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ABSTRACT Plant viruses cross the barrier of the plant cell wall by moving through
intercellular channels, termed plasmodesmata, to invade their hosts. They accom-
plish this by encoding movement proteins (MPs), which act to alter plasmodesmal
gating. How MPs target to plasmodesmata is not well understood. Our recent char-
acterization of the first plasmodesmal localization signal (PLS) identified in a viral
MP, namely, the MP encoded by the Tobamovirus Tobacco mosaic virus (TMV), now
provides the opportunity to identify host proteins that recognize this PLS and may
be important for its plasmodesmal targeting. One such candidate protein is Arabi-
dopsis synaptotagmin A (SYTA), which is required to form endoplasmic reticulum
(ER)-plasma membrane contact sites and regulates the MP-mediated trafficking of
begomoviruses, tobamoviruses, and potyviruses. In particular, SYTA interacts with,
and regulates the cell-to-cell transport of, both TMV MP and the MP encoded by the
Tobamovirus Turnip vein clearing virus (TVCV). Using in planta bimolecular fluores-
cence complementation (BiFC) and yeast two-hybrid assays, we show here that the
TMV PLS interacted with SYTA. This PLS sequence was both necessary and sufficient
for interaction with SYTA, and the plasmodesmal targeting activity of the TMV PLS
was substantially reduced in an Arabidopsis syta knockdown line. Our findings show
that SYTA is one host factor that can recognize the TMV PLS and suggest that this
interaction may stabilize the association of TMV MP with plasmodesmata.

IMPORTANCE Plant viruses use their movement proteins (MPs) to move through
host intercellular connections, plasmodesmata. Perhaps one of the most intriguing,
yet least studied, aspects of this transport is the MP signal sequences and their host
recognition factors. Recently, we have described the plasmodesmal localization sig-
nal (PLS) of the Tobacco mosaic virus (TMV) MP. Here, we identified the Arabidopsis
synaptotagmin A (SYTA) as a host factor that recognizes TMV MP PLS and promotes
its association with the plasmodesmal membrane. The significance of these findings
is two-fold: (i) we identified the TMV MP association with the cell membrane at plas-
modesmata as an important PLS-dependent step in plasmodesmal targeting, and (ii)
we identified the plant SYTA protein that specifically recognizes PLS as a host factor
involved in this step.
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Plasmodesmata (Pd) are complex plant transwall pores that serve as gateable
channels for the cell-to-cell trafficking of endogenous macromolecules and invad-

ing viral pathogens (1–5). Historically, the first virus shown to traffic through Pd was the
Tobamovirus Tobacco mosaic virus (TMV), which encodes a single 30-kDa viral protein
termed movement protein (MP) (6). The major activities of TMV MP associated with its
ability to mediate virus spread between cells include binding to single-stranded nucleic
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acids and viral genomes, targeting to Pd, and increasing Pd permeability to promote
intercellular viral genome transport (7–10). Despite intensive investigation of TMV MP
(6, 7, 9), the molecular pathway for its targeting to Pd remains largely undefined.

Sorting of proteins into the correct targeting pathway and ultimately to the proper
subcellular compartment or extracellular space requires that appropriate receptor
molecules recognize specific targeting signals within the cargo protein. For example,
importins interact with basic nuclear localization signals in order to target specific cargo
proteins to the nuclear pore via an importin-alpha-dependent pathway (11, 12). We
recently identified the first plasmodesmal localization signal (PLS) in a viral MP, located
within the N-terminal 50 amino acid residues of the TMV MP (MP1–50) (13). This now
allows us to identify host cell proteins that recognize MP1–50 and which may facilitate
TMV MP targeting to or association with Pd. One such candidate protein is Arabidopsis
synaptotagmin A (SYTA), which is required to form endoplasmic reticulum-plasma
membrane (ER-PM) contact sites in Arabidopsis thaliana (14). SYTA has been shown to
regulate the ability of diverse viral MPs, including TMV MP and the MP encoded by the
related Tobamovirus Turnip vein clearing virus (TVCV), to alter Pd to promote virus
cell-to-cell transport (14, 15). Specifically, TVCV MP interacts with SYTA at ER-PM contact
sites to remodel these sites during virus infection. This remodeling forms virus repli-
cation sites at Pd and relocates SYTA to within Pd active in MP cell-to-cell transport.
Importantly, SYTA at ER-PM contact sites is required for TVCV MP to accumulate in Pd
during infection (14). We now show here that SYTA interacted with TMV MP1–50. The
PLS sequence in MP1–50 was both necessary and sufficient for this interaction with
SYTA, and the accumulation of TMV MP1–50 at Pd, like that of TVCV MP, was reduced by
nearly 3-fold in an Arabidopsis syta knockdown line. Thus, SYTA appears to be a host cell
factor that can recognize the PLS in TMV MP1–50 and stabilize MP association with Pd.

