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INTRODUCTION

Plant positive-sense (+) RNA viruses remodel the endomem-
brane system of infected cells to produce viral factories  
(Laliberté and Sanfaçon, 2010; Laliberté and Zheng, 2014; 
Romero-Brey and Bartenschlager, 2014; Harak and Lohmann, 
2015). Viral factories may take the form of spherules, which re-
sult from the invagination of the outer membrane of organelles 
such as the endoplasmic reticulum (ER) (Brome mosaic virus 
[BMV]), peroxisomes (Tomato bushy stunt virus [TBSV]), or chlo-
roplasts (Turnip yellow mosaic virus). In plant cells infected by 
other RNA viruses, viral factories can be associated with vesi-
cles that are released from the ER (Laliberté and Zheng, 2014). 
Spherules and vesicles contain viral replication complexes 
(VRCs) that are made of the viral RNA-dependent RNA poly-
merase (vRdRp), replication-associated viral and host proteins, 
and viral RNA (vRNA) as well as its associated double-stranded 
replicative form (Cotton et al., 2009). Besides being involved in 
vRNA replication, vesicles also can be involved in the movement 
of a vRNA-protein complex using myosin motors (Harries et al., 

2009; Amari et al., 2011, 2014; Agbeci et al., 2013) to reach plas
modesmata (Grangeon et al., 2013; Tilsner et al., 2013). Then, 
the vRNA-protein complex enters the plasmodesmata, leading 
to the infection of neighboring healthy cells (Kawakami et al., 
2004; Grangeon et al., 2013).
  Plant (+) RNA virus genomes encode at least one membrane- 
associated protein that triggers the formation of spherules or 
vesicles (Laliberté and Zheng, 2014). These viral proteins are 
part of the VRCs and associate with membranes through trans-
membrane domains (TMDs) and/or amphipathic helices (Zhang 
et al., 2005; Liu et al., 2009). Host membrane proteins may fur-
ther mediate the association of VRCs with cellular membranes 
(Nishikiori et al., 2011). Ectopic expression of these membrane- 
associated proteins very often produces spherules or vesicles 
similar to those produced during infection (Schwartz et al., 2002;  
Beauchemin et al., 2007). These membrane-associated viral 
proteins contain functional domains for direct or indirect inter-
actions with vRNA and viral replication proteins as well as host 
factors that lead to the assembly of the VRCs (Kovalev et al., 
2012; Diaz et al., 2015). For example, the C-terminal half of the 
viral protein p27 of Red clover necrotic mosaic virus (RCNMV) 
interacts with the p88 polymerase and further recruits the viral  
RNA 2 template for viral RNA replication (Mine et al., 2010; Iwakawa 
et al., 2011). Also, the N-terminal 16 amino acid residues of Car-
nation italian ringspot virus viral protein p36 mediate its interac-
tion with host protein Vps23 (Richardson et al., 2014).
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  Interaction studies between membrane-associated viral 
proteins and host factors have emphasized the importance of 
protein trafficking components in the biogenesis of spherules  
or vesicles (Patarroyo et al., 2013; Laliberté and Zheng, 
2014; Hyodo and Okuno, 2016). Endosomal sorting complex-
es required for transport (ESCRT) factors, which are normally  
required for the formation of multivesicular bodies (MVBs) 
(Schmidt and Teis, 2012), are hijacked by TBSV and BMV and 
appear to facilitate membrane curvature and VRC assembly 
(Barajas et al., 2009, 2014; Diaz et al., 2015). Host factors of 
the early secretory pathway, such as COPII Sec24A (Sec24  
homolog A) and COPI ARF1, were identified as being involved 
in the formation of the replication vesicles of Turnip mosaic  
virus (TuMV) and RCNMV, respectively (Hyodo et al., 2013; Wei 
et al., 2013; Jiang et al., 2015). Finally, soluble N-ethylmaleimide  
sensitive factor attachment protein receptors (SNAREs) and 
synaptotagmins (SYTs), such as the ER SNARE Syp71 (Wei 
et al., 2013) and SYTA (Uchiyama et al., 2014), which normally 
work in concert to regulate fusion of transport vesicles with 
target membranes (Rizo et al., 2006), were shown to be im-
portant for TuMV infection. SYTA knockdown (KD) mutant also 
impaired Turnip vein clearing virus and Cabbage leaf curl virus 
movement and infection (Lewis and Lazarowitz, 2010; Uchiyama 
et al., 2014; Levy et al., 2015). However, it is not known if the 
conventional secretory pathway is required for the viral vesicles 
to reach plasmodesmata or whether a different, unconventional 
route is used.
  TuMV is a (+) RNA virus in the family of Potyviridae (Mayo, 
1995). Its 9.8-kb genome encodes at least 11 viral proteins, and 
among them are the membrane-associated P3 and 6K2 pro-
teins (Restrepo-Hartwig and Carrington, 1994; Eiamtanasate  
et al., 2007; Jiang et al., 2015). 6K2 is a 6-kDa protein and, 
according to secondary structure predictions, is character-
ized by the presence of a 23-amino acid α-helix TMD, as 
well as a 19- and an 11-amino acid N- and C-terminal tail, 

respectively (Jiang et al., 2015). 6K2 is involved in the forma-
tion of vesicles (Beauchemin et al., 2007; Cotton et al., 2009; 
Grangeon et al., 2012) that contain vRNA and viral proteins 
such as the vRdRp, the cytoplasmic inclusion helicase, and 
the viral protein linked to the genome fused to the viral pro-
teinase (VPg-Pro) (Cotton et al., 2009; Grangeon et al., 2012; 
Wan et al., 2015a), as well as host components such as trans-
lation factors (Beauchemin et al., 2007; Beauchemin and  
Laliberté, 2007; Thivierge et al., 2008; Huang et al., 2010). 
These vesicles are motile and thus support the vRNA intra-
cellular and intercellular movement as well as systemic move-
ment, which leads to the infection of the whole plant (Cotton 
et al., 2009; Grangeon et al., 2013; Wan et al., 2015b). The 
presence of TuMV replication complexes in vascular elements 
thus challenges existing conceptions of virus long-distance 
transport (Folimonova and Tilsner, 2018).
  The molecular determinants contained in 6K2 that direct 
vesicle production and trafficking are largely unknown. Recently, 
we found both that the N-terminal cytoplasmic tail of 6K2 is 
required for the ER export of 6K2 and that it interacts with the 
COPII subunit Sec24A (Jiang et al., 2015). We report here that 
the predicted TMD of 6K2 contains a GxxxG motif (x being 
any amino acid) that is important for the production of replica-
tion vesicles. Mutating the Gly residues of this motif blocked  
the production of replication vesicles and delocalized 6K2  
to Golgi bodies and the plasma membrane (PM), which pre-
vented virus production. We also demonstrate that 6K2 vesi-
cles bypass the Golgi apparatus and use a nonconventional 
pathway for effective virus infection. Indeed, impairing ER- 
Golgi trafficking did not inhibit 6K2 vesicle production and, on 
the contrary, enhanced the effect on virus cell-to-cell move-
ment and whole-plant systemic infection. Finally, we found  
that this Golgi bypass pathway involved VTI11 (VESICLE  
TRANSPORT V-SNARE11) a prevacuolar compartment (PVC) 
SNARE protein.
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RESULTS

