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The green fluorescent protein (GFP) gene was fused to the potato virus X (PVX) TGBp2 gene, inserted into either the PVX
infectious clone or pRTL2 plasmids, and used to study protein subcellular targeting. In protoplasts and plants inoculated with
PVX-GFP:TGBp2 or transfected with pRTL2-GFP:TGBp2, fluorescence was mainly in vesicles and the endoplasmic reticulum
(ER). During late stages of virus infection, fluorescence became increasingly cytosolic and nuclear. Protoplasts transfected with
PVX-GFP:TGBp2 or pRTL2-GFP:TGBp2 were treated with cycloheximide and the decline of GFP fluorescence was greater in
virus-infected protoplasts than in pRTL2-GFP:TGBp2-transfected protoplasts. Thus, protein instability is enhanced in virus-
infected protoplasts, which may account for the cytosolic and nuclear fluorescence during late stages of infection. Immunogold
labeling and electron microscopy were used to further characterize the GFP:TGBp2-induced vesicles. Label was associated
with the ER and vesicles, but not the Golgi apparatus. The TGBp2-induced vesicles appeared to be ER derived. For
comparison, plasmids expressing GFP fused to TGBp3 were transfected to protoplasts, bombarded to tobacco leaves, and
studied in transgenic leaves. The GFP:TGBp3 proteins were associated mainly with the ER and did not cause obvious changes
in the endomembrane architecture, suggesting that the vesicles reported in GFP:TGBp2 studies were induced by the PVX
TGBp2 protein. In double-labeling studies using confocal microscopy, fluorescence was associated with actin filaments, but not
with Golgi vesicles. We propose a model in which reorganization of the ER and increased protein degradation is linked to
plasmodesmata gating.

Plant viruses use the cellular endomembrane system
to support virus replication (Schaad et al., 1997; Reichel
and Beachy, 1998; Carette et al., 2002a, 2002b; Schwartz
et al., 2002). Among positive-strand RNA viruses, the
viral replicase is typically anchored to membranes
associated with the endoplasmic reticulum (ER), the
endocytic pathway, or cellular organelles (Rubino and
Russo, 1998; Mas and Beachy, 1999; Rubino et al., 2001;
Schwartz et al., 2002, 2004). Many viral replication-
associated proteins cause reorganization of cellular
membranes with the purpose of creating centers that
protect the viral replication complexes (VRCs) from
cellular nucleases and host defenses (Schwartz et al.,

2002, 2004; Ding et al., 2004). Specifically, the replica-
tion complexes of plant viruses belonging to the
genera Potyvirus, Comovirus, Dianthovirus, Pecluvi-
rus, and Bromovirus cause proliferation and vesicula-
tion of either the perinuclear or the cortical ER (Schaad
et al., 1997; Dunoyer et al., 2002; Lee and Ahlquist,
2003). The replicases of cowpea mosaic virus and red
clover necrotic mosaic virus induce ER proliferation
(Carette et al., 2002a, 2002b; Turner et al., 2004). The
best-studied example is the bromemosaic virus (BMV)
1a replicase, which localizes to the ER and induces
membrane invaginations to form spherules (Lee and
Ahlquist, 2003). These invaginations, or spherules, are
centers for virus replication and contain the BMV 2a
protein and viral RNA (Schwartz et al., 2004). It was
suggested that the BMV-induced spherules resemble
budding retrovirus cores and that these membrane
invaginations containing VRCs have a place in virus
evolution (Schwartz et al., 2002, 2004).

Recent information supports the involvement of the
endomembrane system in virus intracellular and in-
tercellular movement (for review, see Reichel and
Beachy, 1998, 2000; Morozov and Solovyev, 2003;
Nelson, 2005; Verchot-Lubicz, 2005). For example, the
tobacco mosaic virus (TMV) membrane-bound repli-
cation complexes were reported to traffic along the
microfilament network with the cell (Liu et al., 2005)
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and then move from cell to cell through the plasmo-
desmata (Kawakami et al., 2004). The 126- and 183-kD
proteins of TMVaid in forming, and are present in, the
ER-derived VRCs (Heinlein et al., 1998; Szecsi et al.,
1999; Kawakami et al., 2004; Liu et al., 2005). The TMV
movement protein associates with the VRCs and at
some point is required to transport them across
plasmodesmata (Heinlein et al., 1998; Mas and Beachy,
1999; Szecsi et al., 1999; Liu et al., 2005).

Potato virus X (PVX) encodes three movement
proteins from a genetic module of three overlapping
open reading frames (ORFs), termed the triple gene
block. These triple gene block proteins, named TGBp1,
TGBp2, and TGBp3, have molecular masses of roughly
25, 12, and 8 kD (Huisman et al., 1988). The PVX
TGBp1 protein is a suppressor of gene silencing, an
RNA helicase, and gates plasmodesmata (Rouleau
et al., 1994; Brigneti et al., 1998; Howard et al., 2004).
The TGBp2 and TGBp3 proteins associate with the ER.
The results of mutational analyses showed that the
association of TGBp2 and TGBp3 proteins with the ER
is important for virus infection (Krishnamurthy et al.,
2003; Mitra et al., 2003). The PVX coat protein also
plays a role in virus movement (Spillane et al., 1997).

In this study, the green fluorescent protein (GFP)
gene was fused to the PVX TGBp2 gene to study
protein subcellular targeting during virus infection.
Time-course experiments were conducted in BY-2
protoplasts and in tobacco leaves to examine the
association of the GFP:TGBp2 protein with the ER
network during the course of virus infection. We
present evidence that the PVX TGBp2 protein, similar
to many viral membrane-associated proteins, induces

formation of vesicles from the ER. In addition, the PVX
TGBp3 protein also associates with the ER. Last, we
present evidence that TGBp2-induced vesicles associ-
ate with the actin network and are unrelated to the
Golgi apparatus.

RESULTS

GFP:TGBp2 Associates with Cellular Membranes

during Virus Infection in Protoplasts

The PVX-GFP infectious clone (Fig. 1) expresses the
GFP gene from a duplicated coat protein subgenomic
promoter. GFP is used as a visual marker to follow
virus infection over time. The GFP:TGBp2 fused genes
were inserted into the PVX genome in place of the GFP
gene to study TGBp2 protein subcellular targeting
during virus infection (Fig. 1). Most of the endogenous
TGBp2 gene was deleted from the PVX-GFP:TGBp2
infectious clone (Verchot et al., 1998; Fig. 1), and the
GFP:TGBp2 fusion provides a functional replacement
for the deleted gene.

Infectious PVX-GFP and PVX-GFP:TGBp2 tran-
scripts were inoculated to BY-2 protoplasts, and the
subcellular distribution of fluorescence was studied at
18, 24, 36, 48, and 72 h postinoculation (hpi) using
confocal microscopy. In PVX-GFP-inoculated proto-
plasts, fluorescence was mainly cytosolic and nuclear,
with no obvious change in the pattern of GFP expres-
sion over time (Fig. 2, F and K). These data support
related studies in which the GFP protein is typically
cytosolic and nuclear when expressed in tobacco

Figure 1. Schematic representation of plasmids used in this study. The pPVX-GFP and pPVX-GFP:TGBp2 plasmids contain the
entire PVX genome. The white boxes in these schematics represent the PVX ORFs or subcellular targeting signals, and the lines
represent noncoding regions. The names for each PVX gene are indicated above the boxes. The GFP gene (gray box) or
GFP:TGBp2-fused genes were inserted into the PVX genome. In the pPVX-GFP:TGBp2 plasmid, a large portion of the
endogenous TGBp2 coding sequence was deleted from the PVX genome (indicated by a black box). Four pRTL2 plasmids
expressed GFP alone (gray box) or fused to the 5#-end of the PVX TGBp1, TGBp2, or TGBp3 genes (white boxes). The pBIN-
mGFP5-ER has sequences encoding ER-targeting and retention signals fused to the 5#- and 3#-ends of the GFP gene. The pRTL2-
GFP:Talin and -DsRed:Talin plasmids have the coding sequence of the F-actin-binding domain of mouse Talin (McCann and
Craig, 1997; Kost et al., 1998) for actin targeting of GFP or DsRed (hatched box). The pDsRed-ST plasmid has sequences
encoding the Golgi-targeting signal of rat ST fused to DsRed (Dixit and Cyr, 2002). The DsRed-ST fusion is in the pCambia1300
vector (Dixit and Cyr, 2002). All pRTL2, pBIN, and pCambia1300 plasmids contain a CaMV 35S promoter (black spotted arrows).
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Figure 2. Confocal images of protoplasts in-
fected with PVX-GFP:TGBp2 and PVX-GFP. A
to C, PVX-GFP:TGBp2-infected protoplasts
show fluorescence in vesicles (A); vesicles
and aggregates of vesicles (B); and vesicles,
nucleus (n), and cytoplasm (C). D, A magni-
fied portion of the protoplast presented in C.
Vesicles appear along the plasma membrane
and surrounding the nucleus. E and F, PVX-
GFP:TGBp2 (E) and PVX-GFP-infected pro-
toplast (F) show nuclear and cytoplasmic
fluorescence. G to I, DAPI-stained protoplasts
infected with PVX-GFP:TGBp2. G, Dividing
protoplasts have two adjacent nuclei stained
with DAPI. GFP fluorescent vesicles surround
the nuclei in G and H. I, DAPI-stained cell
shows GFP:TGBp2 in the nucleus and cyto-
plasm. Bars in each photograph represent
10 mm. J, Thirty protoplasts were scored for the
presence of fluorescence in vesicles, nucleus,
and cytoplasm in PVX-GFP:TGBp2-infected
protoplasts at 18, 24, 36, 48, and 72 hpi. K,
Thirty protoplasts were scored for the pres-
ence of fluorescence in vesicles, nucleus, and
cytoplasm in PVX-GFP-infected protoplasts at
18, 24, 36, 48, and 72 hpi. Bars represent the
percentage of protoplasts having fluorescence
in each subcellular compartment at each time
point. Between 1% and 10% of protoplasts at
each time point contained GFP in vesicles
resembling those seen in the PVX-GFP:
TGBp2-infected cells. Logistic regressions
were conducted using data in J and K and
reported in ‘‘Results.’’