RESULTS
TMV MP1–50 interacts with Arabidopsis SYTA. We expected that a PLS-interacting

protein involved in Pd targeting would possess at least two important features: it would
be located in close proximity to the plasma membrane, in which Pd are known to reside
(16), and it would be known to interact with full-length TMV MP and be required for MP
intercellular movement. It might also be associated with the ER, with which the MPs
encoded by TMV and TVCV are also known to associate (17). In particular, both of these
MPs associate with cortical ER membrane to form virus replication sites adjacent to Pd
(18–20). Among all identified TMV MP-interacting proteins, only one fulfills all three
criteria, namely, Arabidopsis SYTA (14, 15). We therefore examined whether SYTA
interacted with TMV MP1–50 and whether this interaction was impaired in either of the
two known single-amino-acid-substitution mutants in the PLS that do not target to Pd,
MP1–50(V4A) and MP1–50(F14A) (13). Notably, although there is about 58% conservation
between the amino acid sequence of the TMV MP1–50 and the corresponding regions
of other Tobamovirus MPs, the analogous Phe-14 is found in all Tobamovirus MPs, and
TVCV MP also has Val at amino acid position 4, with Val or the conservative substitution
Met being found at the equivalent position in other Tobamovirus MPs (18).

We first assessed TMV MP1–50 and SYTA interactions using the yeast two-hybrid
system, in which protein interaction is detected based on histidine prototrophy. As
shown in Fig. 1A, MP1–50 interacted with SYTA. SYTA also interacted with the
MP1–50(V4A) missense mutant. However, SYTA did not interact with the missense mutant
MP1–50(F14A), in which the conserved Phe-14 was mutated, nor did it interact with
TMV MPΔ1–50, which lacks the N-terminal TMV MP 50 amino acid residues that contain
the PLS (Fig. 1A). In control experiments, none of the tested protein combinations
interfered with cell growth under nonselective conditions (i.e., in the presence of
histidine) (Fig. 1B).

We next used bimolecular fluorescence complementation (BiFC) (21, 22) to confirm
the MP1–50-SYTA interaction in planta. In this approach, a molecule of yellow fluores-
cent protein (YFP) is separated into two parts, N-terminal (nYFP) and C-terminal (cYFP),
neither of which fluoresces when expressed alone, but the fluorescence is restored
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when nYFP and cYFP are brought together as fusions with interacting proteins (21, 22).
BiFC analyses have shown that TVCV MP interacts with SYTA early in virus infection to
recruit SYTA to Pd (14). These studies further suggest that TVCV MP and SYTA tran-
siently interact in the absence of infection (14). The free amino terminus of TMV MP is
required for it to be transported to Pd (13). Thus, in order to show stable interaction of
TMV MP1–50 with SYTA, which is normally located at ER-PM contact sites, we blocked
the amino terminus of full-length MP and MP1–50 by fusing each to the nYFP BiFC
reporter. Figure 2 shows that, as expected (14, 15), nYFP-tagged full-length TMV MP
interacted with SYTA-cYFP in plant cells, with the interacting proteins accumulating
along the plasma membrane of the cell at the SYTA-marked ER-PM contact sites.
Similarly, we found that SYTA-cYFP interacted with both nYFP-MP1–50 and nYFP-
MP1–50(V4A) (Fig. 2). Fitting with this, nYFP-MPΔ1–50 did not interact with SYTA-cYFP: we
did not detect a fluorescent signal when we coexpressed SYTA-cYFP with nYFP-MPΔ1–50

(Fig. 2), even though cyan fluorescent protein (CFP)-MPΔ1–50, when transiently ex-
pressed, does stably accumulate in plant cells (13). We also did not detect a signal when
we coexpressed SYTA-cYFP with nYFP-MP1–50(F14A) (Fig. 2), again indicating lack of
interaction, although reduced stable autofluorescence of this MP fusion construct
cannot be ruled out. Overall, our BiFC results closely paralleled those obtained in the
yeast two-hybrid system (Fig. 1A). Consistent with our previous findings in Nicotiana
benthamiana (13), MP-CFP and MP1–50-CFP, each tagged at their carboxy terminus with
CFP and transiently expressed in Arabidopsis Col-0 leaf cells, were found to accumulate
at Pd, identified by their diagnostic punctate pattern along the cell wall (10, 13, 23–28)
(Fig. 3). In contrast, MP1–50(V4A)-CFP, MP1–50(F14A)-CFP, and MPΔ1–50-CFP displayed a
nucleocytoplasmic pattern of subcellular distribution (Fig. 3). Collectively, our data
show that SYTA interacted with TMV MP1–50, which contains the PLS, and further
suggested that residue Phe-14 within the PLS may be a critical site for both this
interaction and Pd targeting.