Identification of a GxxxG Motif within the Transmembrane 
Domain of 6K2

We previously demonstrated that the N-terminal tail of 6K2  
is involved in ER exit by interacting with the COPII subunit  
Sec24A in Nicotiana benthamiana (Jiang et al., 2015). To further 
define the role of the 6K2 TMD in replication vesicle biogenesis, 
we compared the amino acid sequence of predicted TMDs of 
different potyviruses using the Clustal W2 online server (Larkin 
et al., 2007). Gly residues are found at position 30, 33, 34, and 
35 of the TuMV 6K2, and this amino acid is frequently found at 
equivalent positions among potyviral 6K2 proteins (Figure 1A). 
In particular, Gly-34 is present in all the aligned sequences, and 
Gly-35 is present in all except for the Potato virus A 6K2 where 
it is replaced by an alanine residue. Gly-30 is present in four out 
of the seven aligned sequences or is replaced by comparable 
small amino acid residues (e.g., Ala or Ser) for Potato virus Y and 
Tobacco etch virus. Helical wheel projection of the predicted 6K2 
TMD of TuMV indicates that Gly-30 and Gly-34 are located on the 
same side of the predicted α-helix (Figure 1A). This amino acid 
organization is characteristic of the GxxxG motif, which medi-
ates protein interactions between membrane proteins (Teese 
and Langosch, 2015).
  We performed site-directed mutagenesis to substitute each 
Gly with a Val to test the importance of these residues in the for-
mation of the 6K2-induced vesicles. The functionality of 6K2 fluo-
rescent protein fusions has been well documented by our group 
and others. For instance, 6K2:mCherry fusion behaves similarly 
as 6K2:GFP (Cotton et al., 2009), and 6K2:GFP, like 6K2, induc-
es the formation of ER-derived vesicles and the formation of 
chloroplast invaginations (Wei et al., 2013). Finally, 6K2:mCherry  
colocalizes with vRNA and replication viral proteins (Wan et al., 
2015b). We generated the following mutants 6K2

G30V, 6K2
G33V, 

6K2
G34V, 6K2

G35V, and 6K2
G30V-G33V-G34V-G35V (this last mutant is des-

ignated as 6K2
GV), and each was fused to the N-terminal end 

of GFP or mCherry. Fusion proteins were produced by Agro-
bacterium tumefaciens-mediated transient protein expression in  
N. benthamiana leaves. Expression of wild-type 6K2:GFP induced 
the formation of punctae and aggregates of various sizes, ranging 
from 0.5 to 4.0 μm in diameter (Figure 1B). The expression pattern 
for 6K2

G33V and 6K2
G35V was similar to that of wild-type 6K2 protein. 

However, expression of 6K2
G30V, 6K2

G34V, and 6K2
GV generated 

punctae of ∼2.0 μm in diameter that were dispersed and evenly 
distributed. In all cases, faint retention in the ER of the 6K2 pro-
tein was observed. A cellular fractionation experiment indicated  
that 6K2

GV, like wild-type 6K2, was predominantly found in the 
30,000g membrane-associated pellet (P30 fraction) (Figure 1C),  
thereby confirming that 6K2

GV was still a membrane protein.

Mutation of the GxxxG Motif Causes 6K2 to Localize in the 
Golgi Apparatus

We then investigated the cellular distribution of the 6K2
GV mutant 

protein. The diameter and homogenous size of the punctate 
structures induced by 6K2

G30V, 6K2
G34V, and 6K2

GV were reminiscent  
of Golgi bodies (Figure 1B). We consequently expressed 6K2:mCherry  

or 6K2
GV:mCherry with ERD2:GFP, a cis-Golgi marker that also 

faintly labels the ER (Saint-Jore et al., 2002). Only a portion of 
the wild-type 6K2 punctae overlapped with ERD2:GFP, while all 
6K2

GV punctae localized with this marker (Figure 1D). Twenty 
cells were analyzed and we calculated that 51% ± 6% of 6K2 
punctae localized with the cis-Golgi marker, while the value rose 
up to 96% ± 4% for 6K2

GV (Figure 1E). Furthermore, a strong 
continuous signal for 6K2

GV:mCherry was visible at the cell pe-
riphery, but this was not the case for wild-type 6K2:mCherry 
(Figure 1F), indicating that 6K2 may have reached the PM be-
cause the GxxxG motif was mutated. The PM marker AHA2:GFP  
(Chen et al., 2011) was expressed with 6K2

GV:mCherry or the 
cytoplasmic protein mCherry. The signal for 6K2

GV:mCherry was 
on the apoplastic side, whereas mCherry was located on the 
cytoplasmic side of the PM marker (Figure 1G). Recalling the 
membranous nature of the mutated viral protein (Figure 1C, low-
er panel), 6K2

GV is likely PM localized, but we cannot exclude 
the possibility that the viral protein has also been secreted into 
the apoplast. The lack of PM labeling by 6K2

GV:GFP (Figure 1B) 
can be explained by the pH sensitivity of GFP, which loses its 
fluorescence in the acidic environment of the apoplast (Doherty 
et al., 2010), but this is not the case for mCherry (Ivanov and 
Harrison, 2014). These results indicate that mutating the GxxxG 
motif has modified 6K2 from a vesicle-forming protein to a 
default membrane protein that now traffics through the conven-
tional secretory pathway.

Differential Sensitivity of 6K2 and 6K2
GV to Inhibitors of  

ER-Golgi Trafficking

Brefeldin A (BFA) is a fungal toxin that blocks the entrance of 
proteins into the Golgi-dependent trafficking secretory pathway 
by impairing COPI function. Hence, BFA is widely used to as-
sess if the trafficking of the protein under observation follows 
the conventional Golgi-dependent secretory pathway (Nebenführ 
et al., 2002). Leaf tissues expressing the trans-Golgi marker 
ST:YFP (Zheng et al., 2005), 6K2:GFP, or 6K2

GV:GFP were treated 
with 20 μg/mL BFA 24 h prior to confocal observation. As ex-
pected, the addition of BFA induced the collapse of the Golgi 
apparatus, as evidenced by the retention of ST:YFP in the ER 
(Figure 2A). However, addition of BFA did not block the forma-
tion of 6K2-induced punctae, although some ER labeling was 
observed. In contrast, BFA prevented 6K2

GV from reaching the 
Golgi apparatus, resulting in its complete ER retention. This ex-
periment clearly shows that 6K2 and 6K2

GV have a differential 
sensitivity to BFA, confirming that the intracellular trafficking of 
6K2 is relocated toward the ER-Golgi-PM conventional secretory  
pathway when the GxxxG motif is mutated.
  To support the notion that 6K2

GV transits through the Golgi 
apparatus, we studied two dominant-negative mutant GTPases 
known to impair the secretory pathway. The first mutant pro-
tein, a GFP fusion with the ADP-ribosylation factor 1 mutated in 
its GTP/GDP exchanging site (GFP:ARF1 NI), blocks the COPI 
machinery and leads to the reabsorbance of Golgi membrane 
proteins into the ER (Stefano et al., 2006). The second mutant 
protein used was Rab-D2A N123I, which is a dominant-negative 
mutant of Rab-D2A that inhibits trafficking between the ER 
and Golgi (Zheng et al., 2005). Expression of GFP:ARF1 NI and 
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Rab-D2A N123I lead to a clear retention of the Golgi marker 
Man49:mCherry (Saint-Jore-Dupas et al., 2006) in the ER (Figure 
2B). Similarly, 6K2

GV:mCherry remained in the ER when either 
of the two dominant negative mutants was expressed. On the 
contrary, the localization pattern of 6K2:mCherry (e.g., produc-
tion of heterogeneous sized punctae) produced either ectopi-
cally or during infection was not affected by the presence of the 
protein trafficking inhibitors. These experiments confirmed that 
6K2

GV enters the Golgi apparatus and follows the conventional 
secretory pathway, whereas this is not the case for most of the 
wild-type 6K2.
  Proteins can undergo co- and posttranslational modification, 
such as N-glycosylation. In silico glycosylation prediction indi-
cates the presence of two putative N-glycosylation sites in 6K2 
(Figure 2C). N-glycosylation initially takes place in the ER but can 
further be modified in the Golgi apparatus. Normally, N-glycans 
are sensitive to removal by peptide-N-glycosidase F (PNGase F), 
but addition in the Golgi apparatus of fucose α (1-3)-linked to the 
glycan core blocks removal of the glycan by PNGase F (Tretter  
et al., 1991). Consequently, if a population of 6K2 effectively does 
not enter the Golgi apparatus, this population would be expected  
to accumulate as a PNGase F-sensitive form. To test this hy-
pothesis, we expressed 6K2:GFP in N. benthamiana leaves and  
incubated the cell-free extract with PNGase F. As controls, we 
expressed N-YFP:HDEL and N-ST:YFP, which are a N-glycosylable 
form of the ER marker YFP:HDEL and the Golgi marker ST:YFP, 
respectively (Batoko et al., 2000). Immunoblot analysis showed 
that N-YFP:HDEL and N-ST:YFP were PNGase F-sensitive and 
PNGase F-resistant, respectively (Figure 2D). On the other hand, 
6K2 was partially sensitive to PNGase F treatment. The degly-
cosylation assay demonstrates that 6K2 is glycosylated in the 
ER and that a subset of 6K2 enters the Golgi apparatus (upper 
resistant band) and that another subset bypasses this organelle 
(lower sensitive band). No N-glycosylation site was predicted 
to be found in GFP and lack of GFP modification indicates that 
it is the 6K2 moiety of the fusion protein that was glycosylated.