PVX TGBp2 Is in Endoplasmic Reticulum-Derived Vesicles
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leaves and protoplasts (Oparka et al., 1999; Crawford
and Zambryski, 2000, 2001; Yang et al., 2000).

There were three patterns of GFP:TGBp2 protein
fluorescence noted at each time point: (1) in vesicles
only, (2) in vesicles and cytosol, and (3) in cytosol and
nucleus (Fig. 2, A–D). The vesicles containing GFP:
TGBp2 proteins were perinuclear as well as lining the
plasma membrane (Fig. 2, A, C, and D). Vesicles
sometimes aggregated (Fig. 2B). GFP:TGBp2 fluores-
cence associated with the nucleus, but not with the nu-
cleolus, as visualized after 4#,6-diamino-phenylindole
(DAPI) staining of protoplasts (Fig. 2, E, G, H, and I).

We quantified the patterns of GFP:TGBp2 protein
fluorescence to determine whether the subcellular
distribution of GFP:TGBp2 fluorescence changes over
time. Thirty protoplasts were scored at each time point
for fluorescence associated with the vesicles, nucleus,
and/or cytosol (Fig. 2J). The proportion of protoplasts
containing GFP:TGBp2 fluorescence in vesicles was
80% at 18 hpi and declined to 27% by 48 hpi. This level
was maintained through 72 hpi (Fig. 2J). The propor-
tions of protoplasts containing GFP:TGBp2 fluores-
cence in the cytosol and nucleus were 40% at 18 hpi
and increased to 80% and 90% at 48 and 72 hpi, re-
spectively (Fig. 2J). Thus, GFP:TGBp2 fluorescence as-
sociates mainly with vesicles early in virus infection,
but increasingly with the cytosol and nucleus as in-
fection progresses (Fig. 2J).

Statistical analyses were performed using the data
represented in Figure 2, J and K, to determine whether
the subcellular distribution of fluorescence in PVX-
GFP:TGBp2- and PVX-GFP-infected protoplasts is re-
gulated over time. Time is a likely variable in studying
protein subcellular trafficking. If the TGBp2 proteins
traffic from one location to another in the cell, then
changes in the distribution of GFP:TGBp2 fluorescence
within the cell over time would not be random. For
example, movement of the GFP:TGBp2 proteins
from vesicles into the cytosol may be regulated by the
host degradation machinery. Since GFP:TGBp2 is an
ER-associated protein, it is possible that ER stress
stimulates export of the GFP:TGBp2 proteins to the
cytosol for degradation by the 26S proteasome. It is
also possible that movement of the GFP:TGBp2 pro-
teins would be regulated and not random if it is con-
trolled by interactions with other PVX proteins.

Therefore, a logistic regression was used to test
whether time is a variable in the subcellular accumu-
lation patterns of GFP:TGBp2 and GFP fluorescence.
The presence/absence of fluorescence in each sub-
cellular address (vesicle, nucleus, and cytoplasm; de-
pendent variable) were compared over time
(independent variable). We hypothesized that the
observed changes in the distribution of GFP:TGBp2
proteins over time would indicate subcellular traffick-
ing of the fusion protein. If time is not a variable
controlling the distribution of fluorescence within the
cell, then statistical analyses would indicate that the
distribution of protein in each subcellular address is
independent of time (i.e. random) and no correlation

would exist. Slope estimates and P values were de-
termined. A nonsignificant slope (i.e. large P value)
indicates no relationship to time. Conversely, a signif-
icant slope (i.e. small P value) indicates the response is
affected by time. A negative slope indicates a decreased
presence of fluorescence in each address over time,
and a positive slope indicates an increase of fluores-
cence in each address over time. For PVX-GFP:TGBp2,
the slope values for vesicles, nucleus, and cytoplasm
were 20.0367, 0.0313, and 0.0463, respectively. The P
values were 0.0001, 0.0014, and 0.0001, respectively.
The negative slope for PVX-GFP:TGBp2 in vesicles
indicates that fluorescence decreased in these locations
over time. The positive slope for PVX-GFP:TGBp2 in
the cytoplasm and nucleus indicates fluorescence in-
creased in these locations over time. The extremely
low P values indicate that changes in subcellular
targeting of GFP:TGBp2 proteins over time were sig-
nificant. For PVX-GFP, the slope values for vesicles,
nucleus, and cytoplasm were 0.0145, 20.0155, and
20.0155, respectively. The P values were 0.3631, 0.4009,
and 0.4009, respectively. The nonsignificant slopes and
high P values for PVX-GFP indicate that the change in
fluorescence at each subcellular address had no re-
lationship to time and was random. Thus, statistical
analysis supports the hypothesis that GFP:TGBp2
proteins first resided in vesicles and over time became
increasingly cytosolic and nuclear.

Subcellular Targeting of GFP:TGBp2 during Virus
Infection of Tobacco Leaves

PVX-GFP and PVX-GFP:TGBp2 transcripts were
inoculated to tobacco leaves and fluorescence was
examined between 2 and 5 d postinoculation (dpi) to
determine whether the pattern of fluorescence ob-
served in tobacco leaves resembles the pattern repor-
ted in protoplasts. Within a single infection focus, cells
were viewed early and late during virus infection. The
intracellular fluorescence patterns located at the lead-
ing edge and at the center of infection foci were
compared to determine whether the subcellular dis-
tribution of fluorescence changed as infections devel-
oped. Since tobacco leaf cells are not synchronously
infected, we could not use statistical methods to assess
changes in the distribution of GFP or GFP:TGBp2
proteins over time.

In PVX-GFP-inoculated leaves, the patterns of fluo-
rescence at the leading edge and at the center of the
infection foci were similar. Fluorescence was observed
in the cytosol, nucleus, and perinuclear inclusion
bodies (Fig. 3, A and B). Sometimes it was difficult to
discern between GFP fluorescence inside the nucleus
and perinuclear inclusion bodies. These inclusion
bodies are likely X-bodies described in early literature
as masses containing virus particles, ER, and ribo-
somes (Kikumoto and Matsui, 1961; Kozar and She-
ludko, 1969; Allison and Shalla, 1973). Based on
previous reports describing formation of X-bodies
(Kikumoto and Matsui, 1961; Kozar and Sheludko,
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1969; Allison and Shalla, 1973; Espinoza et al., 1991),
we postulate the strands extending from these
X-bodies to the plasma membrane (Fig. 3, A and B)
to be ER derived.

PVX-GFP:TGBp2 infection foci were observed from
2 to 5 dpi. Fluorescence was associated with the ER
network and vesicles in all infected cells. Perinuclear
inclusion bodies were observed in all infected cells
(Fig. 3, C–E). Vesicles appeared to move along the ER
strands in tobacco epidermal cells (data not shown). A
thick band of cytosolic fluorescence was evident in
cells located at the center of infection, but was less
obvious at the leading edge of infection. Although the
intensity of fluorescence was weaker at the leading
edge of infection, the patterns of fluorescence in the ER
network and vesicles at this location were similar to
those observed in cells at the center of the infection foci
(Fig. 3, C–F). Single optical cross-sections taken
through the middle of infected cells revealed vesicles
lining the cell wall (Fig. 3, E and F). These vesicles were
sometimes twin structures along the walls of adjacent
cells and resemble the peripheral bodies reported to
occur in beet necrotic yellow vein virus (BNYVV;
a benyvirus), potato mop top (PMTV; a pomovirus)
or the poa semilatent virus (PSLV; a hordeivirus;
Erhardt et al., 2000; Solovyev et al., 2000; Gorshkova
et al., 2003; Zamyatnin et al., 2004; Haupt et al., 2005)
infected cells.

Data obtained in inoculated plants confirmed ob-
servations in protoplasts. In early infected cells and
protoplasts, the GFP:TGBp2 proteins accumulated
mainly in vesicles. In cells and protoplasts infected
for a long period of time, we observed an increase in
cytosolic fluorescence. In plants, GFP:TGBp2 proteins
were found simultaneously in the ER as well as in
vesicles. We never obtained evidence that the
GFP:TGBp2 proteins move from the ER into vesicles,
or from vesicles into the ER. Rather, the data indicate
that GFP:TGBp2 proteins are either simultaneously
targeted to the ER and cellular vesicles or that the
GFP:TGBp2 proteins induce reorganization of the ER
soon after translation.

Fluorescence Declines in PVX-Infected Protoplasts

following Cycloheximide Treatment

In PVX-GFP:TGBp2-infected plants, we observed
GFP:TGBp2 fluorescence in the ER as well as in
vesicles, suggesting that the vesicles may be invagina-
tions of the ER network. In protoplasts inoculated with
PVX-GFP:TGBp2, fluorescence was redistributed from
the vesicles into the cytosol. It is therefore reasonable
to consider that ER retention of viral proteins and/or
ER reorganization by the TGBp2 protein triggers
ER-associated protein degradation as a result of ER
stress (Brandizzi et al., 2003; Martinez and Chrispeels,
2003; Smalle and Vierstra, 2004; Kirst et al., 2005). It is
also possible that the TGBp2 protein itself is unstable,
causing the fusion protein to be targeted to the cytosol
for degradation.

Figure 3. Confocal images of PVX-GFP and PVX-GFP:TGBp2-infected
N. benthamiana leaf epidermal cells. A and B, PVX-GFP-infected cells
at 2 and 6 dpi, respectively. Green fluorescence is present in the
cytoplasm and nucleus. There were also perinuclear inclusion bodies
that, on occasion, seemed to surround the nucleus. Since the perinu-
clear inclusions often overlap the nucleus, single arrowheads point to
both structures in all images. C to G, PVX-GFP:TGBp2-infected cells at
2 or 4 dpi. Single arrowheads point to inclusion bodies and arrows
point to vesicles. C, Image of a PVX-GFP:TGBp2 infection focus taken
at lowmagnification at 4 dpi. D, Image of cells located at the front of an
infection focus. Fluorescence was evident in the ER network, vesicles,
and inclusion bodies. E and F, Single optical cross-sections through the
middle of the cell located at the front of an infection focus. The vesicles
appear as twin structures along the walls of opposing cells. G and H,
Images of cells located in the center of an infection focus at 4 dpi. These
images show fluorescence in a thick layer of cytoplasm around the cell,
the ER, and vesicles. The nuclear fluorescence is either due to
GFP:TGBp2 accumulating inside the nucleus, perinuclear X-bodies
that overwhelm the nucleus (Kikumoto and Matsui, 1961; Kozar and
Sheludko, 1969; Allison and Shalla, 1973), or both. Bars in all images,
except C, represent 20 mm; bar in C represents 200 mm.