The Pd targeting activity of TMV MP PLS requires SYTA. To better understand
the involvement of SYTA in the ability of the PLS to target TMV MP to Pd, we used the

FIG 1 MP1–50-SYTA interaction in the yeast two-hybrid system. (A) Cell growth in the absence of
histidine, tryptophan, and leucine. (B) Cell growth in the absence of tryptophan and leucine. Growth in
histidine-deficient medium represents selective conditions for protein-protein interaction.
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well-characterized syta-1 line of Arabidopsis Col-0, a transfer DNA (T-DNA) insertional
knockdown SYTA mutant (14, 15). This homozygous line accumulates full-length SYTA
protein to ~10% of the levels found in wild-type Col-0 (15), yet the syta-1 plants have
normal fertility, and they do not develop dramatic phenotypes under either long- or
short-day conditions (15). Previous studies of the Tobamovirus TVCV using this syta-1
knockdown line demonstrate that SYTA at ER-PM contact sites is required for TVCV MP
to accumulate in Pd and further show that TVCV MP recruits SYTA to Pd for virus
replication and movement (14). In these studies, TVCV MP, when transiently expressed,
accumulated in Pd in syta-1 leaf cells to ~50% of the levels found in wild-type Col-0
plants at 24 h postbombardment, whereas the Pd levels of PDLP1, which unlike
Tobamovirus MPs traffics to Pd through the secretory pathway (29), were the same in
both lines (14). We therefore transiently expressed TMV MP-CFP or MP1–50-CFP in leaf
cells of wild-type Col-0 and mutant syta-1 plants. We also expressed DsRed2-tagged
PDCB1, a Pd-localized glycosylphosphatidylinositol (GPI)-anchored membrane protein
that presumably reaches Pd via the secretory pathway (30). We quantified our results
using integrated density measurements.

As shown in Fig. 4, both TMV MP-CFP and MP1–50-CFP, which contains the PLS,
accumulated at Pd in wild-type Col-0 and in syta-1 plants. However, as found for TVCV
MP (14), both TMV MP-CFP and MP1–50-CFP accumulated to lower levels at Pd in syta-1

FIG 2 MP1–50-SYTA interaction in living plant cells. Protein interaction was analyzed by BiFC in
N. benthamiana leaves agroinfiltrated with the tested combinations (1:1 wt/wt ratio) of expression
constructs. YFP signal is in yellow; plastid autofluorescence was filtered out. Fluorescence images are
single confocal sections. DIC, differential inference contrast. Scale bars � 10 �m.
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Col-0 compared to wild-type Col-0. In contrast, PDCB1-DsRed2 appeared to accumulate
at Pd to comparable levels in both wild-type Col-0 and syta-1 plants (Fig. 4). Our
integrated density measurements confirmed these differences: both TMV MP-CFP and
MP1–50-CFP accumulated at Pd in syta-1 leaf cells to ~35%, the levels found in wild-type

FIG 3 Pd targeting of MP, MP1–50, MP1–50(V4A), PLSF14A, and MPΔ1–50. Subcellular localization of MP-CFP,
MP1–50-CFP, MP1–50(V4A)-CFP, MP1–50(F14A)-CFP, and MPΔ1–50-CFP was analyzed in microbombarded
wild-type Col-0 Arabidopsis leaves. CFP signal is blue; plastid autofluorescence was filtered out. Images
are single confocal sections. Scale bars � 10 �m.

FIG 4 Pd targeting of MP, MP1–50, and PDCB1 in the wild-type and syta-1 mutant plants. Subcellular
localization of MP-CFP, MP1–50-CFP, and PDCB1-DsRed2 was analyzed in microbombarded leaves of the
wild-type (WT) Col-0 and mutant syta-1 Arabidopsis plants. CFP signal is blue; DsRed2 signal is in red.
Plastid autofluorescence was filtered out. Images are single confocal sections. Scale bars � 10 �m.
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Col-0, whereas, as previously shown for PDLP1 (14), there was no statistical difference
in the accumulation of PDCB1-DsRed2 at Pd (Fig. 5).