The GxxxG Motif Is Required for Virus Replication

We next evaluated the impact of mutating the GxxxG motif of 6K2 
on virus production. Mutations coding for 6K2

G30V, 6K2
G34V, and 

6K2
GV were introduced into the infectious clone pCambiaTuMV  

(Jiang et al., 2015), and the resulting modifications were identified 
as pCambiaTuMVG30V, pCambiaTuMVG34V, and pCambiaTuMVGV,  
respectively. pCambiaTuMVVNN, in which the vRdRp core motif  
GDD was changed to VNN, was used as a replication- 
defective virus control (Li and Carrington, 1995). The above viral  
constructs were used to inoculate plants by Agrobacterium- 
mediated infiltration. Viral replication was assayed 3.25 d post-
infiltration (dpi) prior to any virus intercellular movement (Figure 
3A) . The intercellular viral movement was evaluated by using 

Figure 1.  Mutation of the GxxxG Motif in 6K2 Alters Its Localization.

(A) Sequence alignment of the predicted TMDs of several potyviral 6K2 
proteins. The conserved Gly residues are shown (light blue) and the cor-
responding amino acid position in TuMV is indicated below. PPV, Plum 
pox virus; PVA, Potato virus A; PVY, Potato virus Y; SMV, Soybean mosaic  
virus; LMV, Lettuce mosaic virus; TEV, Tobacco etch virus. To the right 
is a helical wheel projection of the predicted 6K2 TMD of TuMV. The Gly 
residues located at positions 30 and 34 are indicated. 
(B) Fluorescence imaging of N. benthamiana cells expressing GFP fu-
sions of wild-type 6K2 and the indicated 6K2 mutants at 3 dpi. These 
images are three-dimensional renderings stacks of 40 1-μm-thick slices 
that overlap by 0.5 μm. 
(C) Membrane association of wild-type 6K2 and 6K2

GV protein. S3, total 
protein fraction; S30, soluble protein fraction; P30, membrane protein 
fraction. Immunoblotting was performed with anti-GFP antibodies. 
(D) Confocal images of N. benthamiana epidermal cells expressing 
6K2:mCherry (top middle panel) or 6K2

GV:mCherry (bottom middle panel) 
with the cis-Golgi marker ERD2:GFP (left panels). Their coexpression 
is shown in the right panels (merge). Arrows in right top panel indicate 
6K2:mCherry colocalizing with the cis Golgi marker. 
(E) Colocalization of ERD2:GFP and 6K2:mCherry (6K2) or 6K2

GV:mCherry 
(6K2

GV). Statistical significance was calculated using the Pearson’s cor-
relation coefficient r values of ImageJ and a t test analysis was done  
(*P < 0.05). Values indicate means ± sd and n = 18 cells. 
(F) Fluorescence images of cells expressing 6K2

GV:mCherry or 6K2: 
mCherry merged with the bright field image are shown. 

(G) The PM marker AHA2:GFP was expressed with either 6K2
GV:mCherry 

or mCherry. Asterisks indicate the interior of the cells. All confocal images  
are single optical images (1 μm thick). Three independent biological re-
peats were performed for (B), (D), and (F), and two for (C) and (G). 
Bars = 20 μm in (B), (F), and (G) and 10 μm in (D).
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the dual tagged TuMV infectious clone (TuMV/6K2:mCherry//
GFP-HDEL) that enables to follow virus intercellular movement 
with the newly infected area labeled with red fluorescence only 
(Agbeci et al., 2013). Replication was evaluated by RT-qPCR 
(Figure 3B). A high quantity of vRNA was observed following 
infiltration with pCambiaTuMV, whereas a lesser amount was 
obtained with the replication-deficient pCambiaTuMVVNN. The signal 
from pCambiaTuMVVNN resulted from transcription of the TuMVVNN  
gene cassette without any vRNA amplification step. The amount 
of vRNA following agroinoculation with pCambiaTuMVGV,  
pCambiaTuMVG34V, and pCambiaTuMVG30V was close to the level 

obtained with pCambiaTuMVVNN, indicating that the mutations 
severely affected virus replication. However, comparison be-
tween pCambiaTuMVVNN and pCambiaTuMVG30V conditions 
highlighted that a slight, but significant, level of replication was 
taking place for TuMVG30V.
  TuMV intercellular movement was followed by infiltrating leaves 
with pCambiaTuMV/6K2:GFP or pCambiaTuMVG30V/6K2

G30V: 
GFP. In the first construct, the 6K2:GFP coding sequence 
was inserted between the P1 and HC-Pro cistron of TuMV, 
thus allowing the release of 6K2:GFP upon production of the  
viral polyprotein (Cotton et al., 2009; Grangeon et al., 2012). 

Figure 2.  Differential Sensitivity of 6K2 and 6K2
GV to Inhibitors of ER-Golgi Trafficking.

(A) Confocal microscopy observation of N. benthamiana epidermal leaf cellsexpressing the trans-Golgi markers ST:YFP, 6K2:GFP, and 6K2
GV:GFP were 

treated with DMSO (left panels) or with 20 μg/mL BFA (right panels) 24 h prior to confocal observation. Images are three-dimensional rendering stacks 
of 40 1-μm-thick slices that overlap by 0.5 μm. 
(B) Confocal microscopy observation of N. benthamiana epidermal leaf cellexpressing the Golgi markers Man49:mCherry, 6K2

GV:mCherry, and 6K2: 
mCherry ectopically or during TuMV infection alone (left panels) or in cells expressing Rab-D2A N123I (middle panels) or GFP:ARF1 NI (right panels). 
Images are three-dimensional renderings of 40 1-μm-thick slices that overlap by 0.5 μm. 
(C) 6K2 N-glycosylation sites on the Asn residues in positions 2 and 17 (red) predicted by in silico analysis, forming N-X-S and N-X-T motifs (X-S/T in 
blue), respectively. 
(D) Immunoblot performed with anti-GFP serum and protein extracts from N. benthamiana leaves expressing N-YFP:HDEL, N-ST:YFP, GFP, or 6K2:GFP 
that were treated with or without PNGase F. Black arrow indicates the position of N-ST:YFP. Two independent biological replicates were performed for 
(A) and (B), and three for (D). Bars = 20 μm in (A) and 10 μm in (B).
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Figure 3.  The GxxxG Motif Is Important for Virus Replication.

(A) Time course of TuMV intercellular movement in N. benthamiana after agroinfiltration of pCambiaTuMV/6K2:mCherry//GFP-HDEL. 
(B) Viral replication evaluated by RT-qPCR from N. benthamiana leaves agroinfiltrated with pCambia (Mock) and the pCambiaTuMV mutants indicated 
at 3.25 dpi. Values are graphically presented on a histogram. Statistical differences were determined by t test analyses (*P < 0.05). Error bars depict 
the sd calculated from values obtained in the three biological replicates. 
(C) TuMV/6K2:GFP (TuMV) or TuMVG30V/6K2

G30V:GFP (TuMVG30V) was coagroinfiltrated with mCherry-HDEL and expression of GFP and mCherry fusions 
is shown at 5 dpi. Upper panels are representative images of infection foci corresponding to the median value of each treatment. Data sets for TuMV 
and TuMVG30V treatments are graphically presented below as whisker and box plots. Statistical significant differences (*P < 0.05). n, number of infection 
foci analyzed. 
(D) Total proteins from pCambia- (Mock), pCambiaTuMVVNN-, pCambiaTuMVGV-, pCambiaTuMVG34V-, pCambiaTuMVG30V-, and pCambiaTuMV- 
agroinfiltrated leaf tissues at 5 dpi, agroinfiltrated leaf tissues, and upper nonagroinfiltrated (systemic) leaf tissues at 5 and 19 dpi were analyzed by 
immunoblot with a rabbit serum against TuMV CP. Coomassie blue staining (bottom panel of agroinfiltrated 5 dpi, systemic 5 dpi and 19 dpi) shows 
equal protein loading. 
(E) An alignment ofnucleotide sequence of 6K2, 6K2

