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Summary. In plant cells, cytoskeletons play important roles in response
to biotic and abiotic stresses. However, little is known about the dynam-
ics of cytoskeletons when cells are attacked by unphysical stress factors
such as elicitors and toxins. We report here that the toxin of Verticillium
dahliae (VD toxin) induced changes of microfilaments (MFs) and micro-
tubules (MTs) in Arabidopsis thaliana suspension-cultured cells. When
cells were treated with a low concentration of VD toxin, MFs were dis-
rupted ordinally from the cortex to the perinuclear region, and then recov-
ered spontaneously; but the MTs persisted. The MFs in the perinuclear
region showed more resistance to VD toxin than the cortical ones. In con-
trast, when cells were treated with a high concentration of VD toxin, MFs
and MTs were disrupted sooner and more severely and did not recover
spontaneously. Treatments with high concentrations of VD toxin also in-
duced changes of nucleoli. At the early stages of treatment, a nucleus had
a single ring-shaped nucleolus. At the later stages, multiple smaller and
more brightly fluorescing nucleoli emerged in a single nucleus. Disrupted
MFs could be recovered by removing the VD toxin before the ring-
shaped nucleoli appeared. All these results showed that MFs and MTs
play important roles in the early defense responses against VD toxin in
Arabidopsis suspension cells. The cytoskeletons may be used as sensors
and effectors monitoring the defense reactions. The changes of nucleoli
induced by VD toxin should be important characteristics of cell death.

Keywords: Arabidopsis thaliana; Suspension cell culture; Microfilament;
Microtubule; Nucleolus; Toxin of Verticillium dahliae.

Introduction

Plant cytoskeletons play important roles in plant cell growth
and development and other cellular processes (Staiger 2000,
Wasteneys and Galway 2003). Studies have implicated that
plant cytoskeletons are also involved in biotic- and abiotic-
stress responses (Vantard and Blanchoin 2002, Smith 2003,
Kwok and Hanson 2004, Wada and Suetsugu 2004). Micro-
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filaments (MFs) and microtubules (MTs) are necessary for
plants to block fungal penetration (Kobayashi etal. 1992,
1997; Genre and Bonfante 2002; Kobayashi and Hakuno
2003). However, there are only a few data that show cy-
toskeleton dynamics in plant cells induced by pathogen elic-
itors or toxins (Takemoto and Hardham 2004; Takemoto
et al. 1997, 1999; Sandovsky-Losica et al. 2002).

Verticillium dahliae Kleb. is a fungal pathogen that can
induce verticillium wilt and causes large damages to many
woody and herbaceous plants, such as cotton, elm, potato,
pepper, watermelon, mint, and lettuce (Subbarao et al. 1995,
Veronese et al. 2003). The infection by the pathogens can in-
duce many reactions in the host cells, such as changes of the
concentration of some organic solutes including proline, to-
tal proteins, total soluble sugars, and starch in leaves, and of
the concentration of abscisic acid in the xylem (Goicoechea
etal. 2000). The pathogen infection also induced active
expression of some disease response genes (Hill et al. 1999,
McFadden et al. 2001) and production of some antifungal
compounds, such as terpenoids, PR (pathogenesis-related)
proteins, and lignin (Resende et al. 1996, Daayf et al. 1997,
Dubery and Slater 1997, Smit and Dubery 1997, Li et al.
2003, Zhen and Li 2004). However, how the cytoskeletons
of plant cells respond to V. dahliae pathogen or VD toxin
is yet to be studied. We studied the dynamics of the cy-
toskeleton in Arabidopsis thaliana suspension cells treated
with VD toxin. In addition, we observed some alterations in
nucleoli.

Our results showed that the microfilament and micro-
tubular cytoskeletons are involved in the basic and primi-
tive defense of A. thaliana suspension cells against VD
toxin. The major functions of microtubules (MTs) and mi-
crofilaments (MFs) in resistance reactions against VD toxin
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may be related to signal transduction. The cytoskeletons,
especially MTs, may be used as sensors and effectors moni-
toring the defense reactions against VD toxin. The ob-
served alterations of nucleolar shapes are important
characteristics that are accompanied by resistance-related
cell death which may be programmed cell death.