DISCUSSION

The ER and endomembrane system have been shown to be necessary for TMV MP
and TVCV MP to target to Pd, although neither MP traffics through the secretory
pathway to reach Pd (18, 19, 31, 32). Recent studies establish that interaction with SYTA
at ER-PM contact sites is required for TVCV MP to accumulate in Pd during virus
infection (14). The C-terminal region of SYTA comprising the two Ca2�/lipid binding
domains has been implicated in this interaction (15), but the TVCV MP sequence or
sequences required to interact with SYTA have not been identified. We show here that
TMV MP1–50, which contains the PLS sequence, is necessary and sufficient for TMV MP
to interact with SYTA (Fig. 1 and 2). A specific point mutation in the PLS sequence that
rendered it inactive for Pd targeting (13) also abolished the interaction with SYTA
(Fig. 3). In addition, the accumulation of TMV MP1–50 at Pd was markedly reduced in the
Arabidopsis syta-1 knockdown line (Fig. 4 and 5).

SYTA localizes to ER-PM contact sites in plant cells and is required to form these
sites, tethering the ER to the plasma membrane, in Arabidopsis (14). Studies of TVCV
show that during infection, TVCV MP interacts with SYTA at ER-PM contact sites near Pd,
remodeling these sites to form virus replication sites at Pd and relocate SYTA within Pd
that are active in TVCV MP cell-to-cell transport (14). However, while TVCV MP (14), as
well as TMV MP and their viral RNA genome cargo (reviewed in reference 33), move
through Pd, SYTA itself does not move through Pd (14). In a similar manner, the TMV
MP PLS acts as a bona fide targeting sequence that is not involved in subsequent
protein movement through the Pd channel (13). This suggests that the interaction with
SYTA most likely represents one step, and possibly the concluding step, in the Pd
targeting pathway of MP. This step aims to stabilize, via the PLS-SYTA interaction, the
association of MP with plasma membrane regions lining Pd. Indeed, MP1–50 alone,
which contains the PLS, has been shown to target to Pd, but it remains associated with
the plasma membrane rather than with the more distant cell wall-resident portion of Pd
(13). In addition to TMV MP and TVCV MP, SYTA is involved in Pd transport and
infectivity of other plant viruses in Arabidopsis, specifically the unrelated Begomovirus
Cabbage leaf curl virus (CaLCuV) and the Potyvirus Turnip mosaic virus (TuMV) (14, 15).
If and when PLSs are identified in the MPs of these viruses, it will be interesting to
examine whether these sequences, analogous sequences, or perhaps distinct se-
quences are those recognized by SYTA.

FIG 5 Quantification of Pd targeting of MP, MP1–50, and PDCB1 in the wild-type and syta-1 mutant plants.
(A) Pd targeting of MP-CFP and MP1–50-CFP. (B) Pd targeting of PDCB1-DsRed2. Protein accumulation at
Pd was assessed by integrated density measurements of the data obtained as described in Fig. 4. Error
bars represent standard error of the mean (SEM) from three biological replicates. Light and dark gray bars
represent wild-type Col-0 and mutant syta-1 Arabidopsis plants, respectively. Differences in Pd accumu-
lation indicated by different letters are statistically significant (P values �0.001), and those by the same
letter are not statistically significant. A. U., arbitrary units.
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MATERIALS AND METHODS
Plants. Nicotiana benthamiana plants were grown on soil in an environment-controlled chamber at

22°C under a 16-h light (75 �mol photons m�2 s�1)/8-h dark cycle. The homozygous Arabidopsis thaliana
Col-0 syta-1 mutant was described previously (15). Wild-type Col-0 and syta-1 plants were grown on soil
in an environment-controlled chamber at 23°C under a 16-h light (100 �mol photons m�2 s�1)/8-h dark
cycle.

Constructs. For subcellular localization studies, we used the binary plasmids expressing MP-CFP,
MP1–50-CFP, MP1–50(V4A)-CFP, MP1–50(F14A)-CFP, and MPΔ1–50-CFP. These constructs and PDCB1-DsRed2
were previously described (13).

For BiFC constructs expressing nYFP-MP1–50, nYFP-MP1–50(V4A), nYFP-MP1–50(F14A), and nYFP-MPΔ1–50,
each corresponding coding sequence was transferred from the original pSAT1 vector (13) into the
HindIII-KpnI sites of pSAT4-nEYFP-C1 (34). To construct SYTA-cYFP, the SYTA coding sequence was PCR
amplified from pBSII SK (15) and cloned into the EcoRI-KpnI sites of pSAT1-nEYFP-N1 (34).

For yeast two-hybrid constructs, LexA fusions of MP1–50, MP1–50(V4A), MP1–50(F14A), and MPΔ1–50 were
generated by transferring the corresponding coding sequences from the pSAT1 vectors (13) into the
EcoRI-PstI sites of pSTT91(TRP1�) (35). To construct the LexA-SYTA fusion, the SYTA coding sequence in
pBSII SK (15) was cloned into the EcoRI-PstI sites of pGAD424(LEU2�) (Clontech; Mountain View, CA). All
constructs were verified by DNA sequencing.