G30V, and its related revertant is shown. Asterisks indicate the conserved nucleotides and the differ-
ences are shadowed in light blue. The amino acid residues encoded by the underlined nucleotides are shown. 
(F) Confocal microscopy observation of N. benthamiana epidermal leaf cells expressing the ER marker GFP:HDEL alone (I) or with pCambiaTuMVVNN/ 
6K2:mCherry (II), pCambiaTuMV/6K2:mCherry (III), or pCambiaTuMVG30V/6K2

G30V:mCherry (IV). Images are three-dimensional renderings of 40 1-μm-thick 
slices that overlap by 0.5 μm. Arrows denote the position of the nucleus and bottom left inserts are single optical slices of the area denoted by the 
arrow showing the ER surrounding the nucleus.
Three independent biological repeats were performed for (A) to (C) and (F), and two for (D) with the exception that reversion of TuMVG30V was noted 
once. Bars = 20 μm in (A) and (C) and 10 μm in (F).
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pCambiaTuMVG30V/6K2
G30V:GFP contains G30V mutation in the 6K2  

cistron and also produces 6K2
G30V:GFP from the same position 

on the viral polyprotein as for pCambiaTuMV/6K2:GFP. Each vec-
tor was expressed along with the vector expressing mCherry: 
HDEL in order to distinguished primary infection foci from 
secondary infection foci. Primary infected cells express both 
mCherry and GFP, while secondary foci express GFP only. After  
5 dpi, confocal microscopy observations on TuMV infection foci 
showed that a green-only fluorescence signal was found en-
circling an area of both red and green fluorescence, indicative 
of virus movement (Figure 3C). However, only slight green-only 
fluorescence was measured for leaves infiltrated with pCambia-
TuMVG30V/6K2

G30V:GFP, suggesting that this mutant is capable of 
slow movement. Movement was quantified and normalized for 
each focus of infection by measuring the surface area of green 
fluorescence divided by the surface area of red fluorescence. 
The ratios of the focus areas were graphically represented  
using whisker and box plots and statistically analyzed using 
the nonparametric Wilcoxon-Mann-Whitney two-sample rank 
test. Statistical comparison of both TuMVG30V/6K2

G30V:GFP and  
pCambiaTuMV/6K2:GFP infection area ratio distributions indi-
cated that intercellular movement was greatly diminished for the 
mutant virus, but not totally abolished.
  Systemic virus accumulation was determined at 5 dpi by 
immunoblotting leaf tissue extracts with a rabbit serum raised 
against the TuMV capsid protein (CP) (McClintock et al., 1998). 
All infiltrated leaves showed accumulation of CP, to varying 
levels (Figure 3D), but the viral protein was detected in upper 
noninoculated leaf tissues only in pCambiaTuMV-infiltrated 
plants. However, CP was detected in the pCambiaTuMVG30V  
upper noninoculated leaf tissues at 19 dpi. mRNA from  
pCambiaTuMVG30V-systemically infected leaf tissues was isolated 
and reverse-transcribed. DNA sequencing of the 6K2 coding re-
gion indicated that virus production was the result of a reversion 
of the G-to-T mutation back to a G, thereby reinstating the Gly 
residue at position 30 of 6K2 (Figure 3E). This reversion indicates 
that some viral replication is taking place as suggested in Figure 
3B, albeit at a very low level.
  TuMV infection induces the amalgamation of the ER, Golgi and 
chloroplasts into a large perinuclear, globular structure—a hall-
mark for normal TuMV replication/infection at the cellular level 
(Grangeon et al., 2012; Wan et al., 2015a). To qualitatively evaluate  
TuMV replication based on the formation of ER amalgamates, 
we thus expressed the ER marker GFP:HDEL alone (Figure 3F, I)  
or concomitantly with agroinfiltrated pCambiaTuMVVNN/6K2:m-
Cherry (Figure 3F, II), pCambiaTuMV/6K2:mCherry (Figure 3F, III), 
or pCambiaTuMVG30V/6K2

G30V:mCherry (Figure 3F, IV). Formation 
of perinuclear ER amalgamates was evaluated by confocal mi-
croscopy 5 d later. The expression pattern for GFP:HDEL, as 
shown in Figure 3F, panel I, bottom left insert, is characteristic 
of the ER surrounding the nucleus (Beauchemin et al., 2007). 
Although agro-infiltration of pCambiaTuMVVNN/6K2:mCherry led 
to the production of 6K2:mCherry punctae, no ER amalgama-
tion near the nucleus (Figure 3F, panel II, bottom left inset) was 
ever noted following the observation of 20 samples. The punctae 
observed in Figure 3F, panel II, are due to the expression of the 
gene cassette expression without any vRNA amplification. On 
the other hand, pCambiaTuMV/6K2:mCherry always induced the 

formation of large perinuclear structures containing 6K2:mCherry 
and GFP:HDEL (n = 20) (Figure 3F, panel III, left inset), confirming 
that formation of ER amalgamate can be used as a qualitative  
indicator of TuMV replication. Finally, expression of pCambia-
TuMVG30V/6K2

G30V:mCherry produced red punctae, but replication 
of TuMVG30V was not sufficient to induce amalgamate formation 
(n = 20) (Figure 3F, IV, left inset). In conclusion, the low level of 
cellular replication and systemic infection that we observed in the 
mutants highlights the importance of the GxxxG motif for TuMV 
infection. It also demonstrates that, when 6K2 transits through 
the Golgi apparatus, it becomes a dead end for the virus.

Disrupting ER-Golgi Homeostasis Enhances Intercellular 
Movement of TuMV

We next investigated the impact of impaired fusion of trans-
port vesicles with the Golgi apparatus on TuMV intercellular 
movement. Impairment of fusion was achieved by transiently 
overexpressing the Sec22 SNARE protein, which induced the 
collapse of Golgi membrane proteins into the ER (Chatre et al., 
2005). A link between Sec22 and 6K2 was first demonstrated by 
confocal microscopy localization experiments with fluorescent- 
tagged proteins. N. benthamiana leaves were agroinfiltrated  
to transiently coexpress Sec22:GFP with Man49:mCherry, 6K2

GV: 
mCherry, 6K2:mCherry, and TuMV/6K2:mCherry, respectively.  
Man49:mCherry (Figure 4A) and 6K2

GV:mCherry (Figure 4B) 
completely colocalized with Sec22:GFP, whereas only a small 
proportion of 6K2:mCherry (Figure 4C, arrows) and 6K2:mCherry  
punctae produced during infection did (Figure 4D, arrows). In 
addition to these localization experiments, we tested if 6K2 
could be purified along with Sec22 by performing coimmuno-
purification (co-IP) experiments. We performed a series of co-IP 
experiments using anti-GFP beads from total protein extracts 
containing multiple combinations. First, control co-IPs consist-
ing of Sec22:GFP with mCherry or GFP with 6K2:mCherry con-
firmed that mCherry did not bind to the beads, nor did GFP 
interact with 6K2:mCherry (Figure 4E). The interaction test for 
Sec22:GFP with 6K2:mCherry revealed that Sec22 copurified 
with 6K2. Hence, the above experiments indicated that Sec22 is 
able to interact with vesicles that contain 6K2.
  To ascertain that Sec22 overexpression has a negative effect 
on ER-Golgi equilibrium in our experimental conditions, we ex-
pressed Sec22:GFP with Man49:mCherry, a Golgi marker known 
to travel from the ER to the Golgi (Saint-Jore-Dupas et al., 2006), 
6K2

GV:mCherry, 6K2:mCherry, and 6K2:mCherry during infection, 
respectively. Sec22 overexpression impairs its own transport 
through the early ER-to-Golgi secretory pathway. Hence, cells 
overexpressing Sec22:GFP were recognizable by the appear-
ance of fluorescence in the ER network (Figure 4F). Under these 
overexpressing conditions, Man49:mCherry was retained in the 
ER. Similarly, 6K2

GV:mCherry was redistributed to the ER, but 
retention in the ER neither happened in leaves coagroinfiltrated 
with 6K2:mCherry nor with 6K2:mCherry produced during infec-
tion. This confirmed that overexpression of Sec22 impairs trans-
port vesicle fusion with the Golgi apparatus without affecting 6K2 
replication vesicles.
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Figure 4.  Impairing the Fusion of Transport Vesicles with the Golgi Apparatus Enhances TuMV Intercellular Movement.