PVX TGBp2 Is in Endoplasmic Reticulum-Derived Vesicles
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Fluorometric assays were used to quantify GFP
expression over time as a measure of both protein
accumulation and degradation in BY-2 protoplasts. We
then compared the rates of protein turnover in proto-
plasts inoculated with the PVX viruses with the rates
of protein turnover in protoplasts transfected with the
pRTL2 plasmids. Inoculated and transfected proto-
plasts were chased at 24 h with cycloheximide to halt
protein synthesis. Fluorometric values were obtained
at 0, 4, 8, and 12 h following treatment with cyclohex-
imide and the protein half-lives were calculated. The
fluorometric values were normalized to a time 0 mea-
surement. The data were plotted and a linear regres-
sion was used to calculate protein half-lives. We
predicted that if protein turnover was stimulated as
the result of virus infection, then fluorescence would
decline more rapidly in virus-infected protoplasts than
in pRTL2-transfected protoplasts. On the other hand, if
TGBp2 contained a degradation signal, then we would
expect greater turnover of GFP:TGBp2 than GFP
proteins in both PVX-inoculated and pRTL2-transfected
protoplasts.

In protoplasts transfected with PVX-GFP or PVX-
GFP:TGBp2 transcripts, there was a linear increase in
fluorescence between 12 and 48 hpi (Fig. 4A). The
fluorescence values obtained at 48 hpi were between
8- and 12-fold higher than the values obtained at 12 hpi.
The plotted fluorometric values for PVX-GFP:TGBp2-
and PVX-GFP-infected protoplasts were almost iden-
tical to each other during most of the time course (Fig.
4A). Since the decrease in GFP and GFP:TGBp2 fluo-
rescence had similar rates, the stability of GFP is not
altered by fusion to the TGBp2 protein (Fig. 4B). The
half-lives of GFP and GFP:TGBp2 proteins were sim-
ilar, 8.9 and 8.6 h, respectively.

In protoplasts transfected with pRTL2-GFP or -GFP:
TGBp2 plasmids, fluorescence did not show the same
linear increase between 12 and 48 h post-transfection
(hpt) as reported for the PVX-GFP- and PVX-GFP:
TGBp2-infected protoplasts (compare Fig. 4, A and C).
Instead, the fluorometric values obtained for these
pRTL2 constructs reached a plateau at approximately
24 hpt (Fig. 4C). The values representing GFP expres-
sion were 4-fold greater than the values representing
GFP:TGBp2 fluorescence between 24 and 48 hpt (Fig.
4C). This was surprising since the fluorometric values
obtained in PVX-GFP- and PVX-GFP:TGBp2-infected
protoplasts were not significantly different. Perhaps
protein accumulation in these transient assays is dif-
ferent when GFP:TGBp2 is expressed from a DNA or
RNA promoter (cauliflower mosaic virus [CaMV] 35S
promoter or PVX coat protein subgenomic promoter).
Since protein expression reaches a plateau at 24 hpt
in protoplasts transfected with pRTL2 constructs but

Figure 4. Fluorometric assays measuring GFP fluorescence in BY-2
protoplasts. The averages of three fluorometric values were plotted at
each time point. A, PVX-GFP (black triangle) and PVX-GFP:TGBp2
(white circle) infected protoplasts. The average fluorometric values
were plotted using linear regression. B, PVX-GFP (black triangles) and
PVX-GFP:TGBp2 (white circles) infected protoplasts treated with
cycloheximide at 24 hpt. The average fluorometric values were
normalized to an average time 0 measurement and then plotted using
linear regression. C, pRTL2-GFP (black diamonds) and pRTL2-
GFP:TGBp2 (white squares) transfected protoplasts. The average fluo-
rometric values were plotted and a best-fit curve was determined using
polynomial regression. D, pRTL2-GFP (black diamonds) and pRTL2-

GFP:TGBp2 (white squares) transfected protoplasts were treated with
cycloheximide at 24 hpt. The average fluorometric values were
normalized to an average time 0 measurement and then plotted using
linear regression.
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continues to increase in a linear fashion in PVX-
inoculated protoplasts, it is possible that nuclear gene
expression from a CaMV 35S promoter is more tightly
regulated than cytosolic expression of the same
gene(s) from a PVX viral promoter. The rate of de-
crease in GFP fluorescence following cycloheximide
treatment was greater than the rate of decrease in
GFP:TGBp2 fluorescence. The half-lives calculated for
the GFP and GFP:TGBp2 proteins were 12.4 and 27.1 h,
respectively. The GFP:TGBp2 fusion protein was more
stable than the nonfused GFP protein (Fig. 4D).
Evidence that theGFP andGFP:TGBp2proteins have

shorter half-lives when expressed from the PVX ge-
nome than from pRTL2 constructs indicates that pro-
tein degradation is stimulated during virus infection.
The half-life of the GFP:TGBp2 protein is 8.6 h when
expressed from the PVX genome, and this may account
for increasing cytosolic fluorescence during the course
of infection, representing the last cellular location
during degradation. Since the GFP:TGBp2 protein has
a 2- to 3-fold longer half-life when expressed from the
pRTL2 plasmid, cytosolic accumulation of fluorescence
would be minimal in studies involving these plasmids.

Subcellular Targeting of GFP:TGBp2 and GFP:TGBp3
in Transient Expression Assays

To determine whether the PVX TGBp2 protein itself
associates with vesicles in the absence of virus in-
fection, pRTL2-GFP:TGBp2 plasmids were transfected
into protoplasts or bombarded to tobacco leaves. For
comparison, plasmids expressing GFP, GFP:TGBp3, or
mGFP5-ER, which encodes a version of GFP that has
an N-terminal basic chitinase signal peptide and a
C-terminal HDEL sequence for ER targeting and re-
tention (Siemering et al., 1996), were also used (Fig. 1).
The plasmids expressing GFP:TGBp3 or mGFP5-ER
were selected because these fusion proteins also as-
sociate with the ER and provide a comparison for
studying the pattern of GFP:TGBp2 fluorescence. The
patterns of green fluorescence in protoplasts and
leaves were recorded using confocal microscopy.
Ninety-three percent (28/30) of the protoplasts ex-

pressed GFP:TGBp2 in vesicles only, and 13% (4/30) of
the protoplasts showed fluorescence in the ER as well
as in vesicles associated with the ER (Table I). All cells
contained some aggregates of vesicles (Table I; Fig. 5,
A–C). As in the PVX-GFP:TGBp2-infected protoplasts,
the vesicles or aggregates were either perinuclear or
along the plasma membrane (compare Fig. 2, A and B,
with Fig. 5A).
Both GFP:TGBp3 and mGFP5-ER proteins were

observed in the ER network in protoplasts and tobacco
leaves (Fig. 5, E–H). The tubules and branches of the
cortical ER network were shorter in protoplasts (Fig. 5,
D–H) than in leaf epidermal cells, making the network
in BY-2 protoplasts more difficult to resolve micro-
scopically than in intact leaves. The small volume of
the protoplasts cause the ER network to appear more
compact than it appears in tobacco leaf epidermal

cells. We did not observe fluorescent vesicles in pro-
toplasts or tobacco leaf epidermal cells expressing
either the GFP:TGBp3 or mGFP5-ER constructs (Table
I; data not shown). In protoplasts or bombarded leaves
expressing only GFP, fluorescence was cytosolic and
nuclear (Table I; Fig. 5, I–J). In comparing the data
obtained using GFP:TGBp2, GFP:TGBp3, and mGFP5-
ER constructs, it appears that the GFP:TGBp2 proteins
have the unique ability to associate with vesicles.

GFP:TGBp2 Is in ER-Derived Vesicles and GFP:TGBp3

Is in the ER Network

It is common that viral proteins associating with the
endomembrane system cause changes in membrane
architecture. The PVX TGBp2 protein may cause
invaginations of the ER network similar to those
caused by the membrane-binding proteins encoded
by TMV, BMV, tobacco etch virus, and peanut clump
virus (PCV; Schaad et al., 1997; Reichel and Beachy,
1998; Dunoyer et al., 2002; Schwartz et al., 2002, 2004;
Lee and Ahlquist, 2003). However, we had not elim-
inated the possibility that the PVX TGBp2 protein
associates with Golgi vesicles.

Todetermine the origin of theGFP:TGBp2-associated
vesicles, we conducted immunogold labeling and
electron microscopic analysis of freeze-substituted
leaf tissue taken from transgenic tobacco expressing
mGFP5-ER, GFP:TGBp2, or GFP:TGBp3 proteins (Figs.
6 and 7; Table II). The mGFP5-ER or GFP:TGBp3 trans-
genic tobacco was used for comparison because these
fusion proteins are known to associate with the ER
(Krishnamurthy et al., 2003; Mitra et al., 2003). Immu-
nogold labeling detected GFP in the ER in all three
samples. Nontransgenic samples were included in the
study asnegative controls and showedminimal reaction
with the antisera used in this study (Fig. 6; Table II).

