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Received 3 March 2006/Accepted 10 April 2006

The movement protein (MP) of Tobacco mosaic virus interacts with microtubules during infection. Although
this interaction is correlated with the function of MP in the cell-to-cell transport of viral RNA, a direct role of
microtubules in the movement process was recently challenged by studies involving the treatment of plants with
inhibitors of microtubule polymerization. Here, we report evidence suggesting that such treatments may not
efficiently disrupt all microtubules. Thus, results obtained from studies using microtubule inhibitors may have
to remain open to interpretation with regard to the involvement of microtubules in viral RNA trafficking.

Plant viruses have evolved specialized proteins termed
“movement proteins” (MP) that govern intercellular spread of
infection through plasmodesmata, cytoplasmic channels in the
plant cell wall that connect adjacent cells. The 30-kDa protein
of Tobacco mosaic virus (TMV) was the first MP identified.
Similarly to many other MPs known today, this protein targets
and modifies the size exclusion limit of plasmodesmata,
spreads between cells if expressed in the absence of infection,
and binds nucleic acids in vitro (reviewed in reference 12).
Moreover, this protein has been shown to localize to the en-
doplasmic reticulum (ER) and to cytoskeletal elements (13, 14,
24) and to be phosphorylated by cellular kinases that may
regulate its function (2, 8, 11, 16, 17, 20, 27, 28). However,
despite these accumulated findings, the mechanism by which
this protein facilitates the spread of infection is not yet well
understood. In vivo assays using TMV derivatives expressing
functional, dysfunctional, and temperature-sensitive mutants
of MP fused to green fluorescent protein (GFP) provided
evidence that the function of MP in viral RNA (vRNA) move-
ment is strictly correlated with its ability to associate with
microtubules (4–7, 19). A role of microtubules in movement is
also suggested by the observed colocalization of vRNA with
microtubules, which depends on microtubule-associated MP
(22, 23). However, the potential role of microtubules was re-
cently challenged by the observation that the spread of infec-
tion is not inhibited in leaves treated with inhibitors of the
microtubule cytoskeleton (10, 18). Parallel treatments of Nico-
tiana benthamiana plants expressing Arabidopsis �-tubulin
(TUA6) fused to GFP (tua-GFP) demonstrated the activity of
the infiltrated inhibitor (10). However, it remained unclear
whether the absence of tua-GFP-containing filaments also in-
dicated the absence of microtubules made of endogenous tu-
bulin. Here, we used tua-GFP-expressing BY-2 cells and N.
benthamiana plants to test whether tua-GFP is a reliable
marker for microtubules and whether microtubules are indeed
efficiently disrupted upon infiltration of microtubule-disrupt-
ing agents.

Since tua-GFP has to compete with endogenous �-tubulin
for polymerization and since visualization of tua-GFP may
depend largely on its local concentration, it is conceivable that
this fluorescent marker may reveal some but not all microtu-
bules in a given cell. To test this possibility, BY-2 suspension
culture cells expressing tua-GFP were stained with an antibody
against �-tubulin (Fig. 1). As expected, a fluorescent microtu-
bule cytoskeleton attributable to tua-GFP was apparent in the
cells (Fig. 1A). However, antibody staining revealed that not
all microtubules had incorporated tua-GFP in amounts suffi-
cient for detection by GFP fluorescence (Fig. 1B). To further
test whether tua-GFP is a marker suitable for the detection of
microtubules that may remain intact in the presence of micro-
tubule polymerization inhibitors, we treated the cells for 3 h
with 500 �M colchicine before staining them with antibody. As
expected from previous studies applying 100 �M colchicine
(10), this treatment resulted in a diffuse pattern of GFP signal
(Fig. 1C). Interestingly, however, staining the cells with anti-
bodies against �-tubulin revealed that a substantial microtu-
bule cytoskeleton remained intact, regardless of prior exposure
to colchicine (Fig. 1D). This finding clearly indicates that the
information gained by using tua-GFP can be misleading with
respect to the presence or absence of microtubules. Similar
discrepancies between the existing microtubule pattern and the
tua-GFP signal could be obtained by treatment of the cells with
the inhibitors oryzalin and amiprophos-methyl (APM) (Fig. 2).
The reason for the disparate patterns of tua-GFP and antibody
labeling is unknown. It is possible that the GFP fusion, or the
heterologous origin of the �-tubulin itself, rendered the fluo-
rescent microtubules in the tua-GFP plants more sensitive to
microtubule-destabilizing compounds. However, since dispa-
rate patterns can already be observed in nontreated cells, it
appears more likely that the different patterns are simply due
to differences in detection sensitivity. Whereas tua-GFP detec-
tion relies on a single fluorophore per tua-GFP molecule, the
method of indirect antibody labeling amplifies the fluorescence
signal due to the attachment of several fluorochromes to each
antigen molecule.