Material and methods

Suspension cell culture

To induce calluses, seeds of Arabidopsis thaliana ecotype Columbia were
sown on callus induction medium and cultured at a photoperiod of 16 h
light (21 °C) and 8 h dark (24 °C). The callus induction medium contained
BS5 inorganic salts, 2X BS vitamins (Gamborg et al. 1968), 20 g of glucose
per liter, 4.52 uM 24-dichlorophenoxyacetic acid (2,4-D), 0.23 puM
kinetin, 3 WM morpholineethanesulfonic acid (MES), and 8 g of agar
per liter, pH 5.8. After four weeks, the formed calluses were transferred
into liquid suspension culture medium containing MS (Murashige and
Skoog 1962) inorganic salts, 4X BS vitamins, 30 g of sucrose per liter, and
2.26 pM 2,4-D, pH 5.8. One week later, 10 ml of cell suspension was sub-
cultured into 100 ml of fresh cell culture medium. 3-day-old cell cultures
were used for further experiments. To maintain the callus and suspension
cell cultures, the cultured callus and suspension cells were subcultured
monthly and weekly, respectively.

Preparation of crude VD toxin

A highly infectious and nondefoliating strain of Verticillium dahliae Kleb.
(V229) that was originally isolated from diseased cotton tissues was a gift
from Prof. Guiliang Jian, Institute of Plant Protection, Chinese Academy
of Agricultural Sciences. The fungus was cultured in Czapek medium
(Meyer et al. 1994) on a shaker at 120 rpm at 25 °C for 14 days. The fun-
gal cultures were filtered through filter paper; the filtrates were centrifuged
at 10,000 g for 30 min to remove the spores. The supernatants were then
filtered through a 0.45 pm pore size Millipore filter. The filtrates were
used as VD toxin for further experiments (Dubery and Smit 1994, Chu
etal. 1999, Zhen and Li 2004). Protein contents in the crude extracts were
used to represent concentrations of VD toxin and determined according to
Bradford (1976). Bovine serum albumin (Sigma) was used as a standard.

VD toxin treatments

To examine the effects of VD toxin on MFs and MTs, the cultured cells
were treated with different concentrations of VD toxin (represented by total
protein contents) in a range from 1.7 pg/ml to 17 pg/ml and 20 pg/ml at
different time points. The cells in VD toxin-containing medium were incu-
bated for 15 min to 3 h or more. Two controls were used, one were cells
treated with Czapek medium only and the other were cells treated with
Arabidopsis cell suspension medium only. More than 200 cells were exam-
ined in each treatment.

The cell death assay was performed as described by de Pinto et al.
(1999).

Staining and investigation of MFs and MTs

MFs were stained as described by Ou and Yuan (2002) with some modi-
fications. 1.5 ml of the disposed Arabidopsis suspension-cultured cells
was transferred into an Eppendorf tube (volume, 1.5 ml) for precipita-
tion. The supernatant was removed as much as possible. The cells were
treated for 30 min with 100 uM 3-maleimidobenzoyl-N-hydroxysuccin-
imide ester solution in PME buffer (50 mM piperazine-N,N’-bis(2-

ethanesulfonic acid), 5 mM EGTA, 5 mM MgSO,, pH 6.9) containing
0.2% (v/v) Triton X-100, and 0.3 mM phenylmethylsulfonyl fluoride
(PMSF) to stabilize actin cytoskeleton. The cells were fixed with 4%
paraformaldehyde solution (4% paraformaldehyde, 0.2% [v/v] Triton
X-100, 1% [v/v] dimethyl sulfoxide, and 0.3 mM PMSF in PME buffer)
for 20 min; then, the fixed cells were rinsed twice with PME buffer and
once with 10 mM MES buffer (pH 5.7). The cells were further incubated
in enzyme solution (1% [w/v] cellulase R10 and 0.3% macerozyme R10,
0.4 mM PMSF in MES buffer) for 10 min and then washed with MES
buffer twice and once with phosphate-buffered saline (PBS), pH 7.4. Fi-
nally, the cells were stained with 8 nM tetramethylrhodamine (TRITC)-
phalloidin (Sigma) in PBS buffer for 60 min.