Yeast two-hybrid assay. Each test construct was introduced into Saccharomyces cerevisiae strain
TAT7(L40-ura3) (36), plated at the indicated cell densities on media lacking leucine, tryptophan, and
histidine, and grown for 2 days at 30°C. For control experiments, cells were plated and grown on media
deficient in leucine and tryptophan. Cell growth media and conditions were as described before (37, 38).
Positive interactions were detected by histidine prototrophy (39).

Plant transient expression studies. N. benthamiana plants at the 6- to 10 leaf-stage (6 weeks old
or less, largest leaves ~6 to 8 cm in diameter) were used for agroinfiltration. The appropriate binary
plasmids in Agrobacterium tumefaciens strain EHA105 (40) were grown overnight at 28°C, and
cultures diluted to cell density of of 0.3 at A600 were infiltrated into the abaxial side of intact leaves
of N. benthamiana immediately above the cotyledon using a 1-ml syringe as described previously
(41, 42).

For biolistic delivery, each test construct (50 �g) was adsorbed onto 10 mg of 1-�m-diameter gold
particles (Bio-Rad, Hercules, CA), and the leaf epidermis of 5- to 6-week-old Arabidopsis Col-0 was
bombarded with them using a Helios gene gun system (model PDS-1000/He; Bio-Rad) at 80 to 110 lb/in2

pressure as described previously (10). Leaves were analyzed using confocal microscopy at 24 to 48 h
postagroinfiltration or postbombardment. At least 10 plants were used for each experimental condition,
and all experiments were repeated three times.

Confocal laser-scanning microscopy. Images were collected with a Zeiss LSM 5 Pascal laser-
scanning confocal microscope. A 458- or 488-nm line from an argon ion laser was used to excite CFP and
YFP, respectively, and a 543-nm line from a helium-neon ion laser was used to excite DsRed2. Image
acquisition settings (laser intensity and photomultiplier tube [PMT]) were maintained between different
experiments. From 100 to 120 cells were examined for each experiment.

To measure integrated density signals, all confocal images were collected using the same setting
references and imported into Adobe Photoshop, and the signal of nonspecific protein aggregations was
eliminated. The integrated density signal at Pd was then quantified using the ImageJ software (version
1.51, NIH) with the “analyze particles” command (http://imagej.nih.gov/ij/). The detected particle size was
set to 3 to 50 px2, and the threshold was adjusted to 50 as previously described (14). All experiments
were repeated at least three times in independent biological replicates.

ACKNOWLEDGMENTS
The work in the V.C. laboratory was supported by grants from the NIH, NSF,

USDA/NIFA, and BARD to V.C., and the work in the S.G.L. laboratory was supported by
a grant from the NIH to S.G.L.

REFERENCES
1. Kitagawa M, Paultre D, Rademaker H. 2015. Intercellular communication

via plasmodesmata. New Phytol 205:970 –972. https://doi.org/10.1111/
nph.13254.

2. Fujita T. 2015. Plasmodesmata: function and diversity in plant intercellular
communication. J Plant Res 128:3–5. https://doi.org/10.1007/s10265-014
-0697-0.

3. Brunkard JO, Runkel AM, Zambryski PC. 2015. The cytosol must flow:
intercellular transport through plasmodesmata. Curr Opin Cell Biol 35:
13–20. https://doi.org/10.1016/j.ceb.2015.03.003.

4. Yadav SR, Yan D, Sevilem I, Helariutta Y. 2014. Plasmodesmata-mediated
intercellular signaling during plant growth and development. Front
Plant Sci 5:44. https://doi.org/10.3389/fpls.2014.00044.

5. Nelson RS. 2005. Movement of viruses to and through plasmodesmata,
p 188 –211. In Oparka K (ed), Plasmodesmata. Blackwell Publishing,
Oxford, United Kingdom.

6. Deom CM, Oliver MJ, Beachy RN. 1987. The 30-kilodalton gene product
of tobacco mosaic virus potentiates virus movement. Science 237:
389 –394. https://doi.org/10.1126/science.237.4813.389.

7. Wolf S, Deom CM, Beachy RN, Lucas WJ. 1989. Movement protein of
tobacco mosaic virus modifies plasmodesmatal size exclusion limit.
Science 246:377–379. https://doi.org/10.1126/science.246.4928.377.

8. Waigmann E, Lucas WJ, Citovsky V, Zambryski PC. 1994. Direct functional
assay for tobacco mosaic virus cell-to-cell movement protein and iden-
tification of a domain involved in increasing plasmodesmal permeability.
Proc Natl Acad Sci U S A 91:1433–1437. https://doi.org/10.1073/pnas.91
.4.1433.

