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ii. Abstract

Mitosis in plants consists of separating the mother cell in two daughter cells by the
centrifugal growth of a new wall. This process involves the reorganization of the structural
elements of the cell, namely the microtubules and actin cytoskeleton which allow the
coordination, the orientation and the progression of mitosis. In addition to its implication in
those plant-specific structures, the actin cytoskeleton, in close association with the plasma
membrane, abbors specific patterning at the cortex of the dividing cells, and might act as a
signalling component. This review proposes an overview of the techniques available to
visualize the actin cytoskeleton in fixed tissues or living cells during division, including electron,

fluorescent and super resolution microscopy techniques.
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1. Introduction

The topology of the tissue in the green lineage relies deeply on a precise spatio-temporal
control and coordination of division and growth. As plant cells cannot relocate by migration,
the orientation of the cell division is brought about by a complex interplay between the cell-
cycle machinery and other cellular structures, including the microtubule and actin
cytoskeletons as well as the plasma membrane. When the cell cycle is progressing toward
mitosis, most cellular microtubules together with the actin filaments (F-actin) relocate at the
cell's cortex in close association with the plasma membrane forming the preprophase band at
the cortical division zone (CDZ). In acentrosomal plant cells, the mitotic spindle allows the
separation of the genetic material during metaphase/anaphase transition while the
phragmoplast drives the formation of a new cell wall separating the daughter cells in telophase
at the earlier defined cortical division site (CDS) (Livanos and Muller 2019). Microtubule and
F-actin cytoskeletons are therefore closely associated and regulated to form and orient these
three distinct structures. During this process, the actin cytoskeleton, in close association with
the plasma membrane, adopts specific patterning at the cortex of the dividing cells, leading to
the formation of F-actin enriched (actin twin peaks) and depleted zone (ADZ, Figure 1). This
review proposes an overview of the techniques available to visualize the actin cytoskeleton in
fixed tissues or living cells during division, including electron, fluorescent and super resolution

microscopy techniques.

2. Electron tomography

Actin cytoskeleton and its interaction with microtubule cytoskeleton was visualized using
chemical fixed plant cells (Seagull and Heath 1979; Hardham et al. 1980; Heath and Seagull
1982). However, chemical fixation and dehydration techniques, were later revealed to be
inadequate for the preservation of cytoskeleton (Tiwari and Polito 1988; Lancelle et al. 1987).
The efficacy of the technique of freeze-substitution for the preservation of cytoskeletal details
is now widely recognized (Tiwari and Polito 1988; Tiwari et al. 1984; Lancelle et al. 1987).
Using such approach, the actin cytoskeleton at the cortex of the cell was describe to be
associated together with the plasma membrane, but also with the endoplasmic reticulum
beneath the cortical microtubules (Tiwari and Polito 1988). More recently, the ultrastructure of
the actin cytoskeleton in the PPB in onion cotyledon epidermal cells was achieved using high-
pressure freezing/freeze substitution techniques. This approach allowed the collection of

guantitative information on the number and length of F-actin inside the PPB. Using this



approach, F-actin cables ~170-nm-long were observed to bind and to cross-link microtubules
(Takeuchi et al. 2016). Electron microscopic observations of glycerinated Haemanthus cells
indicate the presence of actin-F in the kinetochore fibers (Forer and Jackson, 1979). But these
data are still debated because the preparative techniques used might have induced changes
in actin-F distribution (Schroeder, 1976).

3. Immunogold labeling of F-actin

Using actin monoclonal antibodies, which gave the finest resolution with immunogold
staining, it was shown that F-actin was often seen in the near vicinity of another bundle or
microtubule, in an end to side or Y-shaped connection, closely parallel or juxtaposed to
microtubules. Actin-F bundle length often reached 10-20 um (Schmit and Lambert 1988a). The
distribution of F-actin cables was later visualized using an immunogold-silver-enhanced
method and compared with the arrangement of immunogold-stained microtubules in the same
cells (Mole-Bajer et al. 1988). In the dividing endosperm cells of the monocot Haemanthus, F-
actin was observed on the spindle surface and those present within the spindle are arranged
parallel to the long axis of the spindle. Using this approach, F-actin was found to not reorient
outside the spindle, while in the polar region, F-actin appears to be compressed by the
elongating spindle (Mole-Bajer et al. 1988). In anaphase, shorter F-actin orients in various
directions accumulate at the equator, where some of them are incorporated into the

phragmoplast (Molé-Bajer et al. 1988).

