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The actin cytoskeleton has been implicated in the intra- and
intercellular movement of a growing number of plant and animal
viruses. However, the range of viruses influenced by actin for
movement and the mechanism of this transport are poorly under-
stood. Here we determine the importance of microfilaments and
myosins for the sustained intercellular movement of a group of
RNA-based plant viruses. We demonstrate that the intercellular
movement of viruses from different genera [tobacco mosaic virus
(TMV), potato virus X (PVX), tomato bushy stunt virus (TBSV)], is
inhibited by disruption of microfilaments. Surprisingly, turnip
vein-clearing virus (TVCV), a virus from the same genus as TMV, did
not require intact microfilaments for normal spread. To investigate
the molecular basis for this difference we compared the subcellular
location of GFP fusions to the 126-kDa protein and the homologous
125-kDa protein from TMV and TVCV, respectively. The 126-kDa
protein formed numerous large cytoplasmic inclusions associated
with microfilaments, whereas the 125-kDa protein formed few
small possible inclusions, none associated with microfilaments. The
dependence of TMV, PVX, and TBSV on intact microfilaments for
intercellular movement led us to investigate the role of myosin
motors in this process. Virus-induced gene silencing of the Nico-
tiana benthamiana myosin XI-2 gene, but not three other myosins,
inhibited only TMV movement. These results indicate that RNA
viruses have evolved differently in their requirements for micro-
filaments and the associated myosin motors, in a manner not
correlated with predicted phylogeny.

cytoskeleton � microfilaments � tobacco mosaic virus � potato virus X �
tomato bushy stunt virus

V iruses are obligate parasites that use various host factors for
their replication and movement within and between cells

(1–5). The host cytoskeleton, a key component of intracellular
transport pathways, is implicated in the movement of both plant
and animal viruses. For animal viruses, f-actin (microfilaments)
and microtubules have been shown to be important throughout
the infection process, from virus entry and intracellular transport
to virus egress and budding (4, 5). For plant viruses, the
movement of tobacco mosaic virus (TMV) has been particularly
well-studied and represents a unique situation where both the
microtubule and actin cytoskeleton have been implicated in
supporting its movement.

Studies investigating TMV movement initially focused on the
association of the TMV movement protein (MP) with microtu-
bules (6–8). The role of this interaction in TMV transport
remains unclear, since pharmacological and molecular biological
studies indicate that microtubules are not involved in its spread
(9, 10). Although the TMV MP associates with microfilaments
(7), the importance of this interaction in virus movement is not
well characterized. However, the intercellular movement of
TMV was recently shown to be associated with microfilaments,
since treatment with the microfilament inhibitor, latrunculin B
(LatB), severely limited TMV spread in the plant (11). The
finding that silencing of host actin transcripts resulted in a similar
disruption of TMV-GFP cell-to-cell movement suggested that

the effect of LatB on virus movement could indeed be attributed
to its disruption of the actin cytoskeleton (12). This inhibition of
TMV cell-to-cell spread was linked to the ability of LatB to
disrupt the movement of TMV viral replication complexes
(VRCs) (11, 12). VRCs are large inclusion bodies that form in
the cytoplasm of TMV-infected cells. They contain both viral
and host components (6, 13–16) and are proposed to be involved
with viral replication (6, 16), degradation (17), and movement
(11, 13). The TMV 126-kDa protein is a major constituent of
VRCs and is capable of forming cytoplasmic bodies (126-bodies)
in the absence of other viral proteins (12, 18). Since both
126-bodies and VRCs traffic along microfilaments, it was sug-
gested that the 126-kDa protein may mediate the interaction
between the VRCs and microfilaments (12). However, consid-
ering the interaction of the 126-kDa protein and homologs with
integral membrane proteins (19), VRC-microfilament interac-
tions may be mediated through host membrane-based factors.