9. Citovsky V, Knorr D, Schuster G, Zambryski PC. 1990. The P30 movement
protein of tobacco mosaic virus is a single-strand nucleic acid binding
protein. Cell 60:637– 647. https://doi.org/10.1016/0092-8674(90)90667-4.

10. Ueki S, Lacroix B, Krichevsky A, Lazarowitz SG, Citovsky V. 2009. Func-

TMV MP Plasmodesmal Localization Signal and Plant SYTA ®

July/August 2018 Volume 9 Issue 4 e01314-18 mbio.asm.org 7

http://imagej.nih.gov/ij/
https://doi.org/10.1111/nph.13254
https://doi.org/10.1111/nph.13254
https://doi.org/10.1007/s10265-014-0697-0
https://doi.org/10.1007/s10265-014-0697-0
https://doi.org/10.1016/j.ceb.2015.03.003
https://doi.org/10.3389/fpls.2014.00044
https://doi.org/10.1126/science.237.4813.389
https://doi.org/10.1126/science.246.4928.377
https://doi.org/10.1073/pnas.91.4.1433
https://doi.org/10.1073/pnas.91.4.1433
https://doi.org/10.1016/0092-8674(90)90667-4
http://mbio.asm.org


tional transient genetic transformation of Arabidopsis leaves by biolistic
bombardment. Nat Protoc 4:71–77. https://doi.org/10.1038/nprot.2008
.217.

11. Freitas N, Cunha C. 2009. Mechanisms and signals for the nuclear import
of proteins. Curr Genomics 10:550 –557. https://doi.org/10.2174/1389
20209789503941.

12. Pemberton LF, Paschal BM. 2005. Mechanisms of receptor-mediated
nuclear import and nuclear export. Traffic 6:187–198. https://doi.org/10
.1111/j.1600-0854.2005.00270.x.

13. Yuan C, Lazarowitz SG, Citovsky V. 2016. Identification of a functional
plasmodesmal localization signal in a plant viral cell-to-cell-movement
protein. mBio 7:e02052-15. https://doi.org/10.1128/mBio.02052-15.

14. Levy A, Zheng JY, Lazarowitz SG. 2015. Synaptotagmin SYTA forms
ER-plasma membrane junctions that are recruited to plasmodesmata for
plant virus movement. Curr Biol 25:2018 –2025. https://doi.org/10.1016/
j.cub.2015.06.015.

15. Lewis JD, Lazarowitz SG. 2010. Arabidopsis synaptotagmin SYTA reg-
ulates endocytosis and virus movement protein cell-to-cell transport.
Proc Natl Acad Sci U S A 107:2491–2496. https://doi.org/10.1073/pnas
.0909080107.

16. Maule AJ, Benitez-Alfonso Y, Faulkner C. 2011. Plasmodesmata—
membrane tunnels with attitude. Curr Opin Plant Biol 14:683– 690.
https://doi.org/10.1016/j.pbi.2011.07.007.

17. Peiró A, Martínez-Gil L, Tamborero S, Pallás V, Sánchez-Navarro JA,
Mingarro I. 2014. The Tobacco mosaic virus movement protein associates
with but does not integrate into biological membranes. J Virol 88:
3016 –3026. https://doi.org/10.1128/JVI.03648-13.

18. Levy A, Zheng JY, Lazarowitz SG. 2013. The tobamovirus Turnip vein
clearing virus 30-kilodalton movement protein localizes to novel nuclear
filaments to enhance virus infection. J Virol 87:6428 – 6440. https://doi
.org/10.1128/JVI.03390-12.

19. Heinlein M, Padgett HS, Gens JS, Pickard BG, Casper SJ, Epel BL, Beachy
RN. 1998. Changing patterns of localization of the tobacco mosaic virus
movement protein and replicase to the endoplasmic reticulum and
microtubules during infection. Plant Cell 10:1107–1120. https://doi.org/
10.1105/tpc.10.7.1107.

20. Reichel C, Beachy RN. 1998. Tobacco mosaic virus infection induces
severe morphological changes of the endoplasmic reticulum. Proc
Natl Acad Sci U S A 95:11169 –11174. https://doi.org/10.1073/pnas.95.19
.11169.

21. Hu CD, Chinenov Y, Kerppola TK. 2002. Visualization of interactions
among bZIP and Rel family proteins in living cells using bimolecular
fluorescence complementation. Mol Cell 9:789 –798. https://doi.org/10
.1016/S1097-2765(02)00496-3.

22. Citovsky V, Lee LY, Vyas S, Glick E, Chen MH, Vainstein A, Gafni Y, Gelvin
SB, Tzfira T. 2006. Subcellular localization of interacting proteins by
bimolecular fluorescence complementation in planta. J Mol Biol 362:
1120 –1131. https://doi.org/10.1016/j.jmb.2006.08.017.