4. Phallotoxins

The biologically active components of poisonous Amanita mushrooms such as
phallotoxins are known to be specific for the F-actin (Dancker et al. 1975; Wieland et al. 1978;
Wulf et al. 1979). Phallotoxins are low in molecular weight, and thus can penetrate plant cells
without prior cell wall digestion, and can also be used with or without fixation before the staining
step. The first attempt to use phallotoxin to stain actin in the phragmoplast and cell cortex was
unsuccessful (Clayton & Lloyd, 1985; Lloyd et al.1985; Gunning & Wick, 1985). Later, staining
the unfixed cells with rhodaminyl lysine phallotoxin (rhodamine-phalloidin) in detergent
extraction buffer in carrot suspension cells set up the protocol to visualize the actin
cytoskeleton during cell division (Lloyd and Traas 1988; Traas et al. 1987). Using this

approach, the organization of F-actin in the PPB, mitotic spindle and phragmoplast was



described in various plant species including maize, Allium, Tradescantia and BY2 cells
(Panteris et al. 2009; Yasuda et al. 2005; Valster et al. 1997; Clayton and Lloyd 1985a). Using
the BY-2 cell culture stably expressing a fluorescent reporter for microtubules, the behavior of
the F-actin cytoskeleton was assessed by co-staining with rhodamine-phalloidin (Hoshino et
al. 2003). Using this approach, the actin depleted zone (ADZ) which appear before the
prophase was reported to appear first from one side of the dividing cell, possibly as a cause of
polar cytokinesis, as is often observed in BY-2 cells (Hoshino et al. 2003) and as was reported
in Arabidopsis cells (Cutler and Ehrhardt 2002). The ADZ finally extends to the other side of

the dividing cell forming a ring at the division plane deprived of F-actin (Hoshino et al. 2003).

5. Immunolabeling in fixed tissues

Immunofluorescence labeling, using a monoclonal antibody developed against actin is
often used to visualize F-actin in fixed tissues. Using this technique, the formation of an actin
ring at the cortex of the cell in preprophase, the “actin PPB” was visualized (Palevitz 1987).
Double labeling of both microtubules and F-actin was therefore possible with this method,
permitting to correlate the F-actin organization in regards to the known organization of the
microtubule rearrangement that occurs throughout division (McCurdy and Gunning 1990; Li et
al. 2010). Colocalization of F-actin with rhodamine-phalloidin and microtubules with tubulin
immunocytochemistry in Triticum uestivum L. cv. Kite showed that F-actin and microtubules
colocalized at the PPB (Palevitz 1987). As the PPB narrows, the F-actin is also confined to an
increasingly restricted zone usually wider than the PPB in Allium (Liu and Palevitz 1992). In
synchronized tobacco BY2 cells, the triple staining of microtubules, F-actin and DNA was
performed and allowed a better resolution in time and space on the relationship between the
mitosis progression and formation of the PPB (Katsuta et al. 1990). In wheat root-tip cells, the
immunolocalization of actin revealed the absence of F-actin at the cortical division zone
(McCurdy et al. 1988). However, depending on the antibody, such a zone was more or less
wide (McCurdy et al. 1988; Panteris 2008). Early work using immunolocalization of actin
cytoskeleton in rye leaf tissue revealed the presence of a meshwork of actin that concentrated
near the end walls that face the spindle poles (Cho and Wick 1991). Consistently,
immunofluorescence labeling of F-actin revealed a more intense reactivity to the actin antibody
in the cell pole facing the spindle than the longitudinal side walls (Figure 1, Baluska et al. 1997;
Liu and Palevitz 1992; Li et al. 2010). Furthermore, the ADZ is short-lived from metaphase
through the anaphase/telophase transition (Clayton and Lloyd 1985b; Kakimoto and Shibaoka

1987a). The presence of actin filaments before phragmoplast formation in endosperm cells



suggest that microfilaments could act as a substitute for cell-plate "memory" (Schmit and
Lambert 1988a).