In addition to the TMV 126-kDa protein, there are a growing
number of diverse plant viral proteins found to associate with
microfilaments. These include the TGBp2 movement protein
from potato virus X (PVX), both TGBp2 and TGBp3 from
potato mop-top virus, the Hsp70 homolog from beet yellows
virus (BYV), and the P6 multifunctional protein from cauli-
f lower mosaic virus (CaMV) (20–23). Although some of these
proteins have been implicated in intercellular virus movement,
a widespread requirement for microfilaments to enable cell-to-
cell plant virus movement has not been demonstrated.

The fact that viral proteins associate with and traffic along
microfilaments implies the utilization of an actomyosin-based
motility system for virus transport. Myosins are a large super-
family of genes with more than 18 distinct classes (24). Higher
plant myosins have been grouped into either class VIII or class
XI (25). The Arabidopsis genome, for example, encodes 17
myosins (13 class XI and four class VIII) (25). Although the
specific functions of individual myosins have only begun to be
elucidated, class XI myosins generally influence organelle traf-
ficking (26–28) and the morphogenesis and elongation of tip-
growing cells (28–30). Class VIII myosins are believed involved
in trafficking to plasmodesmata (PD) as well as endocytosis in
plants (31, 32).

It was recently shown that inhibiting the function of class VIII,
but not class XI, myosins disrupted the localization of the BYV
Hsp70 movement protein to PD (33). In this same study, it was
shown that the localization of TMV MP to PD was not affected
by inhibition of class VIII myosins. Interestingly, treatment with
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the inhibitor 2,3-butanedione monoxime, which targets myosins
and other proteins, inhibited TMV cell-to-cell spread by 12%
(11). These findings raised the intriguing possibility that differ-
ent viruses might use distinct classes of myosins for their
movement. However, the role of specific myosins in the move-
ment of plant viruses has not been determined.

For animal viruses, specific microtubule motors have been
implicated in virus movement (5), but despite the findings that
numerous viruses rely upon actin for at least some portion of
their intracellular movement (4), the role of specific myosins in
this process has only begun to be elucidated (34, 35).

Here, we test the effect of pharmacological disruption of actin
filaments on the intercellular spread of a number of different
plant RNA viruses: TMV, PVX, tomato bushy stunt virus
(TBSV), and turnip vein clearing virus (TVCV). For viruses that
showed a difference in their requirement for microfilaments, we
investigated the molecular basis for this difference by comparing
the subcellular localization of their protein homologs. We fur-
ther investigated the role of myosin motor proteins in the
intercellular movement of these viruses by silencing individual
Nicotiana benthamiana myosin genes. We relate our findings to
those from other studies of plant and animal virus movement.

Results
The Effect of LatB on the Cell-to-Cell Spread of Diverse RNA Viruses.
Given the association of a growing number of plant virus
proteins with the actin cytoskeleton (12, 20–23), we tested the
effect of LatB on the cell-to-cell spread of derivatives of the
potexvirus PVX, the tombusvirus TBSV, and the tobamovirus
TMV (as a positive control) expressing GFP. To determine
variability in movement requirements within a genus, we also
constructed a GFP fusion for another tobamovirus, TVCV. Half
leaves were infiltrated with either 5 �M LatB or a DMSO buffer
control at 3 h before inoculation and again at 3 dpi. The
disruption of actin by 5 �M LatB was confirmed by microscopic
observation of microfilaments labeled with the actin binding
domain 2 of Arabidopsis fimbrin fused to GFP (36) (Fig. S1).
Maintenance of cell-to-cell spread of viruses was quantified by
imaging GFP lesions between 2 and 6 days post inoculation (dpi)
(Fig. 1 A–E). As expected, we observed a significant inhibition
of TMV cell-to-cell spread following LatB treatment (Fig. 1B).
Inhibited spread was observed for TMV expressing an MP-GFP
fusion (Fig. 1B) or a free GFP (Fig. S2). In addition, we observed
inhibited spread for wild-type TMV (strain U1; Fig. S3), further
validating the use of fluorescent virus derivatives to investigate
sustained cell-to-cell movement. We observed a similar inhibited
movement for both PVX (Fig. 1C) and TBSV (Fig. 1D) in LatB
treated tissue, suggesting that the maintenance of intercellular
spread of both of these viruses was also actin-dependent.
Surprisingly, the intercellular movement of TVCV, a tobamo-
virus closely related to TMV was not inhibited by LatB treatment
(Fig. 1E).