(A) to (D) Confocal microscopy observation of N. benthamiana epidermal leaf cells coexpressing Sec22:GFP (middle panels) along with the Golgi 
marker Man49:mCherry ([A], left panel, 6K2

GV:mCherry ([B], left panel), 6K2:mCherry ([C], left panel), or 6K2:mCherry during TuMV infection ([D], left 
panel). Coexpression is shown in the right panels (merge), and colocalization is indicated with arrows in (C) and (D). Confocal images are single optical 
images 1 μm thick. 
(E) Immunoblots of immunopurifications performed from different protein expression combinations (upper table and indicated by arrows) of mCherry 
with Sec22:GFP, 6K2:mCherry with GFP, or 6K2:mCherry with Sec22:GFP in N. benthamiana leaves. Intermediate bands are degradation byproducts or 
nonspecific proteins recognized by the polyclonal GFP antiserum. 
(F) Confocal microscopy of N. benthamiana epidermal leaf cells expressing the Golgi marker Man49:mCherry, 6K2

GV:mCherry, or 6K2:mCherry ectop-
ically or 6K2:mCherry during TuMV infection, alone (control panels) or in cells overexpressing Sec22 (+Sec22:GFP, left panels show Man49:mCherry, 
6K2

GV:mCherry or 6K2:mCherry ectopically or 6K2:mCherry during TuMV expression in red, middle panels show Sec22:GFP overexpression in green, 
and right panels show merged signals). Images are three-dimensional renderings of 40 1-μm-thick slices that overlap by 0.5 μm. 
(G) Viral replication was evaluated by RT-qPCR at 3.25 dpi from N. benthamiana agroinfiltrated with pCambia (Buffer), pCambiaTuMVVNN (VNN), or 
pCambiaTuMV (TuMV) 1 d after infiltration with pCambia (Mock, white) or pCambiaSec22:CFP (blue). Error bars show the sd calculated from values 
obtained in the three biological replicates. 
(H) Sec22:CFP was transiently expressed one day before TuMV/6K2:mCherry//GFP-HDEL inoculation, and expression of GFP and mCherry fusions 
was acquired at 5 dpi. Panels are representative images of infection foci corresponding to the median value of each treatment. Data sets for Mock 
and Sec22-overexpressed treatments are graphically presented as whisker and box plots. Statistical significance was tested with the nonparametric 
Wilcoxon-Mann-Whitney two sample rank test (*P < 0.05). n represents the number of infection foci analyzed. 
(I) Time course of TuMV systemic infection of wild-type Arabidopsis plants (circles) and bet11 KO mutant plants (diamonds) after pCambiaTuMV/6K2: 
GFP agroinfiltration. Infection is scored by appearance of systemic GFP fluorescence. 
Two independent biological repeats were performed for (A) to (D), and three for (E) to (I). Bars = 10 μm in (A) to (D) and (F), 1 mm in (H), and 10 μm 
in (H) inset.
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  We next tested TuMV intercellular movement under Sec22 
overexpression conditions. TuMV intercellular movement was 
followed using a dual expression cassette for TuMV tagged 
with 6K2:mCherry and for GFP-HDEL, both under the control 
of the CaMV 35S promoter and within the left and right bor-
der sequences of the T-DNA (Agbeci et al., 2013). We thus ex-
pressed Sec22:CFP as in Figure 4F 1 d prior to pCambiaTuMV/ 
6K2:mCherry//GFP-HDEL agroinoculation. Five days after virus 
inoculation, confocal microscopy observations on TuMV infec-
tion foci showed that a red-only fluorescence signal was found 
encircling an area of both red and green fluorescence, indicative 
of virus movement (Figure 4H). However, the focus surface area 
of red-only fluorescence was greater for leaves overexpressing 
Sec22:CFP than those that did not. Movement was quantified 
and normalized for each focus of infection by measuring the 
surface area of red fluorescence divided by the surface area of 
green fluorescence. The ratios of the focus areas were graphi-
cally represented using whisker and box plots and statistically  
analyzed using the nonparametric Wilcoxon-Mann-Whitney 
two-sample rank test. We found that, under Sec22 overexpres-
sion conditions, TuMV intercellular movement was significantly 
faster than in control conditions. TuMV replication was evalu-
ated by RT-qPCR under Sec22:CFP-overexpression conditions  
(Figure 4G). We did not see any appreciable difference in repli-
cation when compared with normal conditions.
  To confirm the above observation, we tried to isolate Sec22 
homozygous knockout (KO) Arabidopsis thaliana plants by 
screening two different T-DNA insertion lines, but we were not 

successful. As an alternative, we challenged a KO line homo-
zygous for the Golgi SNARE BET11 (Chatre et al., 2005) with 
TuMV infection. Wild-type and bet11 KO mutant plants were 
agroinoculated with pCambiaTuMV/6K2:GFP, and every day the 
number of systemically infected plants was scored by GFP flu-
orescence observation. Three experiments were conducted and 
we consistently found that the number of TuMV-infected plants 
over time was higher for the Golgi SNARE KO plants (Figure 4I). 
Indeed, the time by which 50% of plants were infected (I50) was 
reached earlier for bet11 (I50 = 9.5 dpi) than for wild-type plants 
(I50 = 10.5 dpi). Thus, these results indicate that impairing fusion 
of transport vesicles with the Golgi apparatus enhanced the sus-
ceptibility of Arabidopsis to TuMV infection.

ER- and Golgi-Localized Synaptotagmins Act 
Antagonistically to Modulate TuMV Movement

In animal cells, SYTs function in calcium-regulated membrane 
fusion (Rizo et al., 2006). Plant SYTs have not been studied as 
thoroughly, and there is evidence that they are involved in this 
process. For instance, SYT1/A is involved in calcium-dependent 
membrane resealing in Arabidopsis (Yamazaki et al., 2008) and 
is essential for the formation of ER-plasma membrane con-
tact sites in plant cells (Levy et al., 2015). Hence, we decided 
to study their potential involvement in TuMV vesicle movement 
and to see if their action validates the observation that impair-
ing transport vesicle fusion using nonfunctional Golgi SNAREs 

Figure 5.  Cellular Distribution of Arabidopsis Synaptotagmins.

(A) Schematic scaled domain representation of SYTA/SYT1, SYTB/SYT2, SYTC/SYT3, SYTD/SYT4, SYTE/SYT5, and SYTF/SYT6 showing their pre-
dicted TMD, SMP, and calcium binding domains (C2). 
(B) to (D) Confocal images of N. benthamiana epidermal cells transiently expressing pCambiaSYTE:GFP (B), pCambiaSYTD:GFP (C), and pCambia-
SYTF:GFP (D). These images are three-dimensional renderings stacks of 40 1-μm-thick slices that overlap by 0.5 μm. Punctate structures observed 
during SYTF expression are denoted by white arrows. 
(E) Expression of SYTF:GFP (upper panel), Man49-mCherry Golgi marker (middle panel), and their coexpression (lower panel) is shown. Colocalization 
of SYTF punctae with Man49-mCherry is denoted by empty white arrows in the lower panel. 
Three independent biological repeats were performed for (B) to (E). Bars = 10 μm in (B) to (E).
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increases virus movement. The Arabidopsis genome encodes at 
least six different SYT-like proteins (Craxton, 2004). Arabidopsis 
SYTs have an N-terminal TMD, a synaptotagmin-like mitochondrial 
lipid binding (SMP) linker domain, and two calcium binding do-
mains in tandem (C2) at the C-terminal end that are called C2A 
and C2B (Figure 5A). Mammals have a special category of SYTs 
that have additional C2 domains and are defined as extended 
synaptotagmin-like (E-SYT) proteins (Min et al., 2007). Because 
of its domain similarity, we considered that the sixth SYT-like 
protein, SYTF, might be an E-SYT. To better characterize Ara-
bidopsis SYTs, we analyzed their subcellular distributions. We 
cloned the cDNA of SYTA, SYTB, SYTD, SYTE, SYTF, but not 
SYTC (mRNA was not detectable) and expressed the encoded 
proteins as GFP fusions in N. benthamiana by agroinfiltration. 
ER localization of SYTA has been reported by Lewis and Laza-
rowitz (2010). SYTE:GFP (Figure 5B) and SYTD:GFP (Figure 5C) 
were also located in the ER. In addition to its ER localization, 
SYTF expression revealed the presence of several punctate 
structures (Figure 5D, arrows). These punctae colocalized with 
the Golgi marker Man49-mCherry (Figure 5E, arrows). This in-
dicated that SYTF was located both in the ER and the Golgi 
apparatus. We could not observe any expression for SYTB:GFP, 

