation of the
cell in the tissues as well as the generation of specialized cells, both necessary to form a functional
organism. Therefore, the mechanisms of cell division need to be tightly regulated, as malfunctions in
their control can lead to tumor formation or developmental defects. This is particularly true in land
plants, where cells cannot relocate and therefore cytokinesis is key for morphogenesis. In the green
lineage, cell division is executed in radically different manners than animals, with the appearance of
new structures (the preprophase band (PPB), cytokinetic the cell plate and phragmoplast), and the
disappearance of ancestral mechanisms (cleavage, centrosomes). While F-actin and microtubules
closely co-exist to allow the orientation and the progression of the plant cell division, recent studies
mainly focused on the microtubule’s involvement in this key process. Here, we used our recently
developed root tracking system to follow actin dynamics in dividing Arabidopsis meristematic root cells.
In this study, we imaged in time and space the fluorescent-tagged F-actin reporter Lifeact together with
cell division markers in dividing cells embedded in their tissues. In addition to the F-actin
accumulation’s in the phragmoplasts, we observed and quantified a dynamic apical-basal enrichment of
the F-actin during cytokinesis. The role and the possible actors responsible for F-actin dynamics during

cytokinesis are discussed.
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INTRODUCTION

During plant mitosis, the cytoskeleton reorganized in plant-specific structures that allow the
separation of the mother cell into two daughter cells by the centrifugal growth of a new wall. While the
role of the actin cytoskeleton is of prime importance for animal cell division, the green cells require
mostly microtubules in the early step of the cell division. Indeed, the plant cells can divide in the absence
of F-actin (Baluska et al. 2001; Nishimura et al. 2003) and division still occurs in the presence of
mutations in genes encoding actin or various actin-associated proteins (Jurgens 2005). Before mitosis,
the migration of the nucleus is not prevented by the cytochalasin D, a drug that disrupted the actin
filaments (F-actin), suggesting that microtubules play an important role in this process (Katsuta et al.
1990). Yet, the actin cytoskeleton is found early during division with the formation of an actin ring at
the cortex of the cell in preprophase, the actin preprophase band (PPB) which is considered to be wider
than the microtubules PPB (Palevitz 1987).

The formation of actin PPB depends on microtubules because the application of microtubules-
depolymerizing drugs prevents the formation of both the microtubules and F-actin components of the
PPB (Palevitz 1987). However, actin PPB can also affect the microtubules PPB because actin
depolymerization results in drastic enlargement of the microtubules PPB and fluctuating division planes
(Mineyuki and Palevitz 1990). As the microtubules PPB narrows, the actin PPB narrows, and when the
microtubules PPB reach their narrowest configuration, the fluorescence signals of F-actin start to
disappear from the cell cortex region occupied by the microtubules PPB, giving rise to the actin-depleted
zone (Cleary et al. 1992; Liu and Palevitz 1992). In tobacco BY-2 cell culture cells, this actin-depleted
zone is unambiguously visible and flanked by enrichments of F-actin while this depleted zone was not
yet visualized in plant cells embedded in their tissues. Whether the actin-depleted zone coincides with
the cortical division zone which acts as a landmark for the future cell division site is still unclear.
Nevertheless, the actin-depleted zone is short-lived from metaphase through the anaphase/telophase
transition (Kakimoto and Shibaoka 1987; Clayton and Lloyd 1985).

While cytokinesis is progressing, the phragmoplast that guides the delivery of vesicles to form
the expanding cell plate is composed of both microtubules and actin filaments (Staehelin and Hepler
1996). Live-cell imaging over time in BY2 cells revealed that F-actin was involved in endoplasmic
reticulum accumulation in the phragmoplast at the late phase (Higaki et al. 2008). Tobacco BY-2 cells
treated with F-actin-depolymerizing drugs show disorganized phragmoplasts and wrinkled cell plates
(Hoshino et al. 2003; Yoneda et al. 2004; Sano et al. 2005; Higaki et al. 2008; Kojo et al. 2013), which