23. Boyko V, Ferralli J, Ashby J, Schellenbaum P, Heinlein M. 2000. Function
of microtubules in intercellular transport of plant virus RNA. Nat Cell Biol
2:826 – 832. https://doi.org/10.1038/35041072.

24. Heinlein M, Epel BL, Padgett HS, Beachy RN. 1995. Interaction of To-
bamovirus movement proteins with the plant cytoskeleton. Science
270:1983–1985. https://doi.org/10.1126/science.270.5244.1983.

25. Oparka KJ, Prior DAM, Santa Cruz S, Padgett HS, Beachy RN. 1997. Gating
of epidermal plasmodesmata is restricted to the leading edge of ex-
panding infection sites of tobacco mosaic virus (TMV). Plant J 12:
781–789. https://doi.org/10.1046/j.1365-313X.1997.12040781.x.

26. Crawford KM, Zambryski PC. 2001. Non-targeted and targeted protein
movement through plasmodesmata in leaves in different developmen-
tal and physiological states. Plant Physiol 125:1802–1812. https://doi
.org/10.1104/pp.125.4.1802.

27. Kotlizky G, Katz A, van der Laak J, Boyko V, Lapidot M, Beachy RN,
Heinlein M, Epel BL. 2001. A dysfunctional movement protein of Tobacco
mosaic virus interferes with targeting of wild-type movement protein to
microtubules. Mol Plant Microbe Interact 14:895–904. https://doi.org/10
.1094/MPMI.2001.14.7.895.

28. Roberts IM, Boevink P, Roberts AG, Sauer N, Reichel C, Oparka KJ. 2001.
Dynamic changes in the frequency and architecture of plasmodesmata
during the sink-source transition in tobacco leaves. Protoplasma 218:
31– 44. https://doi.org/10.1007/BF01288358.

29. Uchiyama A, Shimada-Beltran H, Levy A, Zheng JY, Javia PA, Lazarowitz
SG. 2014. The Arabidopsis synaptotagmin SYTA regulates the cell-to-cell
movement of diverse plant viruses. Front Plant Sci 5:584. https://doi.org/
10.3389/fpls.2014.00584.

30. Simpson C, Thomas CL, Findlay K, Bayer E, Maule AJ. 2009. An Arabidop-
sis GPI-anchor plasmodesmal neck protein with callose binding activity
and potential to regulate cell-to-cell trafficking. Plant Cell 21:581–594.
https://doi.org/10.1105/tpc.108.060145.

31. Wright KM, Wood NT, Roberts AG, Chapman S, Boevink P, Mackenzie KM,
Oparka KJ. 2007. Targeting of TMV movement protein to plasmodes-
mata requires the actin/ER network: evidence from FRAP. Traffic 8:21–31.
https://doi.org/10.1111/j.1600-0854.2006.00510.x.

32. Schoelz JE, Harries PA, Nelson RS. 2011. Intracellular transport of plant
viruses: finding the door out of the cell. Mol Plant 4:813– 831. https://
doi.org/10.1093/mp/ssr070.

33. Peña EJ, Heinlein M. 2012. RNA transport during TMV cell-to-cell move-
ment. Front Plant Sci 3:193. https://doi.org/10.3389/fpls.2012.00193.

34. Tzfira T, Tian GW, Lacroix B, Vyas S, Li J, Leitner-Dagan Y, Krichevsky A,
Taylor T, Vainstein A, Citovsky V. 2005. pSAT vectors: a modular series of
plasmids for autofluorescent protein tagging and expression of multiple
genes in plants. Plant Mol Biol 57:503–516. https://doi.org/10.1007/
s11103-005-0340-5.

35. Sutton A, Heller RC, Landry J, Choy JS, Sirko A, Sternglanz R. 2001. A
novel form of transcriptional silencing by Sum1-1 requires Hst1 and the
origin recognition complex. Mol Cell Biol 21:3514 –3522. https://doi.org/
10.1128/MCB.21.10.3514-3522.2001.

36. Hollenberg SM, Sternglanz R, Cheng PF, Weintraub H. 1995. Identifica-
tion of a new family of tissue-specific basic helix-loop-helix proteins with
a two-hybrid system. Mol Cell Biol 15:3813–3822. https://doi.org/10
.1128/MCB.15.7.3813.

37. Kaiser C, Michaelis S, Mitchell A. 1994. Methods in yeast genetics. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

38. Krichevsky A, Zaltsman A, Lacroix B, Citovsky V. 2011. Involvement of
KDM1C histone demethylase-OTLD1 otubain-like histone deubiquitinase
complexes in plant gene repression. Proc Natl Acad Sci U S A 108:
11157–11162. https://doi.org/10.1073/pnas.1014030108.