Table I. Subcellular accumulation of fluorescence in transiently
transfected protoplastsa

Construct Total Cells Nucleus Cytosol ER Vesicles Aggregates

GFP 30 30a 30a 0b NO NO
mGFP5-ER 15 0b 0b 15a NO 1b
GFP:TGBp2 30 0bb 0bb 4bb 28a 30a
GFP:TGBp3 30 0c 0c 24b NO 30a

aBY-2 protoplasts were transfected with four GFP constructs, and
fluorescence was analyzed 18 hpt using confocal microscopy. Accu-
mulation of fluorescence in the nucleus, cytosol, ER, vesicles, or
aggregates was quantified. Aggregates were defined as those occasions
when fluorescence appeared in bright amorphous bodies whose
structures were sometimes difficult to describe. The pattern of fluo-
rescence was scored for a random set of 15 or 30 cells. Proportions of
cells containing fluorescence in the nucleus, cytoplasm, ER, vesicles,
and aggregates are compared pairwise with Fisher’s exact test.
Numbers within a row with the same letter are not significantly
different at a 0.05 significance level. bComparison of the 0 values
for nucleus and cytosol with the value of 4 for ER had a P value of
0.0562 and thus is considered biologically significant.
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Immunolabeling was carried out using antiserum
against GFP (since antibodies to the PVX TGBp2 and
TGBp3 proteins were unavailable) and/or binding
protein (BiP; Table II). BiP antiserawere chosen because
the BiP protein is anER resident chaperone that is not in
other areas of the endomembrane system (Fontes et al.,
1991). Ten-nanometer gold particles were associated
with GFP antisera, and 25-nm gold particles were
associated with BiP antisera in all experiments. The
presence of immunogold labeling in the ER, cell wall,
and plasma membrane was quantified and compared
statistically (Table II). The average numbers of gold
particles (of each type) associated with the cell wall,
plasma membrane, ER, vesicles, and Golgi apparatus
were calculated in 1-mm2 fields. Gold particles embed-
ded in the cell wall were scored as cell wall particles.
Gold particles deposited on the cytosolic side of the cell
wall near the plasma membrane were considered to be
associated with the plasma membrane.

Immunogold labeling with the GFP and BiP antisera
was specific (Table II). In mGFP5-ER or GFP:TGBp3
transgenic samples treated with GFP and/or BiP
antisera, the gold particles were mainly along the ER
(Fig. 6, A, C, and D, and Fig. 7, D–F; Table II) and were
rarely in the plasma membrane, cell wall, or Golgi
network. There was minimal label in nontransgenic
samples treated with GFP antisera (data not shown;

Table II). Only the BiP antisera labeled the ER in
nontransgenic cells (Fig. 6G; Table II). Statistical anal-
yses confirm the mGFP5-ER and GFP:TGBp3 fusion
proteins localize mainly to the ER network (Table II).
Additional controls included treating samples with
buffer, TMVantisera, or secondary antisera. There was
little or no labeling of the mGFP5-ER, GFP:TGBp2, and
GFP:TGBp3 transgenic or nontransgenic samples fol-
lowing any of these treatments (Fig. 6, B–F; nontrans-
genic data not shown; Table II).

Membrane vesicles were plentiful in GFP:TGBp2-
expressing tissues (Fig. 7, A–C), but were absent from
mGFP5-ER transgenic, GFP:TGBp3 transgenic, or non-
transgenic leaf samples (Table II; Figs. 6 and 7). At high
magnification, we saw granules along the outline of
many vesicles that we regarded as ribosomes (Fig. 7,
A–C). Vesicles were mainly observed in the cortical
region of the cell and were often abutting the cell wall
(Fig. 7, B and C). Vesicles ranged from 150 to 500 nm in
diameter, and the number of vesicles per 1-mm2 field
ranged from 1 to 3. Roughly 70% of the fields analyzed
in GFP:TGBp2 samples contained vesicles (Table II).

In GFP:TGBp2 transgenic samples, immunolabeling
with GFP was mainly associated with the ER and
TGBp2-induced vesicles (Fig. 7, A–C; Table II). In
GFP:TGBp3 transgenic samples, GFP and BiP immu-
nolabeling was mainly along the ER (Fig. 7, D–F; Table

Figure 5. Confocal images showing subcellular accumulation of fluorescent proteins expressed transiently in BY-2 protoplasts
and N. benthamiana leaves. Arrows point to aggregates and arrowheads point to vesicles in A to C. A, D, F, G, and I, Images of
protoplasts. B, C, E, H, and J, Images of tobacco leaf epidermal cells. A to C, pRTL2-GFP:TGBp2-transfected protoplasts and
cells. D and E, pRTL2-GFP:TGBp3-transfected protoplasts and cells. F to H, pBIN-mGFP5-ER-transfected protoplasts and cells. D
through H show ER network. I and J, pRTL2-GFP-transfected protoplasts and cells. GFP is cytosolic. Bars represent 10 mm.
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II). In both GFP:TGBp2 and GFP:TGBp3 samples, gold
particles were rarely present in the cell wall, plasma
membrane, or Golgi apparatus (Fig. 7, B and C; Table
II). These data indicate that GFP:TGBp2 and GFP:
TGBp3 are ER-associated proteins when expressed
alone. The vesicles seen in GFP:TGBp2 transgenic
cells were never present in GFP:TGBp3, mGFP5-ER,
or nontransgenic leaves, suggesting that they are
TGBp2-induced structures. Immunogold labeling
indicated that GFP:TGBp2 proteins associate with
these vesicles. Since these vesicles were specific to
GFP:TGBp2-expressing samples and were studded
with ribosomes (Fig. 7, A and C), it is likely the
GFP:TGBp2 protein induced reorganization of the ER
to produce these structures.

Bombarded Cells Treated with Brefeldin
A or Latrunculin B

Brefeldin A (BFA) causes Golgi proteins to redistrib-
ute into the ER and impedes transport vesicles from
cycling between the two compartments (Brandizzi
et al., 2002; Nebenfuhr et al., 2002). High BFA concen-
trations cause the formation of Golgi-ER hybrid com-
partments (Nebenfuhr et al., 2002; Ritzenthaler et al.,
2002). If the TGBp2-induced vesicles were Golgi re-
lated, we expect that BFA treatment of GFP:TGBp2-
expressing tissue would eliminate vesicles and disrupt
the ER-Golgi network. If the GFP:TGBp2-induced
vesicles were produced by redistribution of the ER
membranes, as indicated by the results of electron

Figure 6. Electron micrographs taken
of freeze-substituted transgenic and
nontransgenic N. tabacum leaf segments
following various treatments. Cell wall
(cw) mitochondria (m), Golgi stacks (g),
ER (er), and ribosomes (r) are indicated.
The long black and arrows point to GFP-
labeled ultrastructures, and the black and
arrowheads point to BiP-labeled ultra-
structures. A to D, mGFP5-ER transgenic
cells. A and D, mGFP5-ER transgenic
tobacco cells probed with both GFP (10
nm gold) and BiP (20 nm gold) antiserum.
B, mGFP5-ER transgenic cells treated with
buffer and secondary antisera have no
label in the ER. C, mGFP5-ER transgenic
cells treated with GFP antisera show label
associated with the ER. E, GFP:TGBp2
transgenic cell treated with buffer and
secondary antisera. F, GFP:TGBp3 trans-
genic cell treated with buffer and second-
ary antisera. G, Nontransgenic cell treated
with BiPantiserum. Bars represent 0.5mm.
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microscopy, then BFA treatment would not alter the
presence of these vesicles within the cell.

GFP:TGBp2-, GFP:TGBp3-, and mGFP5-ER-express-
ing leaf segments were treated with 200 mg mL21 BFA
for 3 to 4 h (Ritzenthaler et al., 2002; Saint-Jore et al.,
2002; Krishnamurthy et al., 2003; Mitra et al., 2003).
While nontreated leaves expressing GFP:TGBp2 dis-
played typical granular-type vesicles, as well as the
reticulate network (Fig. 8C), in BFA-treated cells the

ER network was dissolved into patches of membranes
and the small granular-type vesicles remained distrib-
uted throughout the cell (Fig. 8F). Since BFA treatment
was not disruptive to the vesicles containing GFP:
TGBp2 proteins (Fig. 8F), it is not likely that these were
Golgi vesicles. In mGFP5-ER- and in GFP:TGBp3-
expressing cells treated with BFA, the ER network is
dissolved and there are large and small patches of
fluorescence scattered throughout the cells (Fig. 8, D

Figure 7. Electron micrographs of freeze-
substituted GFP:TGBp2 and GFP:TGBp3
transgenic N. tabacum leaf segments with
various treatments. The 10-nm gold par-
ticles associated with GFP antiserum are
indicated by long black arrows. The
20-nm gold particles associated with BiP
antiserum are indicated by black arrow-
heads. The mitochondria (m), chloroplast
(chl), cell wall (cw), Golgi apparatus (g),
ER (er), and ribosomes (r) are indicated. A
to C, GFP:TGBp2 transgenic cells show
vesicles. Some vesicles lay along the cell
wall. D to F, GFP:TGBp3 transgenic cells.
A, C, D, and E, Samples treated with GFP
antisera. B and F, Samples treated with
GFP and BiP antiserum. Bars represent
0.5 mm.
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and E). Nontreated leaves expressing mGFP5-ER or
GFP:TGBp3 displayed the reticulate pattern typical of
the ER network (Fig. 8, A–C).
Previous studies have shown that movement is

facilitated by interactions with the actin micro-
filaments (Heinlein et al., 1995; McLean et al., 1995;
Liu et al., 2005). While the immunogold experi-
ments indicate that the GFP:TGBp2-induced vesicles
are ER derived, we were uncertain whether these
vesicles associate with the actin network. To further
characterize the behavior of these GFP:TGBp2-
induced vesicles, leaf segments expressing GFP:
TGBp2 were treated with latrunculin B, which is a po-
tent disrupter of actin filaments (Nebenfuhr et al.,

1999; Ritzenthaler et al., 2002). Latrunculin B also has
minor effects on the shape of the ER, causing an
increase in cisternal ER and blind-ending tubules
(Knebel, et al., 1990; Nebenfuhr et al., 1999; Brandizzi
et al., 2003).