MTs were visualized by indirect immunofluorescene. Briefly, fixation
of cells was done as for MF staining. And after three washes in PME
buffer, the cells were stuck to poly-L-lysine-coated slides and extracted
in PME buffer containing 0.5% (w/v) Onozuka R-10 cellulase (Yakult,
Tokyo, Japan), 0.05% (w/v) pectolyase Y-23 (Yakult), and 0.05% PMSF.
Cells were labeled with mouse anti-B-tubulin (Sigma) diluted 1:800.
Primary antibody binding was then detected after 3 washes in PBS
(pH 7.4) by applying anti-mouse TRITC-conjugated immunoglobulin G
(heavy plus light chains) (Sigma) diluted 1: 100.

The stained cells were viewed and the images were recorded with a
Zeiss LSM-5 META confocal laser scanning microscope with a 63X oil
immersion objective. The 543 nm wavelength excitation line of the laser
was used for TRITC-phalloidin and TRITC-immunoglobulin G (heavy plus
light chains). About 10-30 optical sections in 0.7 wm steps were collected
and projected with an imaging software package. Images were further
processed by Adobe Photoshop 5.5 (Adobe, San Jose, Calif., U.S.A.).

Results

Effects of different concentrations of VD toxin
on MFs and MTs

To determine the effects of different concentrations of VD
toxin on the cytoskeletons of Arabidopsis suspension cells,
3-day-old cell aliquots were treated separately with a series
of concentrations of VD toxin. The actin MFs began to be
disrupted at 30 min after a high concentration of VD toxin
(20 pg/ml) was added to the culture, while the disruption of
the MFs was delayed significantly when the cells were
treated with a lower concentration of VD toxin (1.7 pwg/ml).
It appeared after at least 2 h treatment. Cortical MTs were
disrupted at 15 min of a treatment with high concentration
of VD toxin (20 pg/ml), and no disruption of the MTs was
found when the cells were treated with a lower concentra-
tion of VD toxin (1.7 pg/ml).

When the cells were treated with a high concentration of
VD toxin (20 wg/ml) for 30 min, most of the cortical MFs
in mature cells were totally collapsed, whereas diffuse MFs
appeared in perinuclear region (Fig. 1C). After a 45 min
treatment, no cortical actin filaments persisted and the short
and thin perinuclear MFs disappeared (Fig. 1D). Further-
more, the treatment also changed the status of the nuclei
(Fig. 1D-F). Ring-shaped nucleoli and multiple small ones
were often observed in the treated cells. The dye, TRITC,
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Fig. 1 A-F. High concentration of VD toxin (20 pg/ml) alters the actin cytoskeleton. A and B Controls showing cells treated with Czapek medium for
5 h and Arabidopsis cell suspension medium, respectively. C Cells treated with VD toxin for 30 min, showing that most of the cortical actin filaments
disappeared. The diffuse actin fluorescence indicates short and thin actin filament bundles located in perinuclear regions. D The short and thin actin
bundles around nuclei were disrupted when the cells were treated with VD toxin for 45 min. E All actin cytoskeletons in cells were disrupted when the
cells were treated for 75 min. Ring-shaped nucleoli appeared and multiple small nucleoli were ubiquitous. F Fluorescence of actin staining accumu-
lated in the nucleoli when the cells were treated with VD toxin for 105 min and it increased as the disruption of actin filaments proceeded. Bars: 10 pm

was accumulated in the nucleoli and increased as the dis-
ruption of MFs proceeded (Fig. 1F).

In normal cells, MTs were aligned perpendicular to the
longitudinal cell axis (Fig. 2A, B). MTs were disrupted more
quickly than MFs with a high concentration of VD toxin
(20 pg/ml). 8 min treatment could make MTs in some cells
partially disrupted (Fig. 2C). 15 min was enough to make
the cortical MTs disappear (Fig. 2D). And the changes of nu-
cleoli were the same as in the MF case above (Fig. 2E-G).