uncover the role of the F-actin during plant cytokinesis.
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Because F-actin and microtubules closely co-exist and play important roles in the phragmoplast
(Smith 1999), cooperation or interaction between of actin and microtubules cytoskeletons is assumed,
and several proteins have been proposed to mediate the cooperation or interaction between actin and
microtubules cytoskeletons (lgarashi et al. 2000; Buschmann et al. 2011; Klotz and Nick 2012; Schwab
et al. 2003; Maeda et al. 2020). In particular, the moss myosin VIII, a motor protein that interacts with
both actin and microtubules, localizes to the division site and the phragmoplast, linking microtubules to
the cortical division zone via actin cytoskeleton (Wu and Bezanilla 2014). These findings, together with
other reports in which drug treatments and localization studies were performed (Lloyd and Traas 1988;
Molchan et al. 2002; Takeuchi et al. 2016), highlight that actin cytoskeleton may interact with the

microtubules bridging the cell cortex and the phragmoplast during cytokinesis.

Early work using immunolocalization and gold immunolabeling of the actin cytoskeleton
revealed the presence of a meshwork of F-actin that concentrated at the cortex of the cell, on the side
facing the spindle poles (Mole-Bajer et al. 1988; Cho and Wick 1991). Recently, super-resolved imaging
of the F-actin was performed using a photo-activatable Lifeact, a 17-amino-acid peptide that stained F-
actin structures in BY2 cells (Durst et al. 2014). Using this approach, a gradient of the Lifeact-psRFP
signal was observed that progressively led to a clear increase of signal intensity toward the cell poles,
especially during the later mitotic phases (Durst et al. 2014). However, the dynamic of such polarization

was not yet reported in dividing plant cells surrounded by its tissue.

Here, we used our recently developed root tracking system to follow actin dynamics in dividing
Arabidopsis meristematic root cells. By the visualization of the fluorescent-tagged Lifeact together with
cell division markers, we observed an apical-basal accumulation of the F-actin in the late stage of cell
division in Arabidopsis root meristematic cells. The role and the possible actors responsible for this actin

enrichment are discussed.

RESULTS

In order to analyze in vivo the behaviors of the actin cytoskeleton in a dividing tissue, we collected
a set of Lifeact fluorescent reporters, tagged with YFPv (Doumane et al. 2021), tdTomato (Liao and
Weijers 2018). We generated a blue-tagged version of Lifeact with 2xmTURQUOISE2 under a Ub10
promoter (Lifeact-2xmTU2). Using the recently developed root tracking system, we observed the
behavior of the actin cytoskeleton every three minutes in epidermal cells of Arabidopsis up to five root
tips in one experiment, in three dimensions, using a spinning disk confocal microscope (Doumane et al.
2017). We first analyze in time-lapse Arabidopsis meristematic root cells during division in plants

expressing the actin marker Lifeact-YFPv (Figure 1). The z-projection of division tissues expressing the
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actin marker Lifeact-YFPv showed that during cytokinesis, the F-actin is clearly observed in the
developing phragmoplast (Figure 1, empty arrows). Moreover, an apical-basal accumulation of Lifeact-

YFPv during cytokinesis was clearly visible in the dividing root tissues (Figure 1, white plain arrows).

We confirmed the F-actin patterning during cell division obtained with the LifeAct-YFPv reporter
with another well characterized F-actin biosensor. We performed the same analysis with plant
expressing the C-terminal half of the plant Fimbrin-like gene AtFim1 (aa 325-687) fused in both sides
to the GFP fluorescent protein (MGFP-ABD2). Time-lapses analysis of the growing root Arabidopsis
meristem expressing mGFP-ABD2 displayed the same apical-basal accumulation of F-actin during

cytokinesis (Figure 2).

We projected in the z-plane the root cells expressing and by changing the orientation to enable
the observation of the apical-basal face of the dividing cell (Figure 3A). Using this approach, we
confirmed that while the phragmoplast was extending, the Lifeact-2xmTU?2 signal covered the entire
apical-basal plane of the cell while no accumulation was observed in the lateral part of the cell (Figure
2A). During phragmoplast expansion, the signal at the apical-basal part of the cell stayed strong before
the decrease in the fluorescence signal could be observed at the end of the cytokinesis (Figure 1-3).