Given the evidence that tua-GFP may not always be fully
reliable as a marker for the detection of microtubules that may
still be present following the application of microtubule-dis-
rupting agents, we wondered whether published conditions for
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microtubule disruption in epidermal cells verified by using
tua-GFP as a marker indeed lead to the disruption of all
microtubules in the treated cells. To test for the presence of
such microtubules, we inoculated plants with a TMV that en-
codes a functional MP carrying a deletion of its 55 C-terminal
amino acids, which are dispensable for function (MPC55:GFP)
(3, 7). However, compared to MP:GFP, the MPC55:GFP de-

rivative exhibits enhanced microtubule association in cells at
the leading front of infection and, thus, is an ideal marker to
reveal microtubules in newly infected cells. For the analysis of
newly infected cells in tissues treated with microtubule poly-
merization inhibitors, we applied conditions as reported by
Gillespie et al. (10) and Kawakami et al. (18). In short, leaf
sections carrying infection sites were excised at 3 days postin-
oculation; syringe infiltrated with water, APM (50 �M), or
colchicine (100 �M); maintained on the infiltration medium
for 1 day; and finally analyzed by fluorescence microscopy. As
shown in Fig. 3, infection by MPC55:GFP continued to spread
despite the presence of either colchicine or APM, as expected.
Moreover, the binding of MPC55:GFP to microtubules re-
vealed that in control infection sites infiltrated with water (Fig.
3A and B), the microtubule array was unaffected (Fig. 3C) but
that the microtubule cytoskeleton in tissues treated with either
colchicine (Fig. 3D and E) or APM (Fig. 3G and H) was largely
disrupted. In the absence of an intact microtubule cytoskele-
ton, MPC55:GFP showed a range of localization patterns. Im-
portantly, these patterns also included various patterns of mi-
crotubules ranging from short filaments (Fig. 3F) to seemingly
intact arrays (Fig. 3I). The observation that MPC55:GFP labels
microtubules in newly infected cells treated with microtubule
inhibitors indicates that the infiltrated inhibitors do not cause
the full disruption of all microtubules. Thus, while it seems
clear that the spread of TMV infection does not require an
intact microtubule cytoskeleton, the possibility of a role for
individual microtubule activities in the movement process can-
not be excluded.

Previous studies applying microtubule inhibitors indicated
that microtubules are not required for the cell-to-cell move-
ment of TMV infection (10, 18). However, doubt remained
since these studies did not conclusively demonstrate that in-
deed all microtubules are disrupted following the treatments.
Although tua-GFP was used as a marker for microtubule dis-
ruption (10), it remained possible that this marker may not be
sufficiently sensitive for revealing microtubules that may have
remained intact following the treatments. Our observations
reported here indicate that tua-GFP indeed does not always
properly reveal the presence of microtubules. We also show

FIG. 1. Confocal fluorescence analysis of microtubule arrays in BY-2 cells expressing Arabidopsis tua-GFP. (A and B) tua-GFP incorporation
allows visualization of only a subset of the total microtubule population in untreated cells. Bar � 10 �m. (A) tua-GFP-labeled microtubules.
(B) Total microtubule population stained with anti-�-tubulin. (C and D) Colchicine treatment affects tua-GFP-labeled microtubules, although
endogenous microtubules are still intact. (C) tua-GFP-labeled microtubules are no longer visualized following colchicine treatment. (D) Micro-
tubules resistant to colchicine treatment and visualized by anti-�-tubulin staining.