although it was reported to be located in the Golgi apparatus 
(Zhang et al., 2011; Wang et al., 2015).
  We next challenged homozygous KD/KO Arabidopsis for all 
SYTs to TuMV infection. syta-1 KD plants were obtained from 
Lewis and Lazarowitz (2010), while sytb, sytc, sytd, syte, and 
sytf KO mutants were obtained from TAIR. Homozygous T-DNA 
insertion was verified by PCR. Arabidopsis wild-type and the 
SYTs T-DNA insertion KD or KO plants were agroinoculated with 
pCambiaTuMV/6K2:GFP, and the number of systemically infected  
plants was scored by GFP fluorescence observation every day. 
Compared with the wild type (I50 = 11 dpi), TuMV infection was 
delayed in syta-1 KD mutant (I50 = 12 dpi), as previously reported  
(Uchiyama et al., 2014), and in syte KO plants (I50 = 13 dpi) (Fig-
ures 6A and 6B). No effect on the rate of TuMV infection was 
observed in sytc and sytd KO plants (Figures 6C and 6D). In 
contrast, we found that the rate of TuMV infection was faster in 
sytb and sytf KO plants (I50 = 8 dpi in both cases), compared with 
wild-type plants (I50 = 9 dpi) (Figures 6E and 6F). These results 
indicate that SYTs located in the ER have either a positive effect 
(e.g., SYTA and E) or no effect (e.g., SYTC and D), whereas those 
found in the Golgi (e.g., SYTB and SYTF) have a negative effect 
on TuMV infection.

Figure 6.  Infection Time Course of SYT KO Mutant Plants on TuMV Infection.

Time course of TuMV systemic infection of wild-type Arabidopsis plants (circles) and SYT KO mutant plants (diamonds) after pCambiaTuMV/6K2:GFP 
agroinfiltration. Infection is scored by appearance of GFP systemic fluorescence. The tested SYT mutant are syta-1 (A), syte (B), sytc (C), sytd (D), 
sytb (E), and sytf (F). n represents the number of plants agroinoculated. Three independent biological repeats were performed for each experiment.
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  The above observations were confirmed by expressing trun-
cated forms of selected SYTs in infected cells. Removing the 
TMD or C2B domain from SYTA was shown to impair its function 
and localization in N. benthamiana protoplasts and leaf tissues 
(Lewis and Lazarowitz, 2010). Similarly, by deleting the TMD, 

C2B domain or C2C domain, we developed truncated forms of 
SYTA (SYTAΔC2B), SYTE (SYTEΔTMD), and SYTF (SYTFΔC2C) that 
were tagged with CFP as indicated in Figure 5A (white dashed 
lines). The cellular distribution of the truncated SYTs fused with 
CFP was determined by confocal microscopy. SYTAΔC2B:CFP 

Figure 7.  Impact of Truncated SYT Mutants on TuMV Intercellular Movement.

(A) Expression of SYTAΔC2B:CFP, SYTEΔTMD:CFP, and SYTFΔC2C:CFP in N. benthamiana observed by confocal microscopy with the 10× objective (main 
panels) and 63× objective (insets) during intercellular TuMV movement. 
(B) to (D) pCambiaSYTAΔC2B:CFP (B), pCambiaSYTEΔTMD:CFP (C), and pCambiaSYTFΔC2C:CFP (D) were agroinfiltrated into N. benthamiana leaves  
1 d before TuMV/6K2:mCherry//GFP-HDEL agroinoculation. Expression of GFP and mCherry fusions was acquired at 5 dpi by confocal microscopy. 
Panels are representative images of infection foci corresponding to the median value for the indicated treatments. Data sets for mock and SYT trun-
cated mutants are graphically presented as whisker and box plots. Statistical significance was tested with the nonparametric Wilcoxon-Mann-Whitney 
two-sample rank test (*P < 0.05). n represents the number of infection foci analyzed. 
(E) Viral replication was evaluated by RT-qPCR at 3.25 dpi from N. benthamiana leaves agroinfiltrated with pCambia (Buffer), pCambiaTuMVVNN (VNN), 
or pCambiaTuMV (TuMV) 1 d after pCambia (Mock), SYTEΔTMD:CFP (left histogram), or pCambiaSYTFΔC2C:CFP (right histogram) infiltration. Error bars 
show the sd calculated from values obtained in the three biological replicates. Three independent biological repeats were performed for each experi-
ment. Bars = 1 mm in (A) main panels and (B) to (D) and 10 μm (A) insets.
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was mislocalized to membrane patches similar to what has been 
previously described (Lewis and Lazarowitz, 2010) (Figure 7A). 
SYTEΔTMD:CFP distributed throughout the cytosol and SYTFΔC2C: 
CFP was mislocalized to punctate structures. These truncated 
forms were expressed 1 d before pCambiaTuMV/6K2:mCherry// 
GFP-HDEL agroinfiltration in order to competitively impair wild-
type SYT function. Confocal microscopy observations for each 
tested SYT showed overall less red fluorescence when SYTAΔC2B: 
CFP (Figure 7B) or SYTEΔTMD:CFP (Figure 7C) were expressed in 
comparison to mock conditions, indicating that virus intercellular 
movement was delayed. In contrast, confocal microscopy ob-
servations showed more red fluorescence when SYTFΔC2C:CFP 
was produced (Figure 7D), indicating that virus intercellular 
movement was faster. The surface area for red and green fluo-
rescence of each focus of infection was quantified as mentioned 
above and the ratios showed that the difference in viral cell-to-
cell movement between the tested conditions were statistically 
significant. Also, a quantitative estimate of TuMV replication was 
performed by RT-qPCR under SYTEΔTMD:CFP and SYTFΔC2C:CFP 
expression conditions and showed that viral RNA production 
was not significantly affected (Figure7E). Consequently, impair-
ing ER-Golgi homeostasis by overexpressing the Golgi SNARE 
Sec22 or nonfunctional Golgi-located SYTF has a positive effect 
on TuMV infection.

The Prevacuolar Compartment SNARE VTI11 Is Essential 
for TuMV Infection

The above results suggest that TuMV replication factories by-
pass the Golgi apparatus during productive infections. Possi-
ble destinations following this bypass could be PVCs/MVBs, 
endosomes, the trans-Golgi network (TGN), and/or the central 
vacuole. SNAREs are distributed in different compartments 
and they shuttle between them (Uemura et al., 2004). This led  
us to perform colocalization experiments between selected 
GFP-tagged SNAREs associated with different compartments 
and 6K2:mCherry produced during infection in order to get a 
glimpse of 6K2 vesicle destination. Among the 25 SNAREs tested  
(Supplemental Table 1), we found that 6K2:mCherry partially co-
localized (calculated 6% ± 2% colocalization) with VTI11:GFP 
during infection (Figure 8A). VTI11 is known to be located in the 
PVC, shuttling from the TGN to the PVC and to the vacuole, 
and also formed a SNARE complex with other PVC SNAREs 
(Zheng et al., 1999; Sanderfoot et al., 2001; Uemura et al., 2004; 
Ebine et al., 2008). To verify a potential association between 
6K2 and VTI11, we performed different co-IPs using anti-GFP 
beads from total protein extracts containing a variety of 
combinations (Figure 8B). First, control co-IPs consisting of 
VTI11:GFP with mCherry or GFP with 6K2:mCherry showed 
that neither mCherry was binding to the beads, nor was GFP 
pulling down 6K2:mCherry. VTI11:GFP copurified with 6K2:m-
Cherry. We verified that overexpression of 6K2 did not cause 
false interactions observed by co-IP experiments. Based on 
copurification with 6K2:mCherry, the vast majority of SNAREs 
tested did not show interaction with this fusion protein (Sup-
plemental Figure 1). Because VTI11 interacted, but VTI12 did 
not (Figure 8C), this excludes nonspecific binding to SNAREs 
by 6K2.