We quantify the observed signal in the Arabidopsis line expressing LifeAct-2xmTU2 in dividing
cell and non-dividing cells. To do so, we analyze using ImageJ the ratio of fluorescence intensity
between the two apical and basal membranes and the fluorescence intensity in the lateral membranes
(Figure 3B-C). We analyzed the ratio of fluorescence intensity between the apical-basal membrane and
the cytoplasm for dividing cell and non-dividing cells (Figure 3B-D). Using this quantitative approach,
we confirmed the enrichment of the F-actin signal at the apical/basal part of the dividing cells, while no

specific distribution was observed in non-dividing cells.

To address whether the actin depleted zone was quantifiable, we analyze the ratio of fluorescence
intensity between the lateral membranes and the cytoplasm for dividing cell and non-dividing cells
(Figure 3B-D). While a slight decrease in the ratio is observed for the dividing cells compared to non-
dividing cells, the presence of the adjacent non-dividing cells surrounding this region might mask a clear
depletion. Indeed, while the actin depleted zone is clearly observed in cell culture (Cleary et al. 1992;

Liu and Palevitz 1992), this depleted zone is difficult to image in dividing tissue (\Voigt et al. 2005).

Using plant co-expressing Lifeact-tdTom and the cell plate marker YFP-KNOLLE, we tracked
dividing cells in the root meristem from early metaphase. While the spindle was forming, and F-actin
was observed at the spindle, the polarization of the actin cytoskeleton in the apical-basal part of the cell
was not yet observed (Figure 4). An increase of the signal could be observed at the periphery of the cell,
flanking the cortical division zone, but the signal in the surrounding cell was masking the signal from

the dividing cells (Figure 4, white arrows), therefore it did not allow us to certify that this signal
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corresponds to the earlier described “actin twin peaks” (Smertenko et al. 2010) . But as soon as YFP-
KNOLLE was found enriched in the developing cell plate, the lateral signal corresponding to Lifeact-
tdTom disappeared and the rapid accumulation of Lifeact-tdTom signal at the apical-basal part of the
cell was observed, as well as in the phragmoplast (Figure 4). This accumulation of F-actin at the apical-
basal part of the dividing cell was stable during cell plate expansion as YFP-KNOLLE signal expanded
toward the cell periphery (Figure 4). When the cell plate was fully attached to the mother cell, no more
accumulation of the F-actin at the pole of the cell could be observed using the Lifeact-tdTom reporter
line (Figure 4). At this stage, the cable of F-actin was found in the cytoplasm of newly formed daughter

cells (Figure 4).

We confirmed these results using an Arabidopsis line co-expressing the cortical division zone
marker GFP-PHGAP1 together with Lifeact-tdTom (Figure 6). In transgenic lines expressing GFP—
PHGAPL under a Ub10 promoter, the fluorescent signal was reported to accumulate at the cortical
division zone in meta-/anaphase and remains throughout cytokinesis (Stockle et al. 2016). Dual
localization of GFP-PHGAP1 and Lifeact-tdTom showed that the accumulation at the apical/basal part
of the dividing cells appeared before the signal corresponding to GFP—-PHGAPL could be noticed,
suggesting that the F-actin polarization appears before the recruitment of PHGAP1 at the CDZ (Figure
6, supplemental movie 1).

Colocalization of F-actin using Lifeact-tdTom with mitotic microtubules decorated by TUAG-
RFP allowed used to visualize in detail the dynamics at the phragmoplast. During early anaphase, the
colocalization of microtubules and F-actin was total while in late cytokinesis, colocalization analysis
highlighted the differences in positioning of both cytoskeletons (Figure 6, supplemental movie 1). At
the ring phragmoplast stage, the lifeact-tdTom preceded the TUAB6-RFP at the edge of the phragmoplast
(Figure 6, supplemental movie 1), confirming the role of F-actin in the phragmoplast guidance in the

attachment phases of the cytokinesis.