TVCV 125-kDa and the TMV 126-kDa Protein Homologs Differ in
Formation of Cytoplasmic Inclusions and Association with Microfila-
ments. TMV and TVCV cell-to-cell movement require, or are
suspected to require, expression of sequences within their 126-
kDa and 125-kDa ORFs. The corresponding proteins from the
two viruses show sequence and functional homology (37, 38).
Given the surprising difference we observed between the de-
pendence of TMV and TVCV upon actin for their intercellular
movement, we investigated potential differences in the localiza-
tion and actin association between the TMV 126-kDa protein
and its 125-kDa homolog from TVCV (sequences shown in Fig.
S4). We compared the cellular accumulation pattern of a TVCV
125-kDa protein-GFP fusion (TVCV 125-GFP) in N. benthami-
ana leaf epidermal cells to that of a TMV 126-kDa protein-GFP
fusion (TMV 126-GFP) following agro-infiltration (12). Unlike

TMV 126-GFP, which formed a large number of cytoplasmic
bodies (Fig. 2A, arrows), TVCV 125-GFP fluorescence was
generally diffuse throughout the cytoplasm and lacked the
appearance of sizeable or numerous visible bodies (Fig. 2B). This
difference in accumulation pattern was not due to differences in
transcript or protein levels between the two fusion proteins (Fig.
S5). We quantified the differences in body formation between
the TMV 126-kDa protein and the TVCV 125-kDa protein by
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Fig. 1. The effect of LatB on virus spread. (A) Representative images showing
GFP lesions formed upon infection with the indicated viruses either in the
absence (-) or presence (�) of 5 �M LatB. All images were taken at 6 dpi. (Scale
bar, 1 mm.) (B–E) Lesion areas were quantified to determine the effect of LatB
on the cell-to-cell movement of (B) TMV, (C) PVX, (D) TBSV, and (E) TVCV at 2,
4, and 6 dpi. N. benthamiana leaf tissue was infiltrated with either the actin
inhibitor LatB (circles) or a DMSO buffer control (squares). Bars represent
standard errors for 15 lesions per treatment.

A B

Fig. 2. The TVCV 125-kDa protein does not form numerous large inclusions
like the TMV 126-kDa protein. Representative images showing TMV 126-kDa
protein (A) and TVCV 125-kDa protein (B) GFP fusions expressed in N.
benthamiana leaf epidermal cells 3 days following agrobacterium infiltration.
The positions of TMV 126-kDa protein bodies (A) and potential TVCV 125-kDa
protein bodies (B) are indicated with arrows. Red fluorescent bodies are
chloroplasts. (Scale bar, 25 �m.)
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counting the number of bodies found in leaf epidermal cell
sections and determining their average size (Table 1). The
126-GFP bodies were numerous and large, consistent with
previous findings (12), while the 125-GFP fluorescent foci were
rare and small (Fig. 2 and Table 1). Since we were unsure of the
functional significance of these small 125-GFP foci (possibly
representing only areas of enriched cytoplasm) and given the fact
that TMV 126-GFP bodies associate with and traffic along actin
filaments, we looked for association of TVCV 125-GFP with
DSRed-Talin (12) labeled actin microfilaments. Co-localization
of the 125-GFP foci with microfilaments was not observed
(Table 1).