Leaf segments expressing GFP:TGBp2, GFP:TGBp3,
mGFP5-ER, or GFP:TGBp3 were treated for 1 to 2 h
with latrunculin B. The reticulate pattern typical of the
ER network was absent from GFP:TGBp2-expressing
cells treated with latrunculin B (Fig. 8I). Instead, we
saw GFP:TGBp2-containing vesicles in aggregates,
which appeared as many pinwheels within a cell
(Fig. 8I). The vesicles seemed to coalesce as a result
of latrunculin B disruption of the actin network. The

Table II. Distribution of immunogold labeling with GFP, BiP, and TMV antiserum in transgenic N. tabacum leaves

Transgenea Antiserab Fieldsc
Total

CW

Mean 6 SE of Number of Gold Particles in:d

PM ER Golgie Vesiclesf

Experiments using single antisera
GFP:TGBp2 GFP 41 0.8 1 0.3b 0.3 1 0.1b 3.4 6 0.5a 0 6 0b 1.3 6 0.5b
GFP:TGBp3 GFP 31 0.8 6 0.4b 0.7 6 0.4b 4.3 6 0.7a 0 6 0b NO
mGFP5-ER GFP 37 0.4 6 0.2b 0.1 6 0.1b 2.4 6 0.4a 0.4 6 0.2b NO
Nontransgenic GFP 36 0.3 6 0.1a 0.2 6 0.1a 0.3 6 0.1a 0 6 0a NO
GFP:TGBp2 BiP 8 0.3 6 0.3b 1.4 6 0.5a 1.6 6 0.5a – –
GFP:TGBp3 BiP 12 0 6 0b 0.3 6 0.2b 2.5 6 0.3a – NO
mGFP5-ER BiP 12 0 6 0b 0.1 6 0.1b 1.5 6 0.3a – NO
Nontransgenic BiP 15 0.1 6 0.1b 0.4 6 0.2b 2.3 6 0.4a – NO
GFP:TGBp2 NoAb 22 0 6 0a 0 6 0a 0 6 0a – –
GFP:TGBp3 NoAb 20 0 6 0a 0 6 0a 0.1 6 0.1a – –
mGFP5-ER NoAb 13 0 6 0b 0 6 0b 0.6 6 0.2a – –
Nontransgenic NoAb 10 0 6 0a 0 6 0a 0 6 0a – –

Experiments using two antisera
GFP:TGBp2 GFP 51 0.8 6 0.2b 1.1 6 0.2b 3.5 6 0.4a 0 6 0b 2.6 6 0.2b

BiP 51 0 6 0c 0.2 6 0.1c 0.6 6 0.1a 0 6 0c 0.3 6 0.1b
GFP:TGBp3 GFP 28 1.1 6 0.6b 0.4 6 0.2b 7.3 6 0.9a 0.4 6 0.4b NO

BiP 28 0.2 6 0.1b 0 6 0b 1.2 6 0.2a 0.0 6 0b NO
mGFP5-ER GFP 29 2.0 6 0.6b 1.3 6 0.4b 9.1 6 0.7a 0.3 6 0.2b NO

BiP 29 0 6 0b 0.1 6 0.1b 1.5 6 0.3a 0.0 6 0.0b NO
GFP:TGBp2 GFP 16 0.1 6 0.1b 0 6 0b 4.6 6 1.1a – –

TMV 16 0 6 0a 0 6 0a 0 6 0a – –
GFP:TGBp3 GFP 17 1.2 6 0.6b 0.5 6 0.3b 5.8 6 1.0a – NO

TMV 17 0 6 0a 0 6 0a 0 6 0a – NO
mGFP5-ER GFP 13 0 6 0b 0 6 0b 0.6 6 0.2a – NO

TMV 13 0 6 0a 0 6 0a 0 6 0a – NO

aTransgenic tobacco leaf samples were embedded in LR White, sectioned, and analyzed by immunogold labeling and electron microscopy to
assess the subcellular accumulation patterns of GFP:TGBp2 and GFP:TGBp3. Control samples included nontransgenic leaves and transgenic leaves
expressing GFP targeted to the ER (mGFP5-ER). Since we lack antisera to PVX TGBp2 and TGBp3, transgenic plants expressing GFP-fused genes
were used. Immunogold labeling was then conducted using commercially available anti-GFP sera. bIn the top half of the table, samples of
transgenic or nontransgenic tobacco leaves were treated with either full-length mouse monoclonal AV antiserum (BD living colors; CLONTECH
Laboratories) to detect GFP, BiP antiserum, or no primary antiserum (NoAb). All samples were treated with 10-nm gold-conjugated anti-mouse or
anti-rabbit sera. In the bottom half of the table, samples were dual-labeled using antiserum to detect GFP and BiP. As a control, some samples were
treated with antiserum to detect GFP and TMV. These samples were treated with 10 nm and 25 nm of gold-conjugated anti-mouse and anti-rabbit
sera. cFields are defined as areas of 1 mm2 (using an ultrastructure size calculator) that contain gold particles. Gold particles in each field were
counted manually. The total numbers of fields analyzed for each transgenic plant sample are indicated. dThe numbers of gold particles detected
in the cell wall (CW), plasma membrane (PM), and ER were determined for all fields treated with each antiserum. Means within the same row with
the same letter are not significantly different using Fisher’s protected LSD procedure at a 0.05 significance level on square-root-transformed data.
Zeros indicate samples that had the CW, PM, or ER, but no labeling. eThere were few Golgi viewed in all of the samples analyzed. The averages
shown in this table were derived from 5 to 6 Golgi for each sample. –, Antibody treatments in which their reaction with Golgi was not
quantified. fThe vesicles reported in GFP:TGBp2 samples were abundant. Of the total fields analyzed (41 treated with one antiserum and 51
treated with two antisera), there were a total of 72 vesicles viewed. –, Treatments in which the reaction of the antibodies with vesicles was not
quantified. NO, None observed.
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pattern of fluorescence in GFP:TGBp2 differed from
GFP:TGBp3 and mGFP5-ER cells treated with latrun-
culin B. In the mGFP5-ER and GFP:TGBp3 samples
treated with latrunculin B, the cisternal ER was more
prevalent than the tubular ER (Fig. 8, G andH). In both
the mGFP5-ER and GFP:TGBp3 samples treated with
latrunculin B, the tubules of the ER have fewer
branches (Fig. 8, G and H).

Colocalization of GFP:TGBp2 with Actin, Golgi,
and GFP:TGBp1

To further examine the association of GFP:TGBp2-
induced vesicles and actin filaments, tobacco leaves
were bombarded with plasmids expressing
GFP:TGBp2 and either DsRed:Talin or GFP:Talin.
DsRed:Talin- and GFP:Talin-expressing cells dis-
played filamentous arrays typical of the actin network
(Fig. 9, A–E). Higher magnification images clearly
showed GFP:TGBp2-containing vesicles along the
length of the red- or green-labeled actin filaments
(Fig. 9, B–E). When these cells were treated with
latrunculin B, the actin network dissolved and
GFP:TGBp2 vesicles were dispersed in the cytosol
(Fig. 9F).

Although immunogold labeling indicates that the
TGBp2-induced vesicles are primarily associated with
the ER, confocal images suggest that the GFP:TGBp2

vesicles resemble the pattern of Golgi vesicles reported
in previous studies (Boevink et al., 1998; Saint-Jore
et al., 2002). To validate the immunogold-labeling
experiments, we cobombarded plasmids expressing
GFP:TGBp2 and DsRed-sialyl transferase (ST) to to-
bacco leaves. DsRed-ST has the signal anchor of a rat
ST fused to DsRed-2 and is targeted to the Golgi
apparatus (Dixit and Cyr, 2002). The red and green
fluorescent vesicles observed in bombarded cells were
due to DsRed-ST and GFP:TGBp2 expression, respec-
tively, in cobombarded cells (Fig. 9, G–J). However, the
DsRed and GFP signals did not overlap, demonstrat-
ing that GFP:TGBp2 did not localize to the Golgi
network (Fig. 9, G–J), consistent with the results from
our immunogold-labeling studies.

While the cycloheximide chase experiments support
the hypothesis that the PVX TGBp2 protein accumu-
lates in the cytosol and nucleus as a result of protein
degradation, we could not rule out the possibility that
the TGBp2 protein was redirected to the cytosol by
other PVX proteins. This hypothesis is also supported
by the finding that GFP:TGBp2 is cytosolic when
expressed from the PVX genome, but is not cytosolic
when expressed from pRTL2 plasmids. For example,
in protoplasts expressing only GFP:TGBp2, we saw
vesicles and aggregates of vesicles (Fig. 9K). In proto-
plasts expressing only GFP:TGBp1, fluorescence was
nuclear and cytosolic (Fig. 9L). It is possible that, if
TGBp1 and TGBp2 interact during virus infection,
some populations of GFP:TGBp2 could appear to be
nuclear and cytosolic as well. Further investigation is
needed to explore the effects of viral protein-protein
interactions on their subcellular accumulation pat-
terns.

DISCUSSION

There are several reports that the TGBp2 and TGBp3
proteins of PSLV, BNYVV, and PMTV associate with
the ER and with peripheral bodies (sometimes called
punctate bodies; Erhardt et al., 2000; Solovyev et al.,
2000; Cowan et al., 2002; Gorshkova et al., 2003;
Morozov and Solovyev, 2003; Zamyatnin et al., 2004;
Haupt et al., 2005). Since studies were conducted using
confocal microscopy, the nature of the peripheral
bodies was a source of speculation. Some have spec-
ulated that these peripheral bodies are vesicles similar
to Golgi vesicles (Morozov and Solovyev, 2003). The
peripheral bodies observed in studies involving
BNYVV, PMTV, and PSLV were sometimes described
as twin structures forming on opposite walls of
adjacent cells, as seen in this study in PVX-infected
cells (Fig. 3, D and E; Erhardt et al., 2000; Solovyev
et al., 2000; Cowan et al., 2002; Gorshkova et al., 2003;
Morozov and Solovyev, 2003; Zamyatnin et al., 2004;
Haupt et al., 2005). This observation has led to the
suggestion that these viruses use the secretory path-
way to move within the cell toward the plasmodes-
mata (Morozov and Solovyev, 2003). Here, we