Alterations of actin cytoskeleton proceeded more slowly
in the cells treated with low concentration of VD toxin
(1.7 pwg/ml) than with high concentrations of VD toxin
(3.4-20 pg/ml). The cortical MFs began to disappear after
the cells were treated with a low concentration VD toxin
for 2 h (Fig. 3B). However, when the treatment was pro-
longed, short and thin MFs around the nuclei began to dis-
appear (Fig. 3C). All MFs in the treated cells were broken
down when the cells were treated with VD toxin for 3 h
(Fig. 3D). After longer time of treatment with VD toxin
(about 4 h), some nuclei were stained by TRITC. The fluo-
rescence mainly appeared in the nuclei (Fig. 3E). Interest-
ingly, the cortical F-actin arrays spontaneously recovered
gradually in most of the cells after they were treated for
5-6 h (Fig. 3F).

There was no disruption of MTs by treatment with low
concentration of VD toxin (Fig. 4A, B). Every 15 min cells
were checked for MT status, and no disruption of MTs
was found during the whole duration (5h) of treatment
(Fig. 40).

Besides, cortical F-actin arrays in Arabidopsis suspen-
sion cells were related to the age of cells. Cortical actin
filaments were arranged in parallel with the longitudinal
cell axis in mature cells (Fig. 1B, upper cell) and in ran-
domly arranged bundles in the cortical region in young
cells (Fig. 1B, lower one). The effects of VD toxin on cor-
tical MFs were similar in mature and young Arabidopsis
suspension cells. That is, the changes of the cortical actin
filaments were dependent on the concentrations of VD
toxin but not related to the arrays of the cortical MFs.

Recovery of disrupted actin cytoskeleton

As shown above, the alternations of MFs caused by low
concentration of VD toxin could be recovered sponta-
neously, possibly because cells have certain mechanisms
against the VD toxin (Fig. 3). In contrast, high concentra-
tions of VD toxin caused the unrecoverable disruption of
MFs (Fig. 1C-F). However, when cells were washed to
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Fig. 2 A-G. High concentration of VD toxin (20 pg/ml) alters MTs and nucleoli. A and B Controls showing cells treated with Czapek medium for 5 h
and Arabidopsis cell suspension medium, respectively. C Cells treated for about 8 min, showing that MTs in some cells were partially disrupted. D
Cells treated for 15 min, showing that most of the cortical MTs disappeared. E Some nucleoli were dyed and ring-shaped after 30 min of treatment. F
Multiple small nucleoli were ubiquitous after treatment for more than 60 min. G Fluorescence in the fragmented nucleoli became increasingly
stronger as the treatment time increased. Treatment time was 180 h. Bars: 10 pm

remove the VD toxin, the MFs still could be recovered af-
ter high-concentration treatment. The process of recovery
was much slower than the process of disruption. MFs in
most cells re-formed gradually in cytoplasmic compart-
ments after washing out the VD toxin when cells had been
treated for 30 min (Fig. 5C). But when the treatment was
prolonged, fewer cells could recover their MFs. It could
be observed in very few cells that the actin filaments were
recovered when the time of treatment was 45 min. When
the treatment was longer than 60 min, there was no recov-
ery of MFs in any cells. Interestingly, when the treatment
time was more than 45 min, the ring-shaped nucleoli
could be seen clearly in cells in which no recovery of
MFs occurred. Finally, most of the cells died.

Alterations of nucleoli in treated cells

As cortical MFs and MTs were disappearing in the VD
toxin-treated cells, some changes happened in nuclei. When
treated with a high concentration of VD toxin (20 pg/ml),
one hollowed or ring-shaped nucleolus with weak fluores-
cence began to appear in a single nucleus in most of the
cells treated for 30—45 min (Figs. 1C, D and 2E). After
45-75 min, the fluorescence in nucleoli became brighter
and multiple small nucleoli could be observed in one single
nucleus in some cells (Figs. 1E and 2F). When the cells
were treated for 75-105 min or more, even more nucleoli
with much brighter fluorescence were observed in a single
nucleus in the cells (Fig. 1F and 2G). For treatments with
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Fig. 3 A-F. Alterations of actin cytoskeleton in cells treated with low concentration of VD toxin (1.7 pg/ml). A Controls showing cells treated with
Arabidopsis cell suspension medium. B When cells were treated with VD toxin for 2 h, the cortical actin filaments began to disappear, whereas actin
filaments around nuclei still persisted. C Actin filaments around nuclei were disrupted after 2.5 h of treatment with VD toxin. D All actin filaments in
cells broke down when cells were treated for 3 h. E Fluorescence of actin staining accumulated in nuclei after 4 h of treatment with VD toxin. F Cor-
tical actin array was reestablished in most of the cells after 5-6 h treatment with VD toxin. Bars: 10 pm