Silencing Individual Myosins in N. benthamiana via Virus-Induced
Gene Silencing. Given the demonstrated dependence of TMV,
PVX, and TBSV on microfilaments to maintain intercellular
movement, we wanted to investigate the potential role of indi-
vidual myosin motor proteins in this process. To this end, we used
tobacco rattle virus (TRV)-mediated VIGS (TRV-VIGS) (39)
to silence individual myosin genes. Since myosins are a large
gene family, it was a significant technical challenge to target
individual myosin genes for silencing. We used the divergent tail
domains of four available N. benthamiana myosin sequences (two
class VIII and two class XI) to generate TRV constructs
containing portions of these sequences (Fig. S6). In particular,
we chose sequences that lacked continuous stretches of identity
of 23 bp or more, the length shown to be required for efficient
silencing of related transcripts (40).

Fig. 3 shows the relative expression ratio of individual myosin
genes (myosin VIII-1, VIII-2, XI-2, and XI-F) in plants infected
with TRV expressing portions of the myosin genes (TRV-
myosin) compared with a TRV control not expressing a myosin
fragment. For all four myosin VIGS constructs, we obtained a
significant and reproducible silencing of only the intended
myosin transcript in N. benthamiana.

TMV Intercellular Movement in N. benthamiana Is Strongly Inhibited
By the Silencing of Myosin XI-2. To determine the effect of silencing
individual myosin genes on the cell-to-cell movement of diverse
viruses, we inoculated the leaves silenced for expression of
specific myosins with viruses (TMV, TVCV, PVX, and TBSV)
expressing GFP and compared fluorescent lesion sizes at 3 dpi
between the plants inoculated with TRV-myosin VIGS con-
structs and mock-inoculated or TRV controls (Fig. 4). We
confirmed that myosin silencing was maintained at 3 dpi with
these diverse viruses (Fig. S7). Silencing of myosin XI-2 but not
other myosins specifically inhibited the spread of TMV in N.
benthamiana (Fig. 4A). Comparison of leaf epidermal cell sizes
in control and myosin XI-2 silenced plants confirmed that
smaller TMV lesion sizes were not due to a reduction of cell size
following myosin silencing (Fig. S8). We did not see an effect of
silencing myosins on the cell-to-cell spread of TVCV (Fig. 4B),
consistent with our LatB data (Fig. 1E). Importantly, we did not
observe reduction in the intercellular movement of PVX (Fig.

4C) or TBSV (Fig. 4D) following myosin silencing, indicating
that the effect of myosin XI-2 on cell-to-cell virus movement is
not universal among viruses.

Discussion
The Sustained Intercellular Movement of Diverse Plant RNA Viruses
Requires Intact Microfilaments. Although LatB treatment inhibits
the cell-to-cell spread of TMV and the DNA plant virus, CaMV
(11, 20), the effect of this actin depolymerizing agent on the
movement of other plant viruses has not been determined. Here,

Table 1. A comparison of cytoplasmic body number, body size,
and actin association between TMV 126-GFP and TVCV 125-GFP
proteins in N. benthamiana leaf epidermal cells

Number of bodies
(Average diameter)*

Number of bodies associated
with microfilaments†

TMV 126-GFP 134 (6.14) 82
TVCV 125-GFP 26 (1.81) 0

*Number of GFP bodies counted in 10 leaf epidermal cell sections. (Average
diameter in micrometers).

†Number of GFP bodies found in association with DSRed-Talin labeled micro-
filaments across 10 random images of cortical actin.
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Fig. 3. VIGS of individual myosin genes. Quantitative RT-PCR was used to
determine the relative expression ratio of target genes (myosin VIII-1, myosin
VIII-2, myosin XI-2, and myosin XI-F) in lines treated with the indicated TRV
silencing constructs versus a TRV control not expressing a myosin fragment.
Elongation factor 1� served as an internal loading control for each sample.
Expression analysis was performed on extracts from systemic leaves at 18 dpi
with TRV constructs. Bars represent means � standard errors for three repli-
cates per treatment. Analysis of variance followed by an lsd calculation was
used to determine significant differences between treatments. Different
letters above the bars indicate significant differences (P � 0.05). The experi-
ment was repeated at least once for each TRV silencing construct.