DISCUSSION

An extraordinary new view of the dynamic spatiotemporal regulation of keys components of
the cell division orientation is emerging from advances in live-cell imaging in Arabidopsis root meristem
(Muller et al. 2006; Walker et al. 2007; Xu et al. 2008; Drevensek et al. 2012; Lipka et al. 2014; Stockle
etal. 2016; Schaefer et al. 2017). However, when it comes to studying subcellular dynamics during plant
cell division manual adjustment is required since the area under study will rapidly grow out of the field
of view. This makes it necessary to obtain an automated system to release the biology researcher from

spending up to a day in front of the microscope performing adjustments every ten minutes. In the present


https://doi.org/10.1101/2021.07.07.451432

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.07.451432; this version posted July 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

study, we took advantage of a confocal chasing system to track the meristematic zone of the root based
on point-to-point correspondences and motion estimation (Doumane et al. 2017). Using this approach,
we can track over a long period (10 hours) mitosis in the meristem of multiple Arabidopsis roots by
spinning disk confocal microscopy. This approach allowed us to rapidly collect biological replicates on
the behavior of the actin cytoskeleton during plant cell division and to quantify it. We showed that, in
addition to its localization in the phragmoplast, F-actin polarized at the apical-basal part of the cell from
the meta-anaphase transition and decreased at the end of the cytokinesis to eventually formed again
cables in the cytoplasm of the two newly formed daughter cells. How this transient accumulation is

achieved remains unclear.

In animal cytokinesis, the local increase in the level of the anionic lipid P1(4,5)P, modifies F-
actin amounts at the cell equator and controls cytokinesis abscission (Dambournet et al. 2011). Using
our root tracking system, we observed that PI(4,5)P; has specific subcellular localization during plant
cell division (Simon et al. 2016) suggesting a link between the proper spatial production of
phosphoinositides and successful completion of cytokinesis. In particular, we found that P1(4,5)P; also
seems to polarly localized during cell division (Simon et al. 2016) with a patterning resembling the one
observed for F-actin in this study. Moreover, depletion of the P1(4,5)P, from the plasma membrane
using the iDePP system highlighted the importance of P 1(4,5)P. pool for proper F-actin dynamics
(Doumane et al. 2021). Actin nucleators such as ARP2/3 were shown to interact strongly with the plasma
membrane in Arabidopsis (Kotchoni et al. 2009), and both ACTIN DEPOLYMERIZATION FACTOR
(ADF)/cofilin and profilin bind to PI(4,5)P, (Gungabissoon et al. 1998). In Zea mays, PROFILIN1
(ZmPRO1) inhibits hydrolysis of PI(4,5)P, at the membrane by the membrane-associated enzyme
Phospholipase C (PLC)(Staiger et al. 1993). It was reported that PROFILIN from Phaseolus vulgaris
could bind directly to the phosphoinositide enzyme P1-3Kinase, which suggests that PROFILIN might
participate in membrane trafficking, and acts as a linker between the endocytic pathway and the F-actin

dynamics (Aparicio-Fabre et al. 2006).

In Arabidopsis, enzymes that locally produce P1(4,5)P> named PIP5K1 and PIP5K2 were
reported to be most active among the ubiquitously expressed P14P 5-kinases (Ischebeck et al. 2008) and
therefore are likely making a major contribution to cellular P1(4,5)P, formation (Tejos et al. 2014).
During embryogenesis, double mutations in pi5k1/pi5k2 bent to defects characterized by the formation
of a vague apical-to-basal boundary (Tejos et al. 2014) which eventually lead to sterile plants (Tejos et
al. 2014). Functional translational fusions with a yellow fluorescent protein (YFP) were generated to
visualize the subcellular localization of PIP5K1 and PIP5K2 (Ischebeck et al. 2013). In this study, both
YFP-PIP5K1 and YFP-PIP5K2 seems to be enriched in the apical-basal membrane in dividing cells as
observed for the F-actin in the present study. However, their dynamic localization during cell division

needs yet to be addressed in details, to disentangle if those kinases locally increasing PI1(4,5)P;
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production. Recently developed tools to increase or decrease the pool of PI(4,5)P, at the plasma
membrane (Gujas et al. 2017; Doumane et al. 2021) might help us to address such a question in the
future. Based on this observation, it is appealing to emphasize that the composition in phosphoinositides
could mediate the F-actin polymerization at the apical-basal membranes, allowing the polarization of
the cell during its division. Why cells in their tissues needs this F-actin accumulation? It is striking to
observe, when it comes to cell division orientation, that in mutants impaired in cortical dividing zone
(CDZ) definition and/or microtubules PPB organization, the defects rely on titled cell plates, yet the
attachment is still happening in the lateral membranes of the root meristematic cells (Kumari et al. 2021;
Schaefer et al. 2017; Stockle et al. 2016; Muller et al. 2006). In other word, in microtubule defective
mutants impaired in PPB or CDZ formation, we do not observe the attachment of the cell plate in the
apical basal membranes. Challenging the F-actin accumulation at the apical-basal part of the cell might
be the key to understand how the cell polarity is maintained after microtubules cytoskeleton perturbation

during cell division in plant tissues.