  We then tested whether VTI11 was involved in TuMV infec-
tion. A homozygous VTI11 loss-of-function Arabidopsis mutant 
line, named itt3 for impaired tonoplast trafficking 3, was gener-
ated by EMS mutagenesis (Zheng et al., 2014). zig-1 is another 
VTI11-nonfunctional mutant plant that was isolated by Kato et al.  
(2002). Importantly, an allelism test between itt3 and zig-1 mutants 
did not show complementation (Zheng et al., 2014), supporting 
the idea that VTI11 function is specifically disrupted in the itt3 

Figure 8.  Interaction of the PVC SNARE VTI11 with 6K2.

(A) Confocal microscopy of N. benthamiana epidermal leaf cells ex-
pressing VTI11:GFP (middle panel) and 6K2:mCherry produced during 
TuMV infection (left panel). Colocalization of VTI11 with 6K2 is indicated 
by arrows in the merged image (right panel). Confocal images are single 
optical images of 1 μm thick. 
(B) N. benthamiana leaves expressing combinations (upper table and 
indicated by arrows) of mCherry with VTI11:GFP, 6K2:mCherry with GFP, 
or 6K2:mCherry with VTI11:GFP were harvested 3 d after agroinfiltration. 
The cleared lysates (input) were used for co-IP and detection as de-
scribed in Methods. 
(C) N. benthamiana leaves expressing 6K2:mCherry with VTI11:GFP or 
VTI12:GFP were harvested 3 d after agroinfiltration. The cleared lysates 
were coimmunopurified as described in Methods. 
Three independent biological replicates were performed for (A), four for 
(B), and two for (C). Bars = 10 μm in (A).

http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
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mutant line. This line was obtained from TAIR. Genomic DNA 
analysis revealed that the itt3 phenotype is the consequence of 
an early stop codon in the VTI11 mRNA, just before its SNARE 
coil-coiled domain and its TMD (Zheng et al., 2014).
  To verify whether the itt3 mutant was still producing the VTI11 
mRNA and contained the indicated point substitution, we ex-
tracted total mRNA from wild-type and itt3 mutant plants, per-
formed an RT-PCR with primers specific for VTI11 coding region 

and cloned the resulting cDNA. We sequenced three indepen-
dent amplified fragments and confirmed the presence of the 
C>T substitution, which introduces a premature stop codon. 
We agroinoculated Col-0 wild-type and itt3 mutant Arabidopsis 
plants with pCambiaTuMV/6K2:GFP. Infection kinetics showed 
that itt3 mutant plants were completely resistant to TuMV in-
fection, even 4 weeks after inoculation (Figure 9A). itt3 plants 
showed a reduced rosette size and a characteristic zigzag stem 

Figure 9.  The PVC SNARE VTI11 Is Essential for TuMV Infection.

(A) Wild-type (wt) or itt3 plants under UV light 25 d after agroinoculation with TuMV/6K2:GFP (left panel). Time course of TuMV systemic infection of 
wild-type Arabidopsis plants (circled) and itt3 loss-of-function mutant plants (diamonds) after pCambiaTuMV/6K2:GFP agroinoculation (right panel). 
Infection was scored by appearance of systemic GFP fluorescence. 
(B) Wild-type or itt3 plants under UV light 25 d after agroinoculation with PlAMV:GFP (left panel). Total proteins extracts from TuMV/6K2:GFP- or PlAM-
V:GFP-inoculated wild-type or itt3 rosettes were analyzed by immunoblot with anti-GFP antibodies (right panel). 
(C) Time course of TuMV intercellular movement after agroinoculation of pCambiaTuMV/6K2:mCherry//GFP-HDEL into wild-type Arabidopsis plants. 
Expression of GFP and mCherry fusions was acquired at 3, 4, and 5 dpi by confocal microscopy (upper panels). The graph below shows viral replica-
tion as evaluated by RT-qPCR from Arabidopsis wild-type and itt3 leaves that were agroinfiltrated with pCambia (Mock), pCambiaTuMVVNN (VNN), or 
pCambiaTuMV (TuMV) at 4 dpi. Statistical differences between samples were determined by t test analyses (*P < 0.05). Error bars show the sd calcu-
lated from values obtained in the three biological replicates. 
(D) CFDA dye transport in wild-type Arabidopsis and itt3 plants observed by confocal microscopy of inoculated rosette leaves and of systemically 
infected leaves 6 and 24 h postinoculation. Upper panels, fluorescence; lower panels, bright-field images. 
Three independent biological replicates were performed for (A) to (C) and two for (D). Bars = 10 mm in (A) and (B), 20 μm in (C), and 1 mm in (D).
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due to a loss of polarity. The lack of susceptibility to TuMV may 
then be a secondary effect due to a pleiotropic effect of the 
mutation, resulting in abnormal development.
  To exclude this possibility, we infected itt3 plants with Planta-
go asiatica mosaic virus (PlAMV), a virus of the Potexvirus group. 
A PlAMV infectious clone expressing GFP fused to the capsid 
viral protein (Yamaji et al., 2012) was agroinoculated into wild-
type and itt3 Arabidopsis plants. PlAMV infected primary infil-
trated leaves and moved systemically in both wild-type and itt3 
mutant plants (Figure 9B). Total protein extracts from wild-type 
and itt3 rosettes inoculated either with TuMV/6K2:GFP or with 
PlAMV:GFP were made and immunoblots were probed with an 
anti-GFP serum. Although 6K2:GFP was only produced in wild-
type plants, the GFP fusion from PlAMV:GFP accumulated in 
both wild-type and itt3 mutant plants (Figure 9B). Viral replica-
tion in wild-type and itt3 plants was measured by RT-qPCR at  
4 dpi, a time prior to any viral cell-to-cell movement of virus (Fig-
ure 9C). Also, there was very little, if any, TuMV replication in itt3 
plants. We verified that itt3 symplasmic and phloem transport 
were unaltered by infiltrating one lower leaf with carboxyfluo-
rescein diacetate (CFDA) and observing the dye movement in 
upper leaves. The itt3 plants were still capable of symplasmic 
and phloem transport capability, although less than in wild-type 
plants (Figure 9D). However, this apparent physiological impairment 
was not sufficient to prevent itt3 plants from being systemically 
infected by PlAMV.
  To test whether lack of infection was an indirect consequence 
of the altered phenotype of itt3 plants, we expressed a nonfunc-
tional form of VTI11 and assayed its impact on TuMV movement 
and replication. We made a truncated form of VTI11 without 
its TMD and tagged with CFP (VTI11ΔTMD:CFP) and expressed 
it in N. benthamiana prior to pCambia/TuMV-6K2:mCherry//
GFP-HDEL agroinfiltration. The expression pattern we observed  
is typical of a soluble protein (Figure 10A). Five days following 
inoculation, confocal microscopy observations of TuMV infection 
foci showed overall less red fluorescence when VTI11ΔTMD:CFP 
was expressed in comparison to mock conditions (Figure 10B), 
indicating that virus movement was delayed. TuMV intercellular 
movement was quantified as above and the data were graphi-
cally represented using whisker and box plots and statistically 
analyzed as described earlier. We found that TuMV intercellular 
movement was significantly decreased compared with mock in-
filtrated plants. Also, an RT-qPCR estimate of TuMV replication 
under the same VTI11ΔTMD:CFP expression conditions, and this 
showed decreased viral replication (Figure 10C). These results 
suggest then that one destination route for TuMV replication fac-
tory Golgi bypass involves VTI11-tagged PVCs.

Figure 10.  Impact of Truncated VTI11 Mutant on TuMV Intercellular 
Movement.