Fig. 4. TMV utilizes a distinct myosin for virus spread in N. benthamiana. GFP
lesion areas reflect the cell-to-cell movement of (A) TMV, (B) TVCV, (C) PVX,
and (D) TBSV in N. benthamiana leaves silenced for individual myosin genes
(VIII-1, VIII-2, XI-2, XI-F) via TRV VIGS. Plants inoculated with wild-type TRV (WT
TRV) or buffer (Mock) were controls. The area of GFP fluorescent lesions (mm2)
in inoculated leaves was determined at 3 dpi for tissues carrying a systemic
infection with the TRV VIGS vector (approximately 18 dpi). Bars represent
means � standard errors for three replicates per treatment. Analysis of
variance followed by an lsd calculation was used to determine significant
differences between treatments. Different letters above the bars indicate
significant differences (P � 0.05). The experiment was repeated at least once
for each virus challenge.

17596 � www.pnas.org�cgi�doi�10.1073�pnas.0909239106 Harries et al.

http://www.pnas.org/cgi/data/0909239106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0909239106/DCSupplemental/Supplemental_PDF#nameddest=SF7
http://www.pnas.org/cgi/data/0909239106/DCSupplemental/Supplemental_PDF#nameddest=SF8


we show that in addition to TMV, the movement of PVX and
TBSV are significantly inhibited by LatB treatment (Fig. 1).
These results suggest that utilization of the actin cytoskeleton for
sustained transport is a strategy used by a range of RNA plant
viruses representing different genera. In the case of PVX,
although the intercellular movement of this virus was not known
to depend upon actin, the PVX movement protein TGBp2 does
associate with actin filaments (22) and TGBp2’s ER localization
is disrupted by LatB treatment (41). Our finding that PVX
movement is disrupted by LatB is consistent with a role for a
TGBp2-containing actin-ER network complex in viral cell-to-
cell movement.

Unlike TMV and PVX, TBSV has not been analyzed for its
relationship with the cytoskeleton during movement. Our find-
ing that LatB inhibits TBSV intercellular movement suggests
that this virus, like TMV, PVX, and CaMV, should have a
protein that mediates an association with microfilaments. The
movement of TBSV is known to rely upon both the p22 and p19
viral proteins (42, 43). While p19 is a suppressor of silencing
found primarily in the cytosol and implicated in long distance
transport, p22 is required for cell-to-cell transport and is mem-
brane-associated (42, 44). It will be interesting to determine
whether either of these proteins associates with the cytoskeleton,
particularly given the close association of microfilaments with
membranes. Although the TBSV p33 replication protein has not
been associated with movement, the formation of TBSV repli-
cation complexes is thought to proceed via a peroxisome-to-
endoplasmic reticulum sorting pathway (45). Peroxisome bud-
ding in Arabidopsis depends on the actomyosin system (46). Since
TMV replication complexes are associated with actin-dependent
virus movement (11, 12), it would be interesting to investigate a
similar possibility for TBSV.

Surprising Differences between Viruses in the Same Genus for
Microfilament-Mediated Movement. Given the sensitivity of TMV
to LatB, it was very surprising to find that the movement of the
closely related tobamovirus TVCV was not affected by LatB
treatment (Fig. 1). Correlated with this finding was the obser-
vation that the TVCV 125-kDa protein, unlike its homolog the
TMV 126-kDa protein, did not form cytoplasmic inclusions that
associated with microfilaments (Fig. 2 and Table 1). Since the
TMV 126-kDa protein, like the TMV VRC, traffics along the
microfilament network and it and the TVCV 125-kDa protein
are known or suspected to be required for intercellular move-
ment (12, 38), differences between the TMV 126-kDa protein
and the TVCV 125-kDa protein may be responsible for the
divergent responses of these two viruses to LatB treatment.
Although the poorly conserved intervening region (IR) (47) in
the center of these protein sequences (Fig. S4) is a candidate as
a determinant for inclusion body formation and movement,
perhaps a more likely candidate region is the helicase domain,
which for TMV is instrumental in 126-kDa protein oligomer-
ization (47). This function may catalyze 126-body and possibly
VRC formation and subsequent microfilament association. The
TVCV 125-kDa protein may not have the signature sequences
necessary for this activity. Indeed, TVCV rarely forms inclusions
similar to those formed during TMV infection (48). While the
126- and 125-kDa proteins are primary suspects controlling this
differential phenotype between these viruses, their MPs are also
potential determinants. It has been shown that the TMV MP
requires intact microfilaments for transport to PD (49), and
although contrary findings exist (23), differences in MP targeting
require investigation.