MATERIAL AND METHODS

Growth condition and plant materials

Arabidopsis Columbia-0 (Col-0) accession was used as a reference genomic background throughout this
study. Arabidopsis seedlings in vitro on half Murashige and Skoog (Y2 MS) basal medium supplemented
with 0.8% plant agar (pH 5.7) in continuous light conditions at 21 °C. Plants were grown in soil under
long-day conditions at 21 °C and 70% humidity 16 h daylight.

Cloning

The lifeact sequence was flanked with attB2R and attB3 sequences and recombined by BP gateway
reaction into pDONR-P2RP3. Final destination vectors were obtained using three fragments LR
recombination system (life technologies, www.lifetechnologies.com/) using pB7m34GW destination
vector (Karimi et al. 2007).

Plant material

construct .
ecotype reference resistance
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Col-0 Doumane et al., 2021 Basta
Ub10pro:Lifeact-YFPv

Col-0 Basta
RPSb5apro:Lifeact-tdTomato Liao et al., 2018

Col-0 this study Kana
Ub10pro:Lifeact-2mTU2

Ler/ Niederzenz-0 (El Kasmi et al .,
KNOLLEpro:YFP- background 2013), Basta
KNOLLE

Col-0 (Stockle et al. 2016) Basta
pUB10:GFP-PHGAP1

Col-0 (Stockle et al. 2016) Hygro
TUBG6-RFP

Col-0 N799991 Basta
mGFP-ABD2

Spinning-disk microscopy imaging

Images of the time-lapse images were acquired with the following spinning disk confocal
microscope set up: inverted Zeiss microscope (AxioObserver Z1, Carl Zeiss Group,
http://www.zeiss.com/) equipped with a spinning disk module (CSU-W1-T3, Yokogawa,

www.yokogawa.com) and a ProEM+ 1024B camera (Princeton Instrument, http://www.

princetoninstruments.com; Figure 2B only) or Camera Prime 95B (www.photometrics.com) using a 63x

Plan-Apochromat objective (numerical aperture 1.4, oil immersion). GFP and mCITRINE were excited
with a 488 nm laser (150 mW) and fluorescence emission was filtered by a 525/50 nm BrightLine! a
single-band bandpass filter (Semrock, http://www.semrock.com/), tdTom was excited with a 561 nm
laser (80 mW) and fluorescence emission was filtered by a 609/54 nm BrightLine! a single-band
bandpass filter (Semrock, http://www.semrock.com/). For quantitative imaging, pictures of epidermal
root meristem cells were taken with detector settings optimized for low background and no pixel
saturation. Care was taken to use similar confocal settings when comparing fluorescence intensity or for

guantification. Root tracking experiments were performed as described in (Doumane et al. 2017).
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Statistical analysis

For localization index analysis, one dividing cell and non-dividing cell were taken for

each root (17 roots). For each two cells, the signal intensity was measure for the Apical-basal

membranes, the two laterals membranes and in two elliptical regions of interest (ROIs) of the

cytosol. Ratios were obtained by taking the average of the two measured intensities.

Localization index comparison were performed using a Kruskal-Wallis rank sum test analyses

in R (v. 3.6.1, (R Core Team, 2019), using R studio interface and the packages ggplot2

(Wickham, 2016). Graphs were obtained with R and R-studio software and customized with

Inkscape (https://inkscape.org).