Figure 8. Confocal images are of N. benthamiana leaves bombarded
with pRTL2-mGFP5-ER, GFP:TGBp2, and GFP:TGBp3 and treated with
BFA or latrunculin B. Untreated cells transformed with mGFP5-ER (A);
GFP:TGBp3 (B); or GFP:TGBp2 (C). D to F, mGFP5-ER-, GFP:TGBp3-,
and GFP:TGBp2-expressing leaves treated with BFA, respectively. G to
I, mGFP5-ER-, GFP:TGBp3-, and GFP:TGBp2-expressing leaves treated
with latrunculin B, respectively. Arrowheads point to vesicles. Bars
represent 10 mm.
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demonstrated that the PVX TGBp2 protein induces
similar peripheral bodies that could be seen under the
confocal and electron microscope (Figs. 2, 3, 5, and 7).
GFP:TGBp2 was observed in the ER and in vesicles in
PVX-GFP:TGBp2-infected protoplasts and tobacco
plants, in pRTL2-GFP:TGBp2-transfected protoplasts
and bombarded tobacco leaves, and in GFP:TGBp2
transgenic tobacco leaves. Vesicles were not observed
in mGFP5-ER- or GFP:TGBp3-expressing samples,
suggesting that these vesicles were uniquely induced
by the GFP:TGBp2 protein.
Using three different experimental systems, new

evidence was obtained indicating that the peripheral
bodies induced by the PVX TGBp2 protein are vesicles
resulting from invagination of the ER network and are
unrelated to the Golgi apparatus. By electron micros-
copy, it was determined that the vesicles were some-
times studded with ribosomes, suggesting that they
were ER derived (Fig. 7, A–C). BiP and GFP antisera
colabeled vesicles in GFP:TGBp2 transgenic tissues.
Immunolabeling using GFP antiserum did not detect
GFP:TGBp2 along the Golgi apparatus, indicating that

these vesicles were not likely to be Golgi related (Table
II). Further evidence that these vesicles were not
related to the Golgi apparatus was obtained in tran-
sient expression studies using the Golgi marker
DsRed-ST or treatment with BFA (Figs. 8 and 9). These
combined data provide further evidence that the
vesicles were more likely to be derived from the ER
network rather than the Golgi apparatus.

The peripheral bodies reported for PSLV were in-
duced by the TGBp3 protein (Solovyev et al., 2000).
Similar bodies were reported for PMTV to be induced
by both TGBp2 and TGBp3 (Haupt et al., 2005). In this
study, the PVX TGBp2 protein, but not the TGBp3
protein, induces similar structures. Differences among
the PSLV, PMTV, and PVX TGBp3 proteins in their
abilities to induce vesicles might be the result of
evolutionary divergence. In fact, amino acid sequence
analyses of many triple gene block-containing viruses
suggest that the TGBp2 and TGBp3 proteins of potex-
viruses and hordeiviruses diverge. The hordeivirus
and pomovirus TGBp3 proteins have two transmem-
brane domains, similar to the potexvirus TGBp2 pro-

Figure 9. Confocal images showing localization
of GFP:TGBp2 with actin, Golgi, and localiza-
tion of GFP:TGBp1. A to C, Cells expressing
GFP:TGBp2 and DsRed:Talin. Arrows point to
vesicles along actin filaments. D to F, Cells
expressing GFP:TGBp2 and GFP:Talin. Yellow
arrowheads point to vesicles. F, Vesicles in cells
treated with latrunculin B. G to J, Tobacco
epidermal cells cobombarded with GFP-TGBp2
and DsRed-ST. Note that the GFP-TGBp2 vesicles
(arrowhead) do not colocalize with the DsRed-ST
decorated Golgi (arrows). K, Cells expressing
GFP:TGBp2. L, Cells expressing GFP:TGBp1.
Bars represent 10 mm.
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tein. The potexvirus TGBp3 has a single transmem-
brane domain and has a smaller Mr than the hordei-
virus and pomovirus TGBp3 proteins (Morozov and
Solovyev, 2003; Verchot-Lubicz, 2005). The amino acid
sequences show little conservation among the TGBp2
and TGBp3 proteins of hordei-like and potex-like
viruses (Morozov and Solovyev, 2003; Verchot-Lubicz,
2005). While these proteins clearly diverge at the
amino acid sequence level, it is also possible that
divergence of the potex-like viruses and hordei-like
viruses may include differences in their interactions
with the cellular endomembrane system.

The association of PVX TGBp2 with the actin cyto-
skeleton and ER, but not with the Golgi, is consistent
with recent results with the PMTV TGBp2/3 complex
(Haupt et al., 2005). PMTV TGBp2 and TGBp3 showed
early localization with the ER network and eventually
induced the formation of motile granules that aligned
along actin filaments. Moreover, colocalization of the
PMTV TGBp2/3 complex with a variety of fluorescent

markers late in virus infection implicated the endo-
cytic pathway in recycling some of the viral proteins
during virus infection (Haupt et al., 2005). Further
research is needed to determine whether intracellular
movement of PVX, similar to PMTV, uses the endocy-
totic pathway for protein recycling.

Viral proteins that are known to associate with
cellular membranes often cause changes in the endo-
membrane architecture (Schwartz et al., 2002; Lee and
Ahlquist, 2003). As mentioned in the introduction,
VRCs reported for bromoviruses, potyviruses, como-
viruses, and dianthoviruses are derived from invagi-
nation of the cortical ER (Schaad et al., 1997; Carette
et al., 2002a, 2002b; Schwartz et al., 2002; Turner et al.,
2004). In the case of TMV, the viral movement protein
and the 126- and 183-kD proteins are present in these
membrane-bound VRCs, which traffic on microfila-
ments and move to the plasmodesmata (Kawakami
et al., 2004; Liu et al., 2005). The PCV (a pecluvirus) is
a triple gene block-containing virus whose replication

Figure 10. Model linking the ER stress response with virus movement. TGBp2 (black horseshoe) and TGBp3 (black bar) are
located in the ER. TGBp2 is also located in ER-derived vesicles located at the periphery of the cell. During PVX infection, TGBp2
is located in vesicles and in the ER in cells located at the infection front and at the center of the infection foci (this study). We do
not know whether TGBp3 colocalizes with TGBp2 in the ER-derived vesicles during PVX infection. The ER traverses the
plasmodesmata and is a rich store of Ca21 ions. Calmodulin (indicated by gray sphere with a bent arm) is resident in the ER and
plasmodesmata and is one example of a factor that controls fluctuations of Ca21 across the ER. The ER-derived vesicles line the
cell wall and may also be Ca21 stores. Unconventional myosin VIII (gray bars) is a component of plasmodesmata that regulates
gating. Mobilization of calcium, perhaps as a result of ER stress, controls unconventional myosin VIII activities within the
plasmodesmata. ER stress may be caused by TGBp2-induced ER reorganization. We do not yet knowwhether other PVX proteins
associate with the TGBp2-induced vesicles, although it is known that TGBp2 and TGBp3 from PMTV colocalize in vesicles
(Haupt et al., 2005). If the viral movement complex is associated with the TGBp2-induced vesicles, then it is possible the vesicles
move across the plasmodesmata similar to the TMV VRCs. It is also possible that the viral movement complex is exported from
the ER (or vesicles) and then moves across the plasmodesmata. Further research is needed to determine the role of the ER, ER
stress, and calcium signaling in virus cell-to-cell transport. Arrow at the bottom indicates direction of virus movement from one
cell into the adjacent cell.
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complex associates with ER-derived vesicles (Dunoyer
et al., 2002). These PCV-induced vesicles resemble the
vesicles induced by the PVX TGBp2 protein (Dunoyer
et al., 2002). While there is no evidence that the PVX
TGBp2 protein contributes to virus replication, the
TGBp2 protein could potentially colocalize with the
viral replicase to mediate transport of membrane-
boundPVXVRCs, similar to the TMVVRCs (Kawakami
et al., 2004; Liu et al., 2005). Further experiments are
needed to determine whether other PVX proteins and
PVX RNAs associate with these vesicles.
We observed GFP:TGBp2 in the cytosol and nucleus

during PVX infection but not when GFP:TGBp2 was
expressed from pRTL2 plasmids. Statistical analysis of
the data presented in Figure 2 support the hypothesis
that the GFP:TGBp2 protein was redirected to the
cytosol by either viral or cellular factors. The pattern
of fluorescence observed in protoplasts expressing
GFP:TGBp1 was somewhat similar to the pattern of
fluorescence observed in PVX-GFP:TGBp2-infected
cells (compare Fig. 9L with Fig. 2, C and D). Presently,
very little is known regarding interactions among the
triple gene block proteins. Further research is needed
to learn whether protein subcellular targeting is af-
fected by viral protein-protein interactions.
Another explanation for cytosolic and nuclear accu-

mulation of GFP:TGBp2 relates to the increased levels
of protein turnover observed in protoplasts infected
with PVX (Brandizzi et al., 2003). Both GFP and
GFP:TGBp2 proteins had shorter half-lives when
they were expressed from the PVX genome than
when they were expressed from pRTL2 plasmids
(Fig. 4). Either PVX infection, PVX RNA, or other
PVX proteins stimulated protein degradation. Since
the TGBp3 protein is also linked to the ER, it is possible
that either TGBp3 or a combination of viral proteins
can stimulate ER stress responses such as protein
export from the ER, protein degradation by the 26S
proteasome (ER-associated protein degradation), and
fluctuations in ER calcium stores (Navazio et al., 2001;
Martinez and Chrispeels, 2003; Smalle and Vierstra,
2004; Kirst et al., 2005).
The TMV movement protein and the turnip yellow

mosaic virus movement proteins are degraded by the
26S proteasome (Reichel and Beachy, 2000; Drugeon
and Jupin, 2002; Gillespie et al., 2002). In the case of
TMV, protein degradation by the 26S proteasome
regulates virus movement across the plasmodesmata
(Reichel and Beachy, 2000; Gillespie et al., 2002). In
fact, a TMV movement protein that was modified by
DNA shuffling showed improved transport functions
due to its ability to evade proteasome degradation
(Gillespie et al., 2002). Protein degradation by the 26S
proteasome helps to maintain the integrity of the ER
and restore homeostasis in the cell (Reichel and
Beachy, 2000). Evidence that GFP:TGBp2 has a longer
half-life than GFP in pRTL2-transfected protoplasts
suggests that TGBp2 has an ability to evade the
proteasome or other protein degradation machinery,
thereby moving across the plasmodesmata (Reichel

and Beachy, 2000). This may account for cytosolic
accumulation of TGBp2 late in infection. Evidence that
protein translocation out of the ER is independent of
proteasomal degradation was presented in a study of
ricin A degradation in which cytosolic protein accu-
mulation was detected following treatment of cells
with a proteasome inhibitor (Di Cola et al., 2001). Thus,
the ER stress response may play a role in plasmodes-
mata transport by translocating the PVX TGBp2 or
viral movement complexes into the cytosol. The viral
movement complex might evade degradation by the
26S proteasome by moving across the plasmodesmata
(Reichel and Beachy, 2000; Drugeon and Jupin, 2002;
Gillespie et al., 2002).