A second important conclusion to be drawn from the obser-
vation that TVCV is unaffected by LatB treatment is that the
inhibited movement observed for the other viruses during this
treatment was not due to a general inhibition of plant cell
processes that would influence virus movement indirectly (20).

Here it is pertinent to note that our results contrast with those
from recent work showing that intercellular spread of TMV is
not inhibited by LatB treatments (50). The reasons for this
discrepancy are not known, although there were differences in
the experimental systems, notably in the duration of treatment
with the inhibitor (24 h versus 6 days) and the time when virus
movement was quantified (24 h versus 2–6 days). Antagonists of
microfilaments are known to increase the size exclusion limits of
PD (51), and the ability of viruses to use this modification for
increased short-term movement versus a sustained inhibitory
effect of LatB treatment on VRC intracellular and virus inter-
cellular movement is unclear.

Taken together, our results demonstrate that although a
dependence upon the actin cytoskeleton for movement appears
to be widespread among diverse plant viruses, even closely
related viruses may differ in their requirement for actin. Our
finding demonstrating PVX and TBSV spread is inhibited by
disruption of the actin cytoskeleton does not rule out the
possible involvement of microtubules in movement of these
viruses. However, a role for microtubules in plant virus cell-to-
cell movement remains less supported since TMV (9, 11, 52) and
TVCV (Fig. S9) were unaffected in cell-to-cell movement after
treatment with the microtubule inhibitor oryzalin. In addition,
the targeting of the 48-kDa movement protein of Cowpea mosaic
virus to peripheral punctate structures in protoplasts was unaf-
fected after treatment with oryzalin (53) and the P6 protein of
CaMV, although associating with microtubules, did not traffic
along them (20). These findings suggest that plant viruses use
microfilaments to a much greater extent than microtubules for
movement compared with animal viruses (4, 5). For TVCV,
however, no cytoskeletal element was identified as essential for
its movement in our experiments. Clearly, this virus requires
further study to determine how it navigates within cells and then
to PD for sustained intercellular transport.

An Individual Myosin Motor Influences the Movement of an Individual
Plant Virus. Leaves silenced for individual myosins were inocu-
lated with our collection of RNA viruses (TMV, TVCV, PVX,
and TBSV), and only TMV movement was inhibited by silencing
individual myosins (Figs. 3 and 4). Based on our current findings
and those from earlier work showing that the PD localization of
the BYV Hsp70h protein was dependent upon class VIII myosins
whereas the PD localization of TMV MP was not (33), it is
apparent that plant viruses likely use different myosins to
maintain their cell-to-cell movement and that specific viral
proteins mediate this response. For the Hsp70h protein, it should
be noted that its subcellular localization was affected equally by
all class VIII myosins tested. In our studies, it is interesting that
although myosin VIII-1 expression was reduced by the greatest
amount of the four myosins, silencing this myosin did not have
an effect on the movement of the viruses tested, whereas a more
modest reduction in myosin XI-2 levels had a significant effect
on TMV spread. Although we have tested only two myosins from
each class in our current study, our results demonstrate that not
all class XI myosins have an identical effect on TMV movement.
Whether silencing of N. benthamiana myosin XI-2 resulted in off
target silencing of N. benthamiana myosins not studied here
cannot be definitively determined, since all of those sequences
are not available. By analysis of the A. thaliana myosin gene
family homologs, however, off target effects on these other N.
benthamiana myosin sequences would be limited to those within
classes (i.e., between class XI members) and not between classes
(i.e., between class XI and VIII members).