Kruskal-Wallis
Model Pair e df P-value
'I%tilr_\ _ dividing cell
ocalization
. 20.828 1 5.024e-06
index per non-dividing
membrane cells
Kruskal-Wallis Dunn test, method ""Bonferroni*
Model ¥ df P-value Pair P-value
Apical-basal membranes of dividing cells /cytosol
latteral membranes of dividing cells /cytosol 0.0000*
Apical-basal membranes of dividing cells /cytosol
Apical-basal membranes of non-dividing cells /cytosol 0.0174*
Actin Apical-basal membranes of dividing cells /cytosol
. . _dividi *
chzllzatlon 20828 1 5 0246-06 latteral membranes of non-dividing cells /cytosol 0.0004
Index per latteral membranes of dividing cells /cytosol
cytosol
Apical-basal membranes of non-dividing cells /cytosol 0.0149*
latteral membranes of dividing cells /cytosol
latteral membranes of non-dividing cells /cytosol 0.2305
Apical-basal membranes of non-dividing cells /cytosol
latteral membranes of non-dividing cells /cytosol 0.8940
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LifeAct-YFPv (z-projection)

Figure 1. Representatives images of a z-projection of a time-lapses analysis in Arabidopsis root meristem,
expressing Ub710:Lifeact-YFPy. White arrows: F-actin enrichment at the apical-basal part of the cells; empty
arrows: F-actin in the phragmoplast; n: nucleus. Scale bar = 5 pm.

mGFP-ABD2

Figure 2. Representatives images of a z-projection of a time-lapses analysis in Arabidopsis root meristem,
expressing mGFP-ABD2. White arrows: F-actin enrichment at the apical-basal part of the cells; empty
arrows: F-actin in the phragmoplast; n: nucleus. Scale bar = 5 pm.


https://doi.org/10.1101/2021.07.07.451432

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.07.451432; this version posted July 7, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A LifeAct-2xmTU2 (3D-Projection, rotated view of the same cell)

B LifeAct-2xmTU2 (z-Projection)
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Figure 3. A) Representative images of a three dimensional projection of a dividing cell in Arabidopsis root
meristem expressing UbT0:LifeAct-2xmTUZ. White arrows, F-actin enrichment at the apical-basal part of the
cells; empty arrows, F-actin in the phragmoplast; n: nucleus. The yellow arrows marked the four rotated
images obtained by the rotation in image] of the initial z-projected image presented in the left panel. Scale
bar = 10 pm. B) representative images of the distribution of LifeAct-2xmTU2 in dividing cell and non-
dividing cells used for the quantification. Scale bar = 15 pm. C) Quantification of the localization index of
LifeAct-2xmTU2 between the apical-basal membranes and the lateral membranes of dividing vs non-
dividing cells. D) Quantification of the localization index of LifeAct-2xmTU2 between the apical-basal
membrane or the lateral membranes and the cytoplasm of dividing vs non-dividing cells. In the plots, the
middle horizontal bars represent the median, while the bottom and top of each box represent the 25th and
75th percentiles, respectively. At most, the whiskers extend to 1.5 times the IQR and exclude data beyond
that range. For the range of values under 1.5 times the IQR, the whiskers represent the range of maximum
and minimum values.
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Figure 4. Representatives images of a time-lapses analysis in Arabidopsis root meristem, expressing
RPS5a:LifeAct-tdTom (green) together with KNOLLE-YFP (red). White arrows, F-actin enrichment at the
apical-basal part of the cells; n: nucleus. Scale bar = 5 um.
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Figure 5. Representatives images of a time-lapses analysis in Arabidopsis root meristem, expressing
RPS5a:LifeAct-tdTom (green) together with PHGAP1-YFP (red). Yellow and white arrows, F-actin
enrichment at the apical-basal part of the cells; empty arrows, position of the cortical division zone; n:

nucleus. Scale bar = 5 um.
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Figure 6. Representatives images of a time-lapses analysis in Arabidopsis root meristem, expressing
Ub10:LifeAct-YFPv (green) together with TUAG-RFP (magenta). White arrows, F-actin enrichment; empty
arrows, the phragmoplast; arrow head, position of the F-actin in the phragmoplast edge; n: nucleus. Scale

bar = 10 pm.

Supplemental movie 1. Time-lapses analysis in Arabidopsis root meristem, expressing Ub10:LifeAct-YFPv
(green) together with TUAG-RFP (magenta).
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