FIG. 2. Confocal fluorescence analysis of microtubule arrays in
BY-2 cells treated with APM and oryzalin. (A to D) Cells treated with
50 �M APM for 15 min. APM treatment causes diffuse tua-GFP
fluorescence, although microtubules are still present. Bar � 10 �m.
(A) Diffuse tua-GFP fluorescence. (B) Microtubules stained with anti-
�-tubulin. (C) Diffuse tua-GFP fluorescence and some weakly labeled
filaments. (D) Microtubules stained with anti-�-tubulin. (E and F)
Cells treated with 10 �M oryzalin for 40 min. (E) Absence of tua-GFP-
labeled filaments. (F) Presence of microtubules stained by anti-�-
tubulin.
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evidence that the treatment of leaf tissues with microtubule-
disrupting agents does not lead to the disruption of all micro-
tubules. Given this evidence indicating that specific treatments
with microtubule polymerization inhibitors may not disrupt all
microtubules and that the tua-GFP-fluorescent microtubules
may not accurately represent the microtubule population as a
whole, we suggest that results obtained from studies utilizing
tua-GFP as a marker to indicate microtubule disruption should
remain open to interpretation with regard to the involvement
of microtubules in TMV cell-to-cell trafficking.

The possibility that the inhibitors may not be fully effective
must be taken very seriously in this case since the spread of
infection requires the movement of only very few virus ge-
nomes (21, 26). Moreover, since TMV establishes several ER-
associated infection sites within infected leaf cells (14, 25) and
since many of these infection sites are located in direct vicinity
to plasmodesmata (25), localized processes in plasmodesma-
proximal sites may suffice to ensure vRNA movement and the
spread of infection into adjacent cells. Given that (i) both the
MP and the viral genome are expressed to high levels during
infection (1, 25), that (ii) virus movement requires very few

virus particles (21, 26), and that (iii) local events at one of the
many plasmodesmata that connect a cell with adjacent cells
may suffice for virus movement, the inhibition of virus move-
ment may be extremely difficult to achieve unless a full disrup-
tion of the transport mechanism can be established. Since MP
binds microtubules in various systems, including mammalian
cells (5, 9) and procaryotes (15), as well as in vitro (24) (J.
Ashby et al., unpublished data), and since the ability of MP to
associate with microtubules has been functionally correlated
with virus movement in vivo (4–7) and with the presence of
microtubule-associated vRNA (22, 23), a potential role of mi-
crotubule-based activities in TMV movement should be fur-
ther investigated. If future studies demonstrate that microtu-
bules indeed have no direct role in viral RNA movement, it will
remain to be asked why this interaction is conserved in various
cell types and why it correlates with MP function.
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FIG. 3. Spread of TMV-MPC55:GFP infection and presence of microtubules in cells treated with microtubule polymerization inhibitors. (A to
C) Infection site infiltrated with water. (A) Before treatment. Bar � 1 mm (applies also to panels B, D, E, G, and H). (B) Twenty-four hours after
treatment. (C) Cell at the leading front of infection showing the association of MPC55:GFP with microtubules and bodies (ER aggregates). Bar �
5 �m. (D to F) Infection site infiltrated with 100 �M colchicine. (D) Before treatment. (E) Twenty-four hours after treatment. (F) Cell at the
leading front of infection showing the association of MPC55:GFP with short microtubules. Bar � 5 �m. (G to I) Infection site infiltrated with 50
�M APM. (G) Before treatment. (H) Twenty-four hours after treatment. (I) Cell at the leading front of infection showing the association of
MPC55:GFP with microtubules and bodies. Bar � 5 �m.
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