39. SenGupta DJ, Zhang B, Kraemer B, Pochart P, Fields S, Wickens M. 1996.
A three-hybrid system to detect RNA-protein interactions in vivo. Proc
Natl Acad Sci U S A 93:8496 – 8501. https://doi.org/10.1073/pnas.93.16
.8496.

40. Tzfira T, Jensen CS, Wang W, Zuker A, Vinocur B, Altman A, Vainstein A.
1997. Transgenic Populus: a step-by-step protocol for its Agrobacterium-
mediated transformation. Plant Mol Biol Rep 15:219 –235. https://doi
.org/10.1023/A:1007484917759.

41. Kapila J, De Rycke R, Van Montagu M, Angenon G. 1997. An Agro-
bacterium-mediated transient gene expression system for intact leaves.
Plant Sci 122:101–108. https://doi.org/10.1016/S0168-9452(96)04541-4.

42. Wroblewski T, Tomczak A, Michelmore R. 2005. Optimization of
Agrobacterium-mediated transient assays of gene expression in lettuce,
tomato and Arabidopsis. Plant Biotechnol J 3:259 –273. https://doi.org/
10.1111/j.1467-7652.2005.00123.x.

Yuan et al. ®

July/August 2018 Volume 9 Issue 4 e01314-18 mbio.asm.org 8

https://doi.org/10.1038/nprot.2008.217
https://doi.org/10.1038/nprot.2008.217
https://doi.org/10.2174/138920209789503941
https://doi.org/10.2174/138920209789503941
https://doi.org/10.1111/j.1600-0854.2005.00270.x
https://doi.org/10.1111/j.1600-0854.2005.00270.x
https://doi.org/10.1128/mBio.02052-15
https://doi.org/10.1016/j.cub.2015.06.015
https://doi.org/10.1016/j.cub.2015.06.015
https://doi.org/10.1073/pnas.0909080107
https://doi.org/10.1073/pnas.0909080107
https://doi.org/10.1016/j.pbi.2011.07.007
https://doi.org/10.1128/JVI.03648-13
https://doi.org/10.1128/JVI.03390-12
https://doi.org/10.1128/JVI.03390-12
https://doi.org/10.1105/tpc.10.7.1107
https://doi.org/10.1105/tpc.10.7.1107
https://doi.org/10.1073/pnas.95.19.11169
https://doi.org/10.1073/pnas.95.19.11169
https://doi.org/10.1016/S1097-2765(02)00496-3
https://doi.org/10.1016/S1097-2765(02)00496-3
https://doi.org/10.1016/j.jmb.2006.08.017
https://doi.org/10.1038/35041072
https://doi.org/10.1126/science.270.5244.1983
https://doi.org/10.1046/j.1365-313X.1997.12040781.x
https://doi.org/10.1104/pp.125.4.1802
https://doi.org/10.1104/pp.125.4.1802
https://doi.org/10.1094/MPMI.2001.14.7.895
https://doi.org/10.1094/MPMI.2001.14.7.895
https://doi.org/10.1007/BF01288358
https://doi.org/10.3389/fpls.2014.00584
https://doi.org/10.3389/fpls.2014.00584
https://doi.org/10.1105/tpc.108.060145
https://doi.org/10.1111/j.1600-0854.2006.00510.x
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.1093/mp/ssr070
https://doi.org/10.3389/fpls.2012.00193
https://doi.org/10.1007/s11103-005-0340-5
https://doi.org/10.1007/s11103-005-0340-5
https://doi.org/10.1128/MCB.21.10.3514-3522.2001
https://doi.org/10.1128/MCB.21.10.3514-3522.2001
https://doi.org/10.1128/MCB.15.7.3813
https://doi.org/10.1128/MCB.15.7.3813
https://doi.org/10.1073/pnas.1014030108
https://doi.org/10.1073/pnas.93.16.8496
https://doi.org/10.1073/pnas.93.16.8496
https://doi.org/10.1023/A:1007484917759
https://doi.org/10.1023/A:1007484917759
https://doi.org/10.1016/S0168-9452(96)04541-4
https://doi.org/10.1111/j.1467-7652.2005.00123.x
https://doi.org/10.1111/j.1467-7652.2005.00123.x
http://mbio.asm.org

	RESULTS
	TMV MP1–50 interacts with Arabidopsis SYTA. 
	The Pd targeting activity of TMV MP PLS requires SYTA. 

	DISCUSSION
	MATERIALS AND METHODS
	Plants. 
	Constructs. 
	Yeast two-hybrid assay. 
	Plant transient expression studies. 
	Confocal laser-scanning microscopy. 

	ACKNOWLEDGMENTS
	REFERENCES