It seems reasonable that different individual myosins may be
targeted for use by different plant viruses since no individual
myosin has been found to be essential for plant growth (28, 29).
During our experiments, we also did not observe any visible
phenotype associated with the silencing of these individual
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myosins. Myosins XI-2 and XI-K are among the most abundant
and widely expressed myosins in Arabidopsis (28). In Arabidopsis,
myosin XI-2 influences organelle trafficking and polar tip
growth (28). However, in N. benthamiana plants, where myosins
XI-2 and XI-F were subjected to dominant negative inhibition or
RNAi, only modest effects on organelle transport were observed
compared with those observed after myosin XI-K inhibition
(27). It may be that the targeting by TMV of this apparently least
essential class XI plant myosin, which is expressed in most plant
tissues, occurred through plant-virus co-evolution to allow max-
imum TMV movement with minimum impact on the host.
Although further studies will be required to determine the effect
of silencing myosin XI-2 and XI-K on the intracellular movement
of VRCs, a myosin capable of transporting organelles would be
a good candidate to transport large TMV VRCs that contain
ER (16, 18).

In addition to expanding on the findings with TMV, it will be
important to determine which myosin influences movement of
PVX and TBSV. Although myosin XI-K has a larger influence than
myosin XI-2 or XI-F on organelle trafficking in N. benthamiana, it
still is not essential for plant growth and is expressed in leaf cells,
a necessity for viruses that infect this tissue. This reasoning also
would suggest that myosins expressed only in flowers or other
reproductive tissue [e.g., XI-A, -B, -C, -D, and -J in Arabidopsis;
(28)] would not be targeted by plant viruses for movement. It also
remains a possibility that the percentage knockdown of the indi-
vidual myosins was not sufficient to modify PVX and TBSV
movement. Such a finding, however, would still indicate a significant
difference in threshold myosin levels necessary to support intercel-
lular movement between virus species.

It is interesting to note that although actin has been implicated in
many aspects of animal virus infections such as virus entry, replication
complex intracellular movement, and virus release (4, 54), the role of
specific myosins has only been identified in processes such as filopodial
‘‘surfing’’ or cellular budding (35, 55), events which have no equivalent
during the infection cycle in plants. Although the role of specific
myosins in the intracellular transport of animal viruses remains to be
determined, there is evidence that myosin-dependent movement is
important for the trafficking of animal viruses within cells. Myosin
inhibitor studies with 2,3-butanedione monoxime have revealed that
myosin-based movement is required for the transport of herpes simplex
virus-1 capsids within the nucleus (34). Our findings should have the
greatest influence on those studying the mechanism by which animal
viruses modify the cortical microfilament network to reach or exit the
long-distance microtubule transport system within the cell (4), a phe-
nomenon that, like plant virus movement, occurs in the cytoplasm.

Our findings have practical significance for those in agricul-
ture investigating methods to produce virus-resistant plants.
Decreased expression of nonessential host myosins should lead
to increased resistance to different plant viruses. Although a
knockdown of a single myosin may not inhibit the spread of many
viruses, knockdowns of a small variety of myosins could lead to
resistance against particular viruses for specific plants of eco-
nomic interest.

Materials and Methods
Viruses Used in This Study. For construction of TVCV-GFP, pTVCV50 (38) was
modified to include a duplication of the CP subgenomic promoter between
the MP and CP ORFs driving enhanced GFP (EGFP) expression. Construction of
TMV-GFP (previously TMV-MP-GFP-CP) is described elsewhere (56). TMV ex-
pressing free GFP (p4GD-GFP; Fig. S2) was a gift of Curtis Holt and is described
elsewhere (57). TBSV-GFP was a gift from H. Scholthof (Texas A&M University),
and PVX-GFP (originally pPC2S) (58) was obtained from J. Verchot-Lubicz

(Oklahoma State University). For virus inoculations, infectious transcripts were
generated from 1 �g linearized plasmid DNA using the mMessage mMachine
in vitro transcription kit (Ambion). Half of each transcript reaction was used to
rub-inoculate individual N. benthamiana leaves. For analysis of TMV local
lesions, N. tabacum cv. Xanthi-NN were rub-inoculated with TMV (strain U1)
virions. Greenhouse conditions were 24 � 2 °C with 60% humidity and 16 h
supplemental lighting (400 �mol m�2s�1).