(A) Expression of VTI11ΔTMD:CFP in N. benthamiana as observed by con-
focal microscopy with the 10× objective (bigger panel) and 63× objective 
(inset) during intercellular TuMV movement. Bars = 10 μm in insets and 
1 mm in main panels.
(B) VTI11ΔTMD:CFP was transiently expressed 1 d before TuMV/6K2: 
mCherry//GFP-HDEL agroinoculation. Expression of GFP and mCherry 
fusions was acquired at 5 dpi by confocal microscopy. Panels are rep-
resentative images of infection foci corresponding to the median value 
for the indicated treatments. Data sets for mock and SYT truncated mu-
tants treatments are graphically presented as whisker and box plots. 

Statistical significance was tested with the nonparametric Wilcoxon- 
Mann-Whitney two-sample rank test (*P < 0.05). n represents the num-
ber of infection foci analyzed. 
(C) Viral replication was evaluated by RT-qPCR at 3.25 dpi from N. benth-
amiana agroinfiltrated with pCambia (Buffer), pCambiaTuMVVNN (VNN), or 
pCambiaTuMV (TuMV) 1 d after pCambia (mock) or pCambiaVTI11ΔTMD: 
CFP infiltration. Error bars show the sd calculated from values obtained 
in the three biological replicates. Three independent biological repeats 
were performed for (A) to (C). 
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Viral RNA Is Associated with Multivesicular Bodies

As additional evidence that TuMV replication factories asso-
ciate with PVCs, we performed transmission electron micros-
copy analyses on immunogold-labeled leaf sections using the 
anti-dsRNA monoclonal antibody J2. This antibody is used to 
immunolabel ultrastructures containing viral RNA. The validity 
of using the anti-dsRNA J2 monoclonal antibody for labeling vi-
ral RNA was demonstrated previously (Cotton et al., 2009; Wan  
et al., 2015b). We found that the RNA signal was always as-

sociated with 6K2 vesicles during infection, and there was no 
background noise in mock conditions or unrelated to viral fac-
tories during infection. Few dsRNA-specific gold particles were 
observed in mock-infected samples (Figure 11A), while a sig-
nificant amount localized on MVBs from TuMV-infected leaves 
(Figure 11B). The number of gold particles per square microm-
eter found in MVBs is shown in Figure 11C, which confirms that 
MVBs from TuMV-infected samples were associated to signifi-
cantly more gold particles compared with mock-infected sam-
ples. PVCs appear as MVBs under the transmission electron 

Figure 11.  Viral RNA is Associated with Multivesicular Bodies.

(A) and (B) Immunogold labeling was performed on mock- and TuMV-infected N. benthamiana leaf tissue cross sections using an anti-dsRNA specific 
antibody. Transmission electron microscopy representative images show the presence of gold particles in the mock-infected condition (A) and in 
TuMV-infected cells (B). Three independent biological replicates were performed. Bars = 500 nm.
(C) The density of gold particles in MVBs from mock-infected versus TuMV-infected cells is shown. Two different labeling experiments were considered 
for quantification, and 200 gold particles were counted for each experiment. Error bars show the sd calculated from values obtained in two biological 
replicates. Chl, chloroplast; CI, cytoplasmic inclusion body; Cyt, cytosol; CW, cell wall; DMV, double-membrane vesicle; M, mitochondria; Vac, vacuole. 
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microscope (Jia et al., 2013), thus supporting the association of 
TuMV with these extra Golgi structures.

DISCUSSION

The fate of viral vesicles immediately after their production after 
6K2 exits from the ER is not known. In this study, we identified 
a GxxxG motif in the predicted TMD of the 6K2 viral protein of 
TuMV (Figure 1) that modulates the intracellular trafficking of 
the viral vesicles. Normally, wild-type 6K2 induces the formation 
of vesicles and aggregates that are only partially localized with 
Golgi bodies (Figure 1). However, when the Gly residues of the 
GxxxG motif were replaced with Val residues, the 6K2

GV mutant 
lost its capacity to form vesicles and the protein was redirected 
to the Golgi apparatus and the PM (Figure 1). It has thus been 
converted into a default membrane protein that was trafficked 
through the conventional secretory pathway. One consequence 
of this rerouting was that virus replication and viral systemic 
movement were inhibited (Figure 3). 6K2 transit through the Golgi  
apparatus is thus a dead-end avenue for virus production.

  The idea that the GxxxG motif prevents, albeit not completely, 
the viral protein from entering the conventional ER-Golgi secre-
tory pathway is supported by the differential sensitivity of wild-
type 6K2 and 6K2

GV to BFA treatment and to dominant-nega-
tive GTPase mutant expression and the deglycosylation assay 
(Figure 2). These treatments had no effect on the production of 
wild-type 6K2 vesicles, but barred 6K2

GV from leaving the ER. 
These observations thus indicate that the GxxxG motif some-
how modulates the intracellular trafficking of 6K2. Although 
a proportion of 6K2 does traffic to the Golgi apparatus, there 
are still a sizable number of 6K2 vesicles that bypass the Golgi 
through this unconventional route because of this motif. This 
is in contrast to other TuMV/potyvirus proteins, which do not 
take such an unconventional pathway. For instance, P3N-PIPO 
and the cylindrical inclusion viral proteins from TuMV may reach 
plasmodesmata through the secretory pathway, where they are 
thought to anchor the VRC to this structure (Wei et al., 2010; 
Movahed et al., 2017).
  TMDs are major determinants of protein-protein interactions 
(Langosch and Arkin, 2009). The GxxxG motif has been impli-
cated in homo- and heterotypic interactions for more than 20 

Figure 12.  A TuMV tug-of-war Model Bypassing the Golgi during Infection

Early during infection, vRNA is translated on ER-bound ribosomes (I) and the synthesized viral proteins, along with co-opted host proteins, are used to 
make proto VRCs (II). VRCs exit the ER in a COPII-dependent manner as replication vesicles (III) and face two possible fates: entering the conventional 
secretory dead-end pathway by going through the Golgi apparatus (IV) or bypassing it and taking an alternative non conventional pathway for reaching 
PVC/MVB that involves VTI11.
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different proteins (Teese and Langosch, 2015). Structural studies 
indicate that the GxxxG motif induces membrane helix interac-
tions because the short side chain of glycine, a hydrogen atom, 
maximizes interfacial interactions. Nevertheless, the sequence 
context is also important in providing interaction specificity. 
Interaction candidates would be host factors involved in protein 
sorting somewhere downstream of COPII vesicle formation and 
prior to Golgi fusion (e.g., tethers, GTPases, etc.). However, little 
is known concerning what these proteins might be and how they 
would function in preventing proteins from entering the Golgi 
apparatus (Tan et al., 2013).
  The observations revealing that 6K2-induced replication vesi-
cles are unaffected by the use of different ER to Golgi deregulat-
ing treatments (Figure 2) in addition to their partial colocalization 
with Golgi markers, indicates that the conventional secretory 
pathway and an unconventional trafficking route can be used 
for viral replication complex formation. Indeed, we observed 
an enhanced viral cell-to-cell movement when transport vesicle 
fusion with the Golgi apparatus was impaired by overexpres-
sion of the Golgi SNARE Sec22 (Figure 4). This increase in viral 
movement when ER-Golgi homeostasis was impaired was cor-
roborated by the reproducible increase in TuMV susceptibility  
of the Golgi SNARE bet11 KO Arabidopsis plants (Figure 4).  
Observations that further support these two pathways were that 
SYTs localized in the Golgi apparatus (SYTB and SYTF) have an 
antiviral effect, while SYTs present in the ER (SYTA and SYTE) 
have a proviral function (Figures 6 and 7). The proviral role of ER 
SYTs was previously reported in a study where SYTA KD plants 
showed delayed systemic infection by Turnip vein clearing vi-
rus, Cabbage leaf curl virus, and TuMV (Lewis and Lazarowitz, 
2010; Uchiyama et al., 2014; Levy et al., 2015). Enhanced virus 
movement and increased virus susceptibility when ER-Golgi ho-
meostasis is perturbed can be explained by the fact that less 
6K2 vesicles fuse with the Golgi apparatus, with a concomitant 
increase in the number of 6K2 vesicles entering the unconven-
tional trