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Abstract Actin microfilaments play crucial roles in

diverse plant functions. Some specific cellular processes

require interaction between F-actin and microtubules, and

it is believed that there are direct or indirect connections

between F-actin and microtubules. We previously reported

that actin microfilaments exhibit unique dynamic motility

in cells of the liverwort, Marchantia polymorpha; the rel-

evance of this activity to microtubules has not been

explored. To examine whether the dynamics of F-actin in

M. polymorpha were somehow regulated by microtubules,

we investigated the effects of stabilization or destabiliza-

tion of microtubules on dynamics of actin bundles, which

were visualized by Lifeact-Venus. To our surprise, both

stabilization and destabilization of microtubules exerted

similar effects on F-actin motility; apparent sliding move-

ment of F-actin in M. polymorpha cells was accelerated by

both oryzalin and paclitaxel, with the effect of paclitaxel

more evident than that of oryzalin. Immunofluorescence

staining revealed that some F-actin bundles were arrayed

along with microtubules in M. polymorpha thallus cells.

These results suggest that microtubules play regulatory roles

in the unique F-actin dynamics in M. polymorpha.
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Introduction

In plants, actin filaments (AFs) play fundamental roles in

multiple cellular processes, including cytoplasmic stream-

ing, organelle movement, cell morphogenesis, cell divi-

sion, and tip growth (Hasezawa and Kumagai 2002;

Hussey et al. 2006; Ketelaar and Emons 2001). Microtu-

bules (MTs) are also important for plant cell morphogen-

esis, in both aspects of cell division and cell elongation

(Baskin 2001; Granger and Cyr 2000; Van Damme et al.

2004). AFs and MTs are frequently observed concurrently

in the same cellular structures. For example, during cell

division they colocalize at the preprophase band, mitotic

spindle, and phragmoplast with slightly different patterns

(Collings and Allen 2000; Hoshino et al. 2003; Staiger and

Cande 1991). The results of studies using actin filament-

disrupting drugs suggest that AFs affect the arrangement of

MTs (Eleftheriou and Palevitz 1992; Mineyuki and Pale-

vitz 1990; Seagull 1990), and it has been also shown that

MTs are required for correct reorganization of actin cables

(Tominaga et al. 1997). These results indicate the existence
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of direct and/or indirect interaction between these two

cytoskeletal components in plant cells (Collings 2008).

Several plant proteins have recently been identified that

physically interact with both AFs and MTs (Collings 2008;

Petrásek and Schwarzerová 2009). One such protein, Ara-

bidopsis thaliana FORMIN14 (AFH14), reportedly acts as a

linking protein between microtubules and actin filaments, a

role that is critical for normal progression of cell division (Li

et al. 2010). This evidence strongly suggests that linkage

between AFs and MTs is critical to fulfill the functions of

these cytoskeletons; however, our knowledge on its mech-

anism and physiological significance is still limited.

Lifeact, a marker that consists of the N-terminal 17 amino

acids of yeast Abp140p, was recently successfully applied to

various organisms as a new probe for visualizing AFs in

living cells (Berepiki et al. 2010; Era et al. 2009; Riedl et al.

2008; Vidali et al. 2009). Using Lifeact, we visualized AFs

in the liverwort, Marchantia polymorpha, and found them to

be highly dynamic (Era et al. 2009). Directional sliding

movement is one of the most distinctive features of AFs in

M. polymorpha. However, the mechanism of this peculiar

characteristic remains completely unknown.

In this study, we examined whether MTs play regulatory

roles in the dynamic movement of AFs visualized with

Lifeact-Venus in M. polymorpha cells, by treating thallus

cells with microtubule-stabilizing or -depolymerizing

drugs. We further examined the arrangement of AFs and

MTs in M. polymorpha cells by immunofluorescent stain-

ing. These experiments provided interesting and novel

information on the regulatory roles of MTs in the unique

and dynamic sliding movement of AFs in M. polymorpha.

Materials and methods

Plant materials

Marchantia polymorpha was asexually propagated through

gemma growth, as previously described (Okada et al. 2000;

Takenaka et al. 2000). The transgenic M. polymorpha

expressing Lifeact-Venus under the control of the Cauli-

flower mosaic virus 35S promoter was also described

previously (Era et al. 2009).

Drug treatments

Young thalli with a longest diameter of approximately

5 mm were treated with 10 lM oryzalin, 10 lM paclitaxel,

or 30 mM 2,3-butanedione-2-monoxime (BDM; Wako) for

2 h at room temperature. Oryzalin and paclitaxel were

dissolved in dimethyl sulfoxide (DMSO) at 10 mM for

stock solution, which were diluted with water for treating

thalli. BDM was dissolved at 1 M in DMSO for stock

solution, and diluted with water to the final concentration.

For mock treatment, samples were treated with water

containing DMSO at equal concentration to the inhibitor-

treated samples.

Microscopy

For the observation of AFs visualized with Lifeact-Venus

in M. polymorpha, thallus cells were observed under a

fluorescent microscope (model BX51; Olympus, Tokyo,

Japan) equipped with a confocal scanner unit (model

CSU10, Yokogawa Electric, Tokyo, Japan) and cooled

CCD camera (model ORCA-AG or ORCA-ER, Hamama-

tsu Photonics, Hamamatsu, Japan). Images were processed

with the IPLab software (BD Biosciences, Rockville, MD,

USA) and projection images were constructed using Ima-

geJ software (http://rsb.info.nih.gov/ij/).

For double immunofluorescent staining of AFs and MTs

in M. polymorpha cells, young wild-type thalli were treated

with MBS solution (PMEG plus 250 lM m-male-

imidobenzoyl-N-hydroxysuccinimide ester and 0.5 % Tri-

ton X-100) and then fixed with 3.7 % (w/v) formaldehyde

in PMEG buffer (50 mM PIPES, 1 mM MgSO4, 5 mM

EGTA, and 1 % (v/v) glycerol, pH 6.8) for 1 h. Samples

were washed three times with PMEG buffer and then

incubated in an enzyme cocktail [PMEG plus 1 % cellulase

Y-C (Kyowa), 0.05 % pectolyase Y-23 (Kyowa), 0.4 M

mannitol, 5 mM EGTA, and a defined amount of protease

inhibitor cocktail (Roche)] for 5 min. After washing three

times with PMEG buffer, samples were treated with a

detergent solution (PBS plus 1 % Nonidet P-40, 0.4 M

mannitol, 5 mM EGTA, and a defined amount of protease

inhibitor cocktail) for 15 min, washed three times with

PBS, and blocked with glycine solution (PBS plus 0.1 M

glycine, 1 % BSA, and 0.05 % Triton X-100) for 10 min.

After washing three times with PBS, the thalli were incu-

bated for 30 min with anti-a-tubulin antibody (Sigma-

Aldrich) diluted in PBS (1:500), washed with PBS three

times, and incubated in PBS-diluted (1:500) Alexa Fluor

488-conjugated goat anti-rat IgG (Molecular Probes) for

30 min. The samples were then washed with PBS three

times and incubated with 165 nM Alexa Fluor 568-phal-

loidin in PBS. Double-stained samples were washed with

PBS three times, mounted on a glass slide in PBS plus

0.1 % p-phenylenediamine, and observed under a confocal

microscope (model LSM710, Carl Zeiss, Jena, Germany).

Image processing for evaluation of the movement index

of F-actin

Workflow of the image processing is shown in Supple-

mentary Fig. S1. To evaluate the movement index of the
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AFs, we first obtained the subtracted images between time

frame (t) and time frame (t - 1) in the original time-

sequential images (Fig. S1a, b). The subtracted image D

visualizes the appeared and disappeared AFs as high and

low intensity, respectively (Fig. S1b). It is defined by

D p~; tð Þ ¼ O p~; tð Þ � O p~; t � 1ð Þ

where O is an original time-sequential image, p~ is a

coordinate of pixel, and t is an index of time frame.

To reduce the effect of the lateral fluctuation on the

measurement of the AFs sliding activities, the subtracted

images were filtered by our original shift-diffuse filter,

which searches and obscures the fluctuated AFs (Fig. S1c).

Based on the shift-diffuse filtered images and Otsu’s

thresholding algorithm (Otsu 1979), the regions of newly

appeared AFs are determined (Fig. S1d). The thresholded

image M is defined by

M p~;tð Þ

¼ 1 if D
0

p~þargmin
s~2Ps

D
0

p~;tð ÞþD
0

p~þS~;t
� ����

���;t
� �

[Thr

0; elsewhere

8<
:

where D’ is smoothed image of D with disc-shaped aver-

aging kernel, Ps is an arbitrary point in the circle with a

radius s (3 pixels in this study), and Thr is a threshold value

determined by Otsu’s method (Otsu 1979).

Then the image U visualizes the newly appeared AF

segments, and is defined by

U p~; tð Þ ¼ T p~; tð Þ �M p~; tð Þ

where T is AF-segmented image generated by KbiLineExtract

(Fig. S1e) (Ueda et al. 2010). Finally, we calculated VAFs as a

movement index of AFs as follows:

VAFs ¼
PNseg

n¼1 Ln

Nseg

where Ln is length of n-th AF segment and Nseg is the

number of AF segments in the image U. All image pro-

cessing and calculations were performed using ImageJ

software. The ImageJ macro used in this study is available

at http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/SkelSlide/.

Results

Effects of stabilization and destabilization of MTs

We previously introduced Lifeact-Venus into M. poly-

morpha to visualize AFs (Era et al. 2009), and found that

actin cables in the young thallus cells moved dynamically

(Fig. 1a; Era et al. 2009). In addition to lateral swinging

movement, which has been observed in other plant cells

(Higaki et al. 2006; Sheahan et al. 2004), we also observed

actin cables sliding rapidly. In the present study, to

examine whether MTs are somehow involved in the sliding

movement of actin cables, we investigated the effects of

stabilization and destabilization of MTs using paclitaxel

and oryzalin, respectively. Figure 1 shows three time-

sequential images of actin filaments in thallus cells taken at

3-s intervals, which have been colored red, green, or blue,

and projected together. In the projected images, sliding

actin cables are shown as colorful lines with gradation

along a long axis of cables from red to blue (Fig. 1a, b, and

Supplementary Movie S1). In contrast, immobile cables are

shown as white lines, as observed in the projected images

of actin cables treated with BDM, an inhibitor of myosin

ATPase that inhibits movement of actin bundles in

M. polymorpha cells (Fig. 1c and Supplementary Movie S2

(Era et al. 2009; Funaki et al. 2004; Tominaga et al. 2000).

In contrast to our prediction that MTs might be required for

actin cable sliding, treatment with oryzalin or paclitaxel did

not restrain the movement of actin cables (Fig. 1d, e, and

Supplementary Movies S3 and S4). Moreover, sliding

velocity of actin cables seemed to be even faster in pac-

litaxel-treated cells than observed in the DMSO-treated

control (Fig. 1e). We confirmed that the condition of

oryzalin treatment employed here is sufficient for

destruction of MTs in young thallus cells by immunoflu-

orescent staining (Supplementary Fig. S2). Thus, MTs are

not required for sliding movement of actin cables in

M. polymorpha cells.

Quantitative analysis of movement of actin bundles

As mentioned above, paclitaxel treatment apparently

accelerated the sliding of actin cables. For more quantita-

tive evaluation of the drug effects, we developed an image

analysis framework that automatically calculates the mea-

surement that evaluates the movement activities of actin

bundles from time-sequential images. 30 images of actin

bundles taken every second were binarized, from which

subtracted images between two sequential images were

obtained, and then the length of remaining lines was

measured for apparent length of migration. To reduce the

effect of the lateral shift of actin bundles, we applied our

original shift-diffuse filter (see ‘‘Materials and methods’’

and Supplementary Fig. 1 for detail of each step of the

framework). We designated the value calculated by this

framework as the ‘‘movement index’’. It should be noted

that the moving index reflects apparent sliding velocity,

because this framework does not distinguish newly poly-

merized filaments at the end of preexisting actin cables

from sliding actin bundles. We quantified the movement

index in each cell in control DMSO-treated (n = 13 cells),

BDM-treated (n = 9), oryzalin-treated (n = 17), and

J Plant Res (2013) 126:113–119 115

123

http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/SkelSlide/


paclitaxel-treated (n = 11) thalli (Fig. 2). This quantifica-

tion method detected significant inhibition of actin cable

movement following BDM treatment [one-way ANOVA

(P \ 0.01) followed by Tukey–Kramer’s post hoc test,

P \ 0.05] (Fig. 1c). This result indicated that this quanti-

tative analysis could be efficiently used to detect the effect

Fig. 1 Effects of drugs on dynamics of actin cables in M. polymor-
pha cells. Three serial images of actin filaments in thallus cells were

taken at 0, 3, and 6 s (left three columns); their projections with each

image colored red, green, or blue are presented in the right column.

a Control, b magnified images of areas squared by yellow boxes in

(a). The arrow shows a sliding actin cable. BDM-treated (c), oryzalin-

treated (d), and paclitaxel-treated (e) thallus cells. Scale bars 5 lm

(a, c–e) or 2 lm (b)
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of each drug on the movement of actin cables. It should be

noted that mean of movement indexes of all actin bundles

in BDM-treated cells were much slower than 0.3 lm/s,

because immobile segments were excluded from the cal-

culation for VAFs in this framework (Supplementary Fig.

S1).

As we expected, the quantification method detected a

significant accelerating effect of the paclitaxel treatment on

actin cable movement (Tukey–Kramer’s test, P \ 0.05).

Surprisingly, oryzalin treatment was also shown to confer

the similar effect; the movement index was higher in

oryzalin-treated cells than in control cells (Tukey–Kra-

mer’s test, P \ 0.05). The accelerating speed of paclitaxel

was significantly stronger than that of oryzalin (Tukey–

Kramer’s test, P \ 0.05). These results indicated that both

stabilization and destabilization of MTs confer similar

effects on movement of actin cables in M. polymorpha

cells.

Actin bundles and MTs in M. polymorpha cells

The results of drug treatments shown above indicated that

MTs play some regulatory roles in dynamic movement of

actin bundles, which suggests that these cytoskeletons

interact with each other in non-dividing thallus cells of

M. polymorpha. To verify this possibility, we carried out

dual staining of endogenous AFs and MTs. MTs in young

thallus cells were immunostained with anti-a-tubulin anti-

body and Alexa Fluor 488-conjugated goat anti-rat IgG.

AFs were visualized with Alexa Fluor 568-phalloidin. As

shown in Fig. 3, networks of actin bundles and MTs with

various thicknesses were observed in these samples. Their

overall patterns did not seem to overlap. However, close

observation revealed that some of actin bundles and MTs

were colocalized or closely co-aligned. We also observed

some actin bundles bending along the adjacent MT bundles

(boxes in Fig. 3a–d) or crossing between two MT bundles

(arrows in Fig. 3a–c). This localization pattern might rep-

resent interaction between AFs and MTs at specific sites of

the cytoskeletal network.

Discussion

Previous studies have revealed that AFs and MTs are

arranged in a coordinated manner (Collings and Allen

2000), and that AF disruption resulted in changes of MT

arrangement in various plant tissues (Eleftheriou and

Palevitz 1992; Mineyuki and Palevitz 1990; Seagull 1990;

Staiger and Cande 1991). In root hair cells of Hydrocharis

dubia, it has been also shown that normal MT arrangement

is required for reconstruction of actin cable networks after

removal of cytochalasin B (Tominaga et al. 1997). These

results strongly suggest the existence of direct and/or

indirect interactions between AFs and MTs. Indeed, several

plant proteins that interact with both of these cytoskeletons

have been identified (Petrásek and Schwarzerová 2009).

Thus it is plausible that motility and dynamics of AFs in

the liverwort M. polymorpha are changed depending on the

states of MTs; however, this has never been experimentally

demonstrated thus far.

Dynamic directional sliding movement in addition to

lateral swinging motion is a striking characteristic of actin

cables in M. polymorpha (Era et al. 2009). We initially

predicted that the interaction between MTs and AFs could

be required for the sliding movement of actin bundles.

Therefore, we examined the effect of a microtubule-

depolymerizing drug (oryzalin) on this sliding movement,

which would impede the actin bundle movement if our

prediction was correct. However, oryzalin treatment did

not hamper the sliding movement. Moreover, the quanti-

tative analysis of actin bundle movement using our newly

developed framework revealed that both depolymerization

and stabilization of MTs exerted similar effects on the

apparent sliding movement of actin bundles in M. poly-

morpha; AFs were more dynamic in both oryzalin- and

paclitaxel-treated cells. These results indicated that in their

normal state, MTs restrain the sliding movement of AFs,

which is not the simple physical interference by MTs

because both oryzalin and paclitaxel treatment accelerated

the motility of actin bundles.

It is possible that the constraint that MTs exert on the

sliding movement of actin bundles is mediated by other

proteins that create physical or functional interactions

between AFs and MTs. Candidates include Arabidopsis

thaliana Formin4 (AFH4), which binds to MTs as well as

acts in F-actin nucleation (Deeks et al. 2010). Other pro-

teins, including SB401 (Huang et al. 2007; Liu et al. 2009)

Fig. 2 Quantification of effects of drugs on movement of actin

cables. The points are mean of movement indexes of actin cables in

each cell treated with DMSO (control), BDM, oryzalin, or paclitaxel.

n = 9–17
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and AFH14 (Li et al. 2010), reportedly function in the

bundling of both MTs and AFs. In this study, we showed

by double immunostaining that some AF populations

seemed to be tightly associated with MTs. Proteins such as

AFH4, AFH14, and SB401,might link AFs and MTs in

M. polymorpha cells, which could hinder the sliding

movement of actin bundles. Our result that the MT-stabi-

lizing drug paclitaxel and the MT-depolymerizing drug

oryzalin conferred similar effects on the movement of actin

bundles would be consistent with this notion. Hyper-stabil-

ization of MTs might change the binding affinity between

MTs and linker proteins, which could result in reduced

physical hindrance of sliding movement of actin bundles.

As mentioned above, we demonstrated that MTs are not

required for sliding movement of actin bundles. Our results

also indicated that MTs do not act as a track for the sliding

of AFs. Then, what are other candidates that determine the

direction of the sliding movement of AFs in M. polymor-

pha cells? One possible candidate could be myosin. Myo-

sin molecules arranged along organelle membranes or

aligned on the plasma membrane might cause sliding

movement of actin bundles, as in the case of the gliding

assay in which F-actin slides on coverslips coated with

myosin molecules. It would be an interesting future project

to identify and localize M. polymorpha myosins to verify

this possibility. In this case, MTs attached to the organelle

membranes could also affect the sliding of actin bundles.

Several plant kinesin molecules interact with both MTs and

AFs (Frey et al. 2009; Preuss et al. 2004; Xu et al. 2009),

and it is possible that myosin and kinesin interact with each

other directly or indirectly, as proposed by Petrásek and

Schwarzerová (2009). Our observations might reflect the

inhibitory effect of such motor interactions on actin bundle

sliding in M. polymorpha cells.

Because the dynamic sliding movement of actin bundles

is unique to M. polymorpha cells, it is likely that unique

molecular machineries for cytoskeletal dynamics exist in

this organism. Future comparative analyses between

M. polymorpha and other lineages of plants might unveil

how the cytoskeleton system has diversified and evolved

among land plant lineages.
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