Cloning and Ectopic Expression of 126-kDa and 125-kDa Protein-GFP Fusions. For
construction of TVCV 125-GFP, the TVCV 125-kDa protein ORF (minus a stop
codon) from pTVCV50 (38) was cloned into the pRTL2 vector (59) containing
an enhanced 35S promoter. EGFP was added in-frame at the 3� end of the
TVCV 125-kDa protein, and the promoter-gene-terminator fragment was
removed from pRTL2 and cloned into binary vector pGA482 (60). The resulting
construct was sequenced to confirm that no modification occurred. TMV
126-GFP construction is described elsewhere (12, 61). Following transforma-
tion into Agrobacterium spp. (strain LBA4404), constructs were grown under
selection and infiltrated into N. benthamiana leaves at a final optical density
(600 nm) of 0.5 as described (62).

Inhibitor Treatments. LatB infiltrations were carried out as described (20).
Disruption of actin by LatB was confirmed by microscopic observation of
microfilaments labeled with the actin binding domain 2 of Arabidopsis fim-
brin fused to GFP (36). This construct was expressed transiently following
Agrobacterium spp. infiltration as described above.

Microscopy. Fluorescent viral lesions were imaged on an SZX-12 fluorescent
stereo microscope (Olympus) equipped with a Dxm 1200c digital camera
(Nikon Instruments). Lesion sizes were calculated using ImageJ software (ver-
sion 1.38e; http://rsbweb.nih.gov/ij/). For visualization of TMV 126-GFP and
TVCV 125-GFP, images were acquired on a Bio-Rad 1024ES confocal imaging
system (Bio-Rad Laboratories) or a Leica TCS SP2 confocal imaging system
(Leica Microsystems). GFP was excited at 488 nm and captured at 522 nm.
Images were processed using Adobe Photoshop (Adobe). GFP body diameters
were determined using Image J software.

VIGS and Quantitative RT-PCR. N. benthamiana myosin tail sequences outlined
inFig. S6wereamplifiedbyPCRfromcDNAusingexTaqpolymerase (Takara).The
resulting fragments were sequenced and cloned into pTRV2 (63) using Gateway
cloning technology (Invitrogen). TRV infections were established in N. benthami-
ana by co-agroinfiltration of pTRV1 and pTRV2. To confirm silencing of specific
myosin transcripts, we prepared RNA from TRV-infected systemic leaves (three
plants/construct) using the RNeasy plant mini kit (Qiagen). For lesion analysis (Fig.
S7B), fluorescent lesions were visualized with a UV lamp and excised with a
scalpel. DNase-treated RNA (3 �g) was used to generate cDNA with M-MLV
reverse transcriptase (Promega). Fifteen- to eighteen-base Oligo (dT) (Invitrogen)
wasusedforfirst strandcDNAsynthesis. Followinga20-folddilutionof thecDNA,
2 �L were used for quantitative RT-PCR with an ABI Prism 7900 HT sequence
detection system (Applied Biosystems). Primers used to detect N. benthamiana
myosins are given (Fig. S6). GFP primers 38016: 5�-GTCCGCCCTGAGCAAAGA-3�
and 38017: 5�-TCCAGCAGGACCATGTGATC-3� were used to detect 126-GFP and
125-GFP.Transcript levelswereadjustedfor loadingdifferencesafter comparison
with EF1� transcript internal control values and were calculated using a relative
quantification method (64).

Amino Acid Alignments. Amino acid sequences were aligned using clustalW2
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) with default settings.
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