Co-visualization of F-actin and microtubules by dual immunolabelling in BY-2 showed
that the length of phragmoplast F-actin is shorter than that of microtubules (Li et al. 2010;
Yoneda et al. 2004). During telophase, the two zones of aligned cortical F-actin over the ends
of the cell gradually disappear and are replaced by new interphase networks (Liu and Palevitz
1992). Despite the handiness of using phallotoxins and the option of removing possible
damage to F-actin from the fixation procedure, it has been questioned whether unfixed cells
stained with phallotoxins could provide a misleading picture of F-actin configurations in vivo
(Kakimoto and Shibaoka 1987b; Sonobe and Shibaoka 1989). Moreover, labeling procedures
without fixation cannot be used for double labeling and therefore reduce the possibility to study

the dynamics of the F-actin together with the microtubule cytoskeleton, for instance.

F-actin staining and immunolabelling approaches proved useful when the study takes
place in an organism that cannot be transformed, or in multiple mutants for which crosses
could be difficult. In these cases, the staining techniques described above are still used today.
In parallel, advances in live imaging have led to the use of fluorescent-tagged actin-binding
domains (ABD) or proteins interacting with the actin cytoskeleton (Li et al. 2010). These
methods allow us to visualize the dynamics of the F-actin cytoskeleton during plant mitosis in
vivo using for example confocal microscopy, tracking system and super-resolution microscopy
(Table 1).

6. Fluorescent—tagged actin reporters

The fluorescent-tagged C-terminal part of the mouse Talin (GFP-mT nz#s-24)

Talin is a cytoskeletal associated protein that localizes specifically in adherents-type
junctions with the extracellular matrix (Burridge and Connell 1983) and is absent from the plant
genome. The amino acids 2345-2541 in the C-terminus of the mouse Talin (mTalin===+) are
responsible for its actin-binding capacity (Kost et al. 1998). Unlike the full-length protein,
mTalin===+is unable to nucleate actin polymerization and was, therefore, use as a reporter to
visualize F-actin in plants (Kost et al. 2000; Kost et al. 1998). In tobacco BY-2 suspension
cells, GFP-mTalin===+ colocalizes with rhodamine-phalloidin (Kost et al. 2000). Stable and
ubiquitous expression of GFP-mT alin====in Arabidopsis transgenic lines was used to visualize

F-actin in all tissues with no apparent phenotypic effects (Kost et al. 2000). While using GFP-



mTalin===2the F-actin behaviors in different cell types and organisms were described in
interphasic cells and in pollen tubes of different species (Holweg et al. 2004; Hoffmann and
Nebenfuihr 2004; Kost et al. 2000). To my knowledge, F-actin dynamics during cell division
was not analyzed using this reporter. Later study revealed that while GFP-mT alin>++ does not
affect actin polymerization, it inhibits its depolymerization by affecting the actin-depolymerizing
factor (Ketelaar et al. 2004). These findings led to the dropping of this reporter to study F-actin

in plants.

The fluorescent-tagged Fimbrin

Fimbrin is a cytoskeletal protein associated with F-actin in various metazoan structures,
such as in microvilli, microspikes, membrane ruffles, and cell-substrate attachment (Bretscher
1981). The first plant fimbrin-like gene, AtFIM1, was identified in Arabidopsis (McCurdy and
Kim 1998) and since then has been extensively used as a reporter to visualize F-actin
cytoskeleton inside plant cells (Kovar et al. 2001; Wang et al. 2008; Sheahan et al. 2004b;
Wang et al. 2004; Yoneda et al. 2007). The Fimbrin 1 actin-binding domain 2 fused to GFP
(GFP-fABD2) corresponds to the N-terminal fusion of GFP to the C-terminal half of AtFim1 (aa
325-687), which includes the second ABD and the C-terminal end of Arabidopsis Fimbrin 1
(McCurdy and Kim 1998; Ketelaar et al. 2004a). Compared with GFP fusions to full-length
AtFim1l, GFP-FABD?2 is more visibly labeling the native F-actin organization in Arabidopsis
(Sheahan et al. 2004a) and rapidly became a standard to visualize F-actin in planta (Voigt et
al. 2005a).

In the tobacco BY-2 cell line stably transformed with a GFP-fABD2, the appearance of a
broad F-actin band in the late G2 phase that later separates to form a structure corresponding
to the so-called ADZ in mitosis was confirmed (Sano et al. 2005). Intriguingly, the GFP-fABD2
labeled structure at the cell cortex in mitosis appeared to form two bands rather than the ADZ.
Measurements of fluorescent intensities indicated a GFP-fABD2 distribution that resembled
two peaks, and we therefore named the structure actin ‘twin peaks' (Figure 1, Sano et al. 2005).
The cell plate was shown to form exactly in the middle of the actin 'twin peaks’ suggesting that
these structures act as a landmark for cytokinesis orientation (Sano et al. 2005). Live cell
imaging in BY2 of the GFP-fABD2 distribution was next monitored together with the endocytic
tracer, FM4-64, that labels the cell plate (Higaki et al. 2008). During cytokinesis, GFP-fABD2
accumulates at the phragmoplast and subsequently approaches the expanding cell plate
edges (Higaki et al. 2008). In vivo visualization of F-actin in Arabidopsis plants stably

expressing 35Spro:GFP-fABD2 showed that mitotic cells have an F-actin-depleted zone



around the equator, whereas F-actin accumulates at the plasma membrane which is facing the
spindle poles (Voigt et al. 2005a). During cytokinesis, this overall actin polarity is still
maintained (Voigt et al. 2005a). Using this reporter, the phragmoplast F-actin could be

observed at different stages of cytokinesis (Voigt et al. 2005a).

In Arabidopsis, the expression of the GFP-fABD2-GFP reporter under the 35S promoter
(Wang et al. 2008) has inhibitory effects on cell and organ growth (Dyachok et al. 2014). The
use of the ubiquitin10 (UBQ10) promoter to drive expression of the GFP-fABD2-GFP reporter
minimized some of the artifacts that researchers might encounter when using fABD2-based

and other F-actin reporters for studying F-actin dynamics in living plants (Dyachok et al. 2014).

Lifeact reporter

An important development is the identification of a 17-amino-acid peptide (Lifeact)
derived from the N-terminus of yeast Abp140 protein that binds specifically to F-actin with a
low affinity and appears to be a faithful reporter of actin dynamics without disrupting them
(Riedl et al. 2008). While Lifeact decorates F-actin with minimum perturbation of actin
dynamics in plants, its expression needs to be optimized to reach a lower expression level
than fADB2 in plants (Era et al. 2009). Indeed, It was reported that Arabidopsis seedlings
overexpressing at high level Lifeact-YFPv reporter under the 35S promoter had less dense
and more bundled F-actin in some cell types compared with fABD2-based reporter (Dyachok

et al. 2014).

To test whether Lifeact—psRFP affects the dynamics of actin-F in BY-2 stable line, the
cells were challenged with Latrunculin B, a drug which elimines actin-F depending on their
innate turnover. The authors assumed that If the expression of Lifeact—psRFP increases the
stability of actin-F, the cells expressing Lifeact—psRFP should be less sensitive to Latrunculin
B. However, the Lifeact—-psRFP expressing cell line was more sensitive, which argues against

reduced dynamics of actin-F (Durst et al. 2014).

Using Arabidopsis plants, stably expressing Lifeact as a reporter, we tracked the
behaviors of the F-actin cytoskeleton in time with an unpreceded precision (Lebecq et al., in
prep for Plants 2021 special issue). To follow in vivo division in the root meristem overtime,
manual adjustment is needed, otherwise the area under study will grow out of the field of view
(the root tip grows out of the field of view in about 20 min). By developing an unsupervised
approach to automatically track cells using spinning disk confocal microscopy (Doumane et

al., 2017), we are now able to automatically track the region under study in real time during



acquisition so that root growth can be compensated. This keeps the region under study within
frame for the duration of the experiment. By imaging in vivo, the fluorescent-tagged Lifeact
under the control of UB10 and RPS5a promoters—both less strong than 35S promoter—we
confirmed and quantified earlier reports describing an apical-basal accumulation of the actin
filaments in the late stage of cell division (Figure 1, Cho and Wick 1991; Baluska et al. 1997;
Liu and Palevitz 1992; Voigt et al. 2005, Sadot et al., 2019; Lebecq et al., in prep for Plants
2021 special issue). By visualizing fluorescent-tagged Lifeact together with cell division
markers in the dividing root tip cells, we observed that the F-actin polarization occurs at the
metaphase/anaphase transition and persists in time throughout cytokinesis (Lebecq et al., in
prep for Plants 2021 special issue). In this study, we generated a set of fluorescent-tagged
Lifeact markers in cyan, yellow, and red (Lebecq et al., in prep for Plants 2021 special issue),

that should be helpful in performing colocalization analysis in Arabidopsis.

To validate the use of this reporter to visualize the F-actin in plant, BY-2 cells stably
expressing Lifeact—psRFP were PFA-fixed, and stained using Alexa-Fluor®488 labeled
phalloidin. This experiment showed a clear colocalization of Alexa-Fluor®488-phalloidin and
Lifeact—-psRFP for the perinuclear actin. However, in the cell cortex, only the green
fluorescence of Alexa-Fluor®488-phalloidin could be detected, whereas the red Lifeact—
psRFP signal was absent, indicating that there is a clear structural difference between these

actin sub-populations (Durst et al. 2014).

While studies relying on fluorescent-based reporters multiplied, it is important to keep in
mind that these biosensors might not label the entire population of F-actin filaments in cells
due to competition with endogenous actin regulatory proteins. As such, accurate detection of
F-actin by immunolocalization might be considered as a complementary approach in certain
cell types (Sadot et al., 2019).

7. MT-actin interactions and how to image both at the same time

Interaction between microtubules and F-actin has been reported in various plant
systems, and proteins connecting these two cytoskeletal networks were identified, even if the
molecular mechanism is still elusive (Takeuchi et al. 2017; Sampathkumar et al. 2011; SCHMIT
and LAMBERT 1988b). Among them, Kinesins with a calponin homology domain (KCHSs) have
been identified recently as a plant-specific subgroup of the kinesin-14 family and are suspected
to act as microtubule—actin filament cross-linkers. The Cotton kinesin GhKCH2, which also

contains an actin-binding calponin homology (CH) domain in the N-terminus, decorates the



phragmoplast midzone in dividing root tip cells using immunolocalization assays (Xu et al.
2009). Similarly, NtKCH, a KCH homolog of tobacco BY-2 cells, accumulates in the PPB (Klotz
and Nick 2012). Using the transient Agrobacterium-mediated transformation of BY-2 cells
(TAMBY2), the Arabidopsis kinesin 14-type molecular motor (AtKinG) was found to strongly
label the PPB (Buschmann et al. 2011). Fluorescence double-labeling in BY-2 cells showed
that AtKinG localizes to both microtubules and F-actin (Buschmann et al. 2011). In BY-2 cells,
the fluorescent-tagged kinesin-like AtKCA1 protein from Arabidopsis that interacts with the
Cyclin-dependent kinases AtCDKA labels the plasma membrane in a non-homogenous
manner (Vanstraelen et al. 2004; Vanstraelen et al. 2006). In a stable BY-2 line, GFP-AtKCA1
is excluded from the cortical division zone (CDZ) forming the ‘KCA1 depleted zone’ (KDZ)
(Vanstraelen et al. 2006). This finding contrasts with what was observed for the fluorescent-
tagged actin nucleator FORMIN 6 (AtFH6-GFP) which labeled the plasma membrane without
showing regions of reduced fluorescence (Vanstraelen et al. 2006). To visualize F-actin
together with the AtKCA1 fusion protein, fABD2 was fused N-terminally to RFP (fABD2-RFP)
and stably transformed in BY-2 cells expressing GFP-AtKCA1 (Vanstraelen et al. 2006). Dual
live-cell imaging showed that the ADZ and the KDZ colocalize (Vanstraelen et al. 2006).
However, the localization of AtKCAL in its native system was not yet reported and therefore

the existence of the KDZ in a dividing plant tissue still needs to be confirmed.

The Myosins which constitute a large superfamily of proteins that share a common
domain of interaction with F-actin, were also reported to colocalize with F-actin and
microtubules. The most studied of them, the moss Myo8, was shown to interact with both F-
actin and microtubules. In Physcomitrella, Myo8 localizes to the division site and the
phragmoplast during cell division and may promote phragmoplast guidance via F-actin to the

division site (Wu and Bezanilla 2014).

While microtubule-associated proteins are rarely reported to also binds to F-actin, a 190
KDa Microtubules Associated Protein (NtMAP-190) isolated from mini-protoplasts of Tobacco
cultured cells was shown to bind to both F-actin and microtubules and to localized at the mitotic

spindle (Igarashi et al. 2000).

The Formins are involved in the polymerization of actin and associate with the fast-
growing end of the F-actin. In moss, the fluorescent-tagged class Il Formin 2A (For2A) strongly
labels the center of the expanding phragmoplast, as it was also reported for the type |
Arabidopsis Formins AtFH5 and AtFH8 (Ingouff et al. 2005b; Xue et al. 2011a; Wu and
Bezanilla 2014). These observations suggest that the fast-growing ends of F-actin are
anchored at its midzone and the pointed ends are in the cytoplasm (Wu and Bezanilla 2014).

By contrast, the type Il Arabidopsis Formin AtFH14 that, like For2A, acquires an N-terminal



PTEN-like domain (van Gisbergen and Bezanilla 2013), colocalizes with a-tubulin at the entire
PPB, spindle and phragmoplast when expressed in BY-2 and Arabidopsis suspension cells (Li
et al. 2010). These finding highlights specificity among the Formins in their interaction with the
cytoskeleton and anionic lipids. Indeed, the type | Arabidopsis Formin AtFH4 is able to bind
microtubules in vitro and in vivo (Deeks et al. 2010a), suggesting that specific Formins could

have an impact on both the F-actin and microtubule cytoskeleton during cell division.

While these fluorescent-tagged actin-binding proteins are available (Tablel), the fact that
they often localize to both actin and microtubules can make the interpretation of labeling
experiments difficult. However, peculiar staining patterns such as the one observed for Myo8
during cytokinesis will be key to study in detail in time and space the events occurring for

example at the cortex of the cell in late telophase.
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Name Localization remarks nism Resistance reference

prevent  F-actin 0CAMBIA-1390  (Wangetal 2004; Wang et
35Spro:GFP-Talin all arrays depolymerization Col-0 (hygro & kana) al. 2008)

prevent F-actin pCAMBIA-1390  (Dyachoket al. 2014)
35Spro:DsRed2-Talin  all arrays depolymerization Col-0 (hygro & kana)

(Buschmann et al. 2011)

35Spro:DsRed2-Talin  all arrays BY-2 pGWB?2 (basta)
35Spro:CFP-fABD2- morphological pCAMBIA-1390  (Dyachoket al. 2014)
CFP all arrays defects Col-0 (hygro & kana)
35Spro:GFP-fABD2- morphological 0CAMBIA-1390  (Wang etal. 2004; Wang et
GFP all arrays defects Col-0 (hygro & kana) al. 2008)

pCAMBIA-1300 (Xue et al. 2011b)
35Spro:GFP—ABD2  all arrays Col-0 (hygro & kana)

UBQ10pro:GFP- pCAMBIA-1390 (Dyachok et al. 2014)
fABD2-GFP all arrays Col-0 (hygro & kana)
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pCAMBIA-1390
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pCAMBIA-1390
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(kana)

pGWB2 (basta)

pB7m34GW
(basta)

(Voigt et al. 2005a)

(Voigt et al. 2005a)

(Dyachok et al. 2014)

(Dyachok et al. 2014)

(Kojo et al. 2014; Kojo et al.
2013)

(Dyachok et al. 2014)

(Klotz and Nick 2012)

(Kojo et al. 2014; Kojo et al.
2013)

(Dyachok et al. 2014)

Lebecq et al., Plants in prep

(Dyachok et al. 2014; Era et
al. 2009)

(Doumane et al. 2020)

Lebecq et al., Plants in prep
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template (kana)

pPERS (hygro)

pPERS8 (hygro)

pTHUbi-gate
(hygro)

pK7WGF2
(kana)

pMDC43 (kana)

pTKUbi-gate
(kana)

(van Gisbergen et al. 2012)

(Durst et al. 2014)

(Buschmann et al. 2011)

(Klotz and Nick 2012)

(Wuand Bezanilla 2014)

(Xue et al. 2011b)

(Xue et al. 2011b)

(Li et al. 2010)

(Wuand Bezanilla 2014)

(Ingouff et al. 2005a)

(Deeks et al. 2010b)

(Wuand Bezanilla 2014)



Table 1. Examples of Fluorescent marker available to visualize F-actin in vivo

8. Visualization of F-actin in vivo by super-resolution microscopy

As electron microscopy did in the past, super-resolution microscopy provides the ability
to see details of cellular and even macromolecular structures that were not possible to see
before. Photo-Activated Localization Microscopy (PALM) has attracted considerable attention
because they allow structures below the Abbe limit to be resolved (Hedde and Nienhaus 2014).
In recent years, a growing interest to use this method in plant research is obvious even though
only a few laboratories are equipped with a super-resolution microscope which allows the
detection of the emission from individual fluorophores. Importantly, these emitters must be
photoactivatable or photoconvertible by irradiation with visible light. By activating them
sparsely and stochastically, each CCD camera frame contains only a few spots of the size of

the point-spread function, which allows each molecule to be precisely localized.

Using BY-2 cells stably transformed with photoactivatable fluorescent proteins fused to
the actin-binding probe Lifeact, the dynamic reorganization of the actin cytoskeleton during the
cell cycle was recently assessed by PALM with optical sectioning (Durst et al. 2014). While the
Lifeact-monomeric variant fused to IrisFP was found to indiscriminately label central and
cortical actin filaments, the tetrameric Lifeact—photoswitchable red fluorescent protein (Lifeact—
psRFP) labeled only a specific perinuclear sub-population of actin called the “nuclear basket”
(Durst et al. 2014). During mitosis, Lifeact—psRFP was exclusively localizing at the nuclear
basket, arranged in a fine mesh-like structure until the end of metaphase and excluded from
the spindle. At the beginning of the anaphase, Lifeact—psRFP signal in the nuclear basket was
reduced. In telophase, while the new nuclear envelope was formed, a clear gradient of the

Lifeact—psRFP was observed toward the cell poles (Durst et al. 2014).

9. Conclusion

In the past few years, the increasing interest in the visualization of the actin cytoskeleton
is illustrated by the number of different techniques and fluorescent reporter lines generated.
Yet, so far, the behaviors of the actin cytoskeleton during mitosis have been mostly studied in
a single cell context such as the BY-2 cell line. The dynamics of the actin cytoskeleton in
growing tissues remain partial, even if recent studies started to address it. To date, there are

still difficulties to visualize dividing cells in the meristematic part of the plant at super-resolution



because of the topology of the tissues or the presence of the root cap. Many other technical
challenges are still blocking progress in the field, to address for example whether or not the
ADZ is also observed in a dividing cell in its physiological context. In a tissue context, the
fluorescence observed in the surrounding interphase cells, might mask potential domains at
the cortex of the dividing cell such as the ADZ. The development of an inducible promoter or
artificial system to visualize the dividing cell at better resolution might be the next task.
Furthermore, while many zonation in the cortex of the dividing cells (CDZ, ADZ, actin twin
peaks, KDZ for example) were described in different systems, the temporal and spatial
relationship between them is still cryptic. Integration of the localization of the F-actin
cytoskeleton in a referential together with the key player of the cell division seems to be the
only way to assemble the pieces of the puzzle during this crucial process. in animals, actin
mutants have strong phenotypes. It's more difficult to understand the role of F-actin in plants,
simply because the phenotypes are weak. It would be therefore helpful to obtain more
guantitative data about the localization of the actin during cell division and to develop systems
to modify the actin cytoskeleton in order to build up a model in the light of what was done for

the microtubules cytoskeleton in plants.
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10. Figure Legend
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Figure 1. Schematic representation of the different steps of the plant cell division, with a focus on the
actin cytoskeleton (red).
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