Fig. 4 A-C. No alterations of MTs in cells treated with low concentration of VD toxin (1.7 pwg/ml). A Control. B Cells treated with low concentration
of VD toxin (1.7 pwg/ml) for 1 h, showing that MTs were intact. C After 5 h of treatment, MTs remained perfectly organized. Samples were taken after

every 15 min of treatment and no disruption of MTs was found. Bars: 10 pm

moderate concentration (e.g., 17 pg/ml), the changes were
similar to those caused by high concentration (20 pg/ml)
of VD toxin. Though, the treatments differed for the time
points at which the changes appeared.

Once abnormal nucleoli were formed, no recovery of
MFs could be achieved even if the VD toxin was removed,
and the cells died eventually. But if no abnormal nucleoli
appeared, the disrupted MFs could be recovered after VD
toxin was removed (Fig. 5), and the cells survived.

Discussion

Fungal culture filtrates (CFs) have been widely used to
study the early defense mechanisms in plant—pathogen
interactions (Trillas and Araus 1993, Davis etal. 1998,
Zemanek et al. 2002). CFs are presumed to contain toxic
metabolites and/or toxins that are capable of inducing
plant defense responses. CFs of V. dahliae (VD toxin) can
cause cotton-wilting syndrome, and the glycoproteins of
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Fig. 5 A-C. Recovery of actin MFs after washout of VD toxin. A Control cells treated without VD toxin. B Cells treated with high concentration of
VD toxin (20 pg/ml) for 30 min. C About 2 h after washout of VD toxin, actin MFs recovered in cells that had been treated with a high concentration

of VD toxin for 30 min. Bars: 10 pm

CFs have been found to play an important role (Keen and
Long 1972, Meyer et al. 1994, Zhang et al. 1989, Dubery
and Smit 1994, Chu et al. 1999). It was also demonstrated
by our recent research data (Zhen and Li 2004). In this
study, we used CFs of V. dahliae as VD toxin to study their
effects on the actin microfilament and microtubular cy-
toskeletons in A. thaliana suspension cells.

Plant cytoskeletons are very active in many cellular
processes. And many studies have shown that the actin cy-
toskeleton takes important roles in plant defense reactions
against biotic and abiotic stresses (Kobayashi etal. 1997,
Komis et al. 2002). But little has been known about the
resistance mechanisms of plant hosts against V. dahliae. To
our knowledge, the responses of the plant cell cytoskeleton
to V. dahliae or VD toxin still remain unknown. By study-
ing the direct or indirect effects of VD toxin on MFs and
MTs, we reported here how MFs and MTs responded to
V. dahliae. This may be helpful to understand multiple fac-
tors involved in defense mechanisms of plants.

Roles for MFs and MTs in defense responses against
VD toxin

As we know, the microfilament and microtubular cy-
toskeletons in plant cells respond sensitively to many
environmental cues, such as fungal penetration and hyper-
osmotic stress (Komis et al. 2002), and may be involved in
some hypersensitive reactions (Furuse etal. 1999, Take-
moto etal. 1999). And also, MF and MT arrays in plant
cells participate in signaling cascades (Staiger 2000,
Kobayashi et al. 1997, Sivaguru et al. 2003, Wasteneys and
Galway 2003, Wasteneys and Yang 2004, Takemoto and
Hardham 2004). In the present study, we demonstrated that
when a low concentration of VD toxin was applied to cells,
the cortical and perinuclear MFs disappeared in succession.
It has been reported that cortical actin filaments were more

dynamic than actin filaments deeper in the cytoplasm, since
the dynamic actin filaments seem to be more easily dis-
rupted than the stable actin filaments (Ou and Yuan 2002).
Furthermore, a recovery process occurred in actin MFs.
Cortical MTs were not disrupted by low-concentration VD
toxin. The results suggested that there were some mecha-
nisms in A. thaliana cells to resist the disrupting effects of
low-concentration VD toxin on the cytoskeleton.

By high concentration of VD toxin, the MTs were dis-
rupted quickly and disappeared at 15 min of treatment. The
cortical MFs were disrupted at 30 min of treatment and did
not spontaneously recover. The partial depolymerization of
MTs seen here within 10 min of treatment with high-con-
centration VD toxin reflected early events in signal trans-
duction. That is, the onset of cortical MT disruption is
earlier than MF disruption. The results indicated that MTs
were more sensitive than MFs in signal transduction of the
defense responses against VD toxin in Arabidopsis cells.

When treatment with high-concentration VD toxin was
prolonged, most of the cells died. It has been suggested
that this type of cell death was resistance-dependent cell
death, it might be considered as programmed cell death
(data not shown). These results indicated that intact MTs
and MFs were necessary for cell survival and normal cel-
lular processes. The disruption of MTs and MFs might be
an important and early sign of programmed cell death.
It has been reported that the MF changes might be a gen-
eral feature of the HR (hypersensitive response) cell death
which is one type of plant programmed cell death, a rapid
cell death in plants associated with disease resistance
(Skalamera and Heath 1998).

Taking all together, these results demonstrated that MTs
and MFs play important roles in the basic and primitive
defense reactions in Arabidopsis suspension cells against
VD toxin. MFs and MTs are instrumental in mediating
Arabidopsis cell responses to VD toxin. It is plausible that
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one of the major functions of MTs and MFs in expression
of resistance reactions against VD toxin may be related
with signal transduction. Consequently, molecular compo-
nents regulating signaling mediated via the MTs and MFs
have evolved in Arabidopsis suspension cells in order to
adapt to stress of VD toxin. The results support our infer-
ence that the stressed cells use the cytoskeleton, especially
the MTs, as sensor and effector to monitor the defense
reactions against VD toxin. It has been proposed that the
actin filaments are involved in transmitting the fungal con-
tact signal to the nucleus for changes in gene expression
(Kobayashi etal. 1992, Furuse etal. 1999, Jarosch et al.
2005). To our knowledge the present work is the first study
in which the defense responses against VD toxin have
been investigated with respect to MTs and MFs.

Nucleoli implicated in resistance responses against
VD toxin

The nucleolus is a plurifunctional nuclear organelle. In
addition to its roles in rDNA transcription and ribosome
subunit assembly, the nucleolus is also implicated in
many other processes that are still poorly understood. So
far, most of our knowledge about it was achieved from the
studies on animal and human nucleoli (Jeong et al. 1998,
Leung et al. 2003, Lam et al. 2004). In the present study,
the nucleoli were stained with TRITC, a kind of cationic
dye. The shape of nucleoli was changed when the cells
were treated with high concentrations of VD toxin. Two
types of nucleoli could be observed in the cells as the
treatment proceeded. At the early stages of the treatment,
one single nucleus had one nucleolus in most cells, and
the nucleolus was ring-shaped. At the later stages, a single
nucleus had smaller, multiple and brighter nucleoli. Once
the ring-shaped nucleoli were formed in the treated cells,
MFs would fail to recover and cell death resulted even-
tually. Studies have shown that the ring-shaped nucleoli
appeared in human lymphocytes when cells entered the
resting state (Smetana et al. 1968, 2004; Vandelaer et al.
1993). Therefore, the ring-shaped nucleoli induced by the
VD toxin treatment may indicate that cells entered the
resting state that was accompanied by resistance-related
programmed cell death. Our study suggests that in addi-
tion to their normal roles, the nucleoli may also play some
roles in the resistance response of Arabidopsis suspension
cells against VD toxin. It is possible that the changes of
nucleolar shape are important or even essential to switch
on the process of resistance-related cell death, and this
kind of cell death should be considered as a positive and
active response to stress. And taking MFs and MTs into

account, there should be some links between MFs, MTs,
and nucleoli, and may be the unrecoverable disruption of
MFs and MTs initiated some special cellular processes
that resulted in the emergence of abnormal nucleoli and
cell death.
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