A model was proposed in which the regulation of
calcium stores in the ER by calreticulin controls un-
conventional myosin VIII activities within the plas-
modesmata and thereby controls plasmodesmata
gating (Baluska et al., 1999; Reichelt et al., 1999). To
expand on this model, it is possible that ER stress
responses to virus infection cause calreticulin to
release calcium stores, thereby modulating plasmo-
desmata gating (Fig. 10). Formation of TGBp2-induced
vesicles might deplete the ER of calcium stores,
causing an influx of calcium into the ER as the cell
tries to regain homeostasis. If myosin within the
plasmodesmata controls plasmodesmata gating, then
fluctuations in calcium levels induced by ER stress and
virus infection could also regulate virus cell-to-cell
movement. Plasmodesmata gating might allow trans-
port of the TGBp2-induced vesicles across the plas-
modesmata. Alternatively, plasmodesmata gating
coincides with translocation of PVX proteins out of
the ER as a result of ER stress responses. To speculate
further, the PVX movement complex might evade 26S
proteasome degradation and move across the plasmo-
desmata (Fig. 10).

To test this model, further research is needed to
determine whether PVX infection triggers ER stress
responses and whether there is a link between ER
stress response and plasmodesmata gating. The ability
of virus infection to cause fluctuations in calcium
levels across the ER is also worthy of further investi-
gation.

MATERIALS AND METHODS

Bacterial Strains and Plasmids

All plasmids were constructed using Escherichia coli strain JM109 (Sambrook

et al., 1989). The plasmids pPVX-GFP and pPVX12D-GFP are infectious clones

of PVX containing the bacteriophage T7 promoter and the enhanced GFP gene

inserted into the PVX cDNA (Fig. 1; Verchot et al., 1998; Krishnamurthy et al.,

2003; Mitra et al., 2003). The pPVX12D-GFP plasmid lacks the entire coding

sequences for the PVX TGBp2 ORF between nucleotide positions 5,170 to 5,423

and was prepared previously (Verchot et al., 1998). The pPVX-GFP:TGBp2

infectious clone was prepared by replacing the GFP gene in the pPVX12D-GFP

infectious clone with the GFP:TGBp2-fused genes. This was accomplished in

three steps. First, the GFP:TGBp2 fusion was PCR amplified using the pRTL2-

GFP:TGBp2 plasmid. A forward GFP primer (CAG CTA GCATCG ATG GTG

AGC AAG GGC GAG GAG CTG) containing a ClaI restriction site (under-

lined) and reverse primer overlapping the TGBp2 (GGC GGT CGA CAT CTA

ATG ACT GCTATG ATT GTT) sequence and containing a SalI restriction site
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(underlined) were used. The PCR products were ligated to pGEMT plasmids

(Promega, Madison, WI). In the second cloning step, the GFP:TGBp2 fusion

was introduced into pCXS-GFP constructs, which contain a single SalI site

(pPVX-GFP constructs contain two SalI sites). The pGEMT-GFP:TGBp2 and

pCXS-GFP plasmids were each digested with ClaI and SalI restriction

enzymes, gel purified, and then ligated. In the third cloning step, the pCXS-

GFP:TGBp2 and pPVX12D-GFP plasmids were digested with ClaI and SpeI

restriction enzymes, gel purified, and then ligated (Fig. 1B).

The plasmids pRTL2-GFP, -GFP:TGBp1, -GFP:TGBp2, and -GFP:TGBp3

were prepared previously (Fig. 1; Yang et al., 2000; Krishnamurthy et al.,

2003; Mitra et al., 2003). The pBIN-mGFP5-ER plasmid was obtained from

Dr. J. Hasselof (Medical Research Council Laboratory of Molecular Biology,

Cambridge, UK; Siemering et al., 1996); pDsRed-ST was a generous gift from

Dr. R. Cyr (Pennsylvania State University, University Park, PA; Dixit and Cyr,

2002). pRTL2-GFP:Talin and -DsRed:Talin contain either enhanced GFP or

DsRed (living colors; CLONTECH Laboratories, Palo Alto, CA) fused with the

coding sequence of the F-actin-binding domain of mouse Talin (Kost et al.,

1998; Fig. 1A).

BY-2 Protoplast Preparation and Transfection

Suspension cells of tobacco BY-2 (Nagata et al., 1992) were maintained as

described in Qi and Ding (2002) with little change. BY-2 cells were propagated

in the BY-2 culture medium (Murashige and Skoog medium [Murashige

and Skoog salts; Sigma, St. Louis] supplemented with 30 g L21 Suc, 256 mg

L21 KH2PO4, 100 mg L21 myoinositol, 1 mg L21 thiamine, and 0.2 mg L21

2,4-dichlorophenoxyacetic acid, pH 5.5 [w/v]) on a rotary shaker at 120 rpm

at 28�C in the dark. Ten milliliters of BY-2 cells were transferred to 50 mL of

fresh media weekly.

Protoplasts were isolated from the suspension cells as previously de-

scribed with slight modifications (Gaire et al., 1999; Qi and Ding, 2002). Three-

day-old cells in suspension culture media were collected by centrifugation at

200g for 5 min and resuspended in 1.5% cellulose Onozuka RS (w/v; Yakult

Pharmaceutical, Tokyo) and 0.2% macerase (w/v; Calbiochem-Novabiochem,

La Jolla, CA) in solution 1 [0.5 M mannitol, 3.6 mM MES, pH 5.5 (w/v)], and

incubated for 3 to 5 h at 30�C in a water bath with a rotary shaker. The

protoplasts were collected by filtration through 41-mm nylon mesh (Spectrum

Laboratories, Rancho Dominguez, CA), and were centrifuged and washed

twice with solution 1 at 100g for 5 min. Finally, protoplasts were resuspended

in solution 2 (solution 1 plus 0.1 mM CaCl2) to a density of about 2 3 106

protoplasts mL21 and incubated on ice for 1 h.

Protoplasts were inoculated with infectious viral RNA transcripts. Tran-

scripts were prepared from pPVX-GFP, pPVX12D-GFP, and pPVX-

GFP:TGBp2 plasmids described previously (Baulcombe et al., 1995). Five

micrograms of transcripts were used to transfect 53 105 BY-2 protoplasts.

Electroporation was carried out at 0.25 kV, 100V, and 125 mF using 0.4-cm gap

cuvettes (Bio-Rad Laboratories, Hercules, CA) and a gene pulser (Bio-Rad

Laboratories). Following electroporation, protoplasts were immediately trans-

ferred into a new tube containing 1 mL of solution 2 and incubated on ice for

30 min, and then at 30�C for 5 min. Protoplasts were collected by centrifu-

gation at 39g for 5 min, resuspended in 1 mL of solution 3 (BY-2 culture media

plus 0.45 M mannitol), and transferred to 6-well cell culture plates (Corning,

Corning, NY) coated with solution 3 plus 1.0% agarose (w/v; pH 5.7).

Protoplasts were cultured at 27�C and then collected at 18, 24, 36, and 48 hpi

by centrifugation at 39g for 5 min.

Protoplasts were also transfected with pRTL2 plasmids by electroporation

as described by Gaire et al. (1999) with a few changes. Protoplasts (13 106 in

0.5 mL) were mixed with 70 to 80 mg of plasmid DNA and 40 mg of sonicated

salmon sperm DNA as carrier. The protoplast-DNA mixture was placed in

a 0.4-cm gap cuvette (Bio-Rad Laboratories) on ice and then electroporated

using a gene pulser (Bio-Rad Laboratories) at 0.18 kV, 100 V, and 125 mF with

three pulses. Protoplasts were transferred after electroporation into a new

tube containing 1 mL of solution 2, incubated on ice for 30 min, and then

collected by centrifugation at 59g for 5 min. Protoplasts were resuspended in

1.5 mL of solution 3 (BY-2 culture media plus 0.45 M mannitol) and added to

6-well cell culture plates (Corning) containing solution 3 plus 1.0% agarose

(w/v; pH 5.7). Protoplasts were cultured at 27�C for 18 h.

RNA- or DNA-transfected protoplasts were collected, washed with

phosphate-buffered saline (PBS), and then fixed with PBS containing 3%

paraformaldehyde (v/v) and 5 mM EGTA for 1 h at room temperature,

followed by washing twice with PBS. Fixed samples were analyzed by

confocal microscopy.

Some protoplasts were stained with DAPI. Transfected protoplasts were

incubated in 10 mg mL21 DAPI in growth media. Protoplasts were then

analyzed by confocal microscopy.

Fluorometric Assays and Cycloheximide Treatment
of BY-2 Protoplasts

In some experiments, protoplasts were inoculated with PVX transcripts or

transfected with pRTL2 plasmids and fluorescence was monitored fluoro-

metrically at 12, 18, 24, 30, 36, and 48 h as described previously (Howard et al.,

2004). The average values from three samples were plotted at each time point.

To measure protein turnover, solution 3 was removed at 24 hpt and replaced

by solution 3 containing 500 mM cycloheximide (Sigma). Protoplasts were

maintained in the 6-well cell culture plates at 27�C for an additional 4, 8, and

12 h. Nontreated protoplast samples were collected at 0 h (24 hpt) and

immediately placed in liquid nitrogen. Cycloheximide-treated protoplasts

were harvested by centrifugation at 59g for 5 min and immediately placed in

liquid nitrogen. GFP expression was assayed by fluorometric analyses.

Plant Material and Plant Inoculations

Tobacco (Nicotiana benthamiana andNicotiana tabacum) plants were used for

studying the subcellular targeting of most proteins. Transgenic N. tabacum

plants expressing mGFP5-ER, GFP:TGBp2, or GFP:TGBp3 were prepared

previously using Agrobacterium transformation, as previously described

(Krishnamurthy et al., 2003; Mitra et al., 2003).

Protoplasts were inoculated with PVX-GFP, PVX12D-GFP, and PVX-

GFP:TGBp2 transcripts. Protoplasts were harvested and ground with an

equal volume (w/v) of Tris-EDTA. Protoplast extracts were rub inoculated to

N. benthamiana leaves with carborundum. Two leaves per plant were in-

oculated. Viruses spread systemically between 5 and 7 dpi. Leaves from

systemically infected plants were harvested and used to inoculate further

plants for microscopic analysis of virus infection. The leaf inoculum was

prepared by grinding leaves 1:5 (w/v) in Tris-EDTA buffer. Two leaves per

plant were each inoculated with 20-mL leaf extracts. Systemic spread of GFP

expression was checked using a hand-held UV lamp.

Biolistic Bombardment

Tobacco (N. benthamiana and nontransgenic N. tabacum) source leaves were

bombarded with pRTL2-GFP, -GFP:TGBp2, -GFP:TGBp3, -GFP:Talin, -DsRed:

Talin, and pBIN-mGFP5-ER to study subcellular accumulation of the fusion

proteins. Source leaves were identified by applying carboxyfluorescein dye

(CF; Sigma) to the petiole of the most mature leaf of an N. benthamiana or

tobacco plant (Yang et al., 2000; Krishnamurthy et al., 2002). Plants were kept

in the dark overnight and the next day leaves were detached and observed

using an epifluorescence microscope and a 103 objective lens. CF dye spread

uniformly in sink leaves. CF dye resided only in the veins in source leaves.

Following the CF dye experiments, source or sink leaves were detached from

plants of similar age and bombarded with plasmids using the PDS 1000/He

system (Bio-Rad Laboratories).

Leaves were bombarded with 10 mg plasmids mixed with 1 mg of 1-mm

gold particles. Tenmicroliters of a DNA-gold mixture were loaded on a carrier

disc and bombarded to detached leaves as described previously (Yang et al.,

2000). The leaves were observed after 24 h using confocal microscopy.

Chemical Inhibitor Treatments of Leaves

Bombarded leaves were incubated overnight (16 h) on moist filter paper.

Leaves were treated with either BFA, which disrupts the ER and Golgi

network, or latrunculin B, which disrupts actin filaments (Henderson et al.,

1994; Nebenfuhr et al., 1999; Ritzenthaler et al., 2002; Saint-Jore et al., 2002).

Leaves were cut into segments, analyzed by epifluorescence microscopy to

detect GFP expression, and then transferred to either a solution of 200 mg

mL21 BFA (Molecular Probes, Eugene, OR) or 1 mM latrunculin B (A.G.

Scientific, San Diego). Each chemical inhibitor was dissolved in 0.1% DMSO

(w/v) solution. Leaf segments were incubated in each chemical inhibitor

solution for 2 to 4 h and then analyzed by confocal laser-scanning microscopy.

As a control, leaf segments were incubated in sterile water or 0.1% DMSO

(w/v) for 4 h and then analyzed by confocal laser-scanning microscopy.
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Fixation, LR White Embedding, and Immunolabeling

of Plant Material

For the electron microscopy studies, nontransgenic, mGFP5-ER,

GFP:TGBp2, and GFP:TGBp3 transgenic tobacco leaf segments were fixed

using the Balzer (Manchester, NH) HPM010 high-pressure freezing machine

located at the Oklahoma Medical Research Center, according to standard

protocols (Kiss et al., 1990). Leaf pieces were excised, washed with distilled,

deionized water, and fitted into 0.4-mm freezer hats (Ted Pella, Reading, CA)

filledwith lecithin solution (100 mgmL21 in chloroform). A drop of 15% (w/v)

aqueous dextran (Mr 38,800) was added to each freezer hat. Freezer hats were

then loaded onto a holder and inserted into the cryochamber at 280�C.
Immediately after freezing, the freezer hats were transferred into Nalgene

(Rochester, NY) cryogenic vials containing supercooled 100% acetone located

in the liquid nitrogen bath.

Freeze substitution was carried out by transferring samples from the

freezer hats to a solution of 1%OsO4 and acetone. Samples weremaintained in

a dry ice/acetone bath for 2.5 d at278.6�C. Samples were transferred from the

freezer hats to vials of acetone and incubated in a freezer at220�C for 2 h, then

in a refrigerator at 0�C for 2 h, and then on the lab bench (23�C) for 2 h.

Samples in vials were then rinsed three times in acetone for 20min, three times

in 100% ethanol for 20 min, and then embedded in LR White resin.

Ultrathin sections (60 nm) were cut using a diamond knife on a Sorvall MT

6000 ultramicrotome and mounted on formvar-coated nickel grids (Electron

Microscopy Science, Hatfield, PA). Immunogold labeling of LR White-

embedded tissues was conducted using full-length mouse monoclonal AV

antisera (BD living colors; CLONTECH Laboratories) to detect GFP and rabbit

polyclonal BiP antisera obtained from Dr. R. Boston (North Carolina State

University). Grids were incubated in blocking solution consisting of PBS, pH

7.5 (130 mM NaCl, 7.0 mM Na2HPO4, 3.0 mM NaH2PO4) plus 2% bovine serum

albumin (BSA; w/v) for 15 min, and then incubated with 2% normal goat

serum (obtained from Astri Wayandande, Oklahoma State University) in PBS

plus 2% BSA for 15 min. Then samples were incubated with either anti-GFP

sera diluted 1:500 in PBS plus 2% BSA (w/v), or BiP antisera diluted 1:10 in

PBS plus 0.1% Tween (v/v), or buffer containing no primary antisera for 2 h.

The grids were then washed five times for 5 min with PBS and then with PBS

plus 2% fish gelatin (v/v) for 15 min. The grids were then incubated for 1 h

with either 10 or 25 nm gold-conjugated rabbit antisera (EY Labs, San Mateo,

CA) diluted 1:10 in PBS plus 2% fish gelatin. Grids were washed three times

for 5 min with distilled, deionized water, and stained with a solution of 2.5%

uranyl acetate and 70%methanol (v/v) for 30 min, and then with a solution of

2% Reynold’s lead citrate, pH 12.0 (in distilled, deionized water) for 20 min.

Samples were washed with lukewarm distilled, deionized water three times

for 5 min and then dried. Control samples were incubated with either blocking

solution only or blocking solution plus 10 nm gold-conjugated rabbit antisera.

For dual labeling to detect BiP and GFP or TMV and GFP, a longer

procedure was followed. Samples were first incubated with BiP or TMV

antiserum diluted 1:10 or 1:50, respectively, in PBS plus 0.1% Tween (v/v) for

2 h and then with the 25-nm gold-conjugated rabbit antisera diluted 1:10 in

PBS plus 2% fish gelatin for 2 h as described above. Samples were washed

twice for 10 min with PBS and then incubated for 30 min with full-length

mouse monoclonal AV antisera diluted 1:500 in PBS. Samples were washed

five times for 5 min with PBS, then for 15 min with PBS with 2% fish gelatin,

and then incubated with for 30 min with 10 nm gold-conjugated secondary

antibody (EY Labs) diluted 1:10 in PBS plus 2% fish gelatin. Grids were

washed twice for 10 min with PBS, three times for 5 min with distilled,

deionized water. Samples were stained with uranyl acetate and Reynold’s

lead citrate as described above.

Confocal and Electron Microscopy

A Leica TCS SP2 (Leica Microsystems, Bannockburn, IL) or a Bio-Rad

1024ES (Bio-Rad Laboratories) confocal imaging system was used to study

subcellular localization of the GFP fusion proteins in tobacco epidermal cells

that were either bombarded with plasmids or inoculated with the PVX

viruses. The Leica TCS SP2 system was attached to a Leica DMREmicroscope.

The Bio-Rad 1024ES system was attached to a Zeiss Axioskop (Carl Zeiss,

Thornwood, NY) and was used for experiments involving GFP:Talin and

DsRed:Talin. Both microscopes were equipped with epifluorescence and

water immersion objectives. For confocal microscopy, a UV laser and a

krypton/argon laser were used to examine fluorescence. A 488-nm excitation

wavelength was used to view GFP expression, a 358-nm excitation wave-

length was used to view DAPI, and 543- or 568-nm excitation wavelengths

were used to examine DsRed expression. In general, 15 to 30 optical sections

were taken of each cell at 0.3- to 2-mm intervals.

Electronmicroscopic analysis of samples was carried out using a JEOL JEM

100 CXII scanning transmission electron microscope. Photographs were taken

and developed in a dark room and then scanned using an HP scan jet 4570c.

All images obtained by epifluorescence, confocal, or electronmicroscopy were

processed using Adobe Photoshop CS version 8.0 software (Adobe Systems,

San Jose, CA).

Statistical Analyses

Logistic regression for fluorescence in each subcellular address (vesicle,

nucleus, and cytoplasm), with the presence/absence of each address as the

response variable and time as the independent variable was performed using

data presented in Figure 1, J and K (PROC LOGISTIC, PC SAS, version 8.2;

SAS Institute, Cary, NC). These regressions were performed for both the PVX-

GFP:TGBp2 and PVX-GFP. Slope estimates and P values were determined.

Linear and polynomial regressions were used to find the best-fit curve for

comparing fluorescence in BY-2 protoplasts before and after cycloheximide

treatments in Figure 4. The distribution fluorescence in BY-2 protoplasts

recorded in Table I was analyzed with pairwise Fisher’s exact tests using

PROC FREQ in PC SAS version 8.2. A significance level of 0.05 was used for all

comparisons.

ANOVA procedures with PC SAS version 8.2 (SAS Institute) and PROC

GLM were used to evaluate differences in location in the number of gold

particles observed in the electron micrographs that were reported in Table II.

The analysis was performed for each combination of transgene and antiserum.

Due to problems in homogeneity of variance and distributional assumptions,

a square-root transformation was used prior to conducting the ANOVAs.

When the ANOVAwas significant, pairwise comparisons of the locations were

made with a PDIFF option in an LSMEANS statement. A significance level of

0.05 was used for all comparisons.

Upon request, all novel materials described in this publication will be

made available in a timely manner for noncommercial research purposes,

subject to the requisite permission from any third-party owners of all or parts

of the material. Obtaining permission will be the responsibility of the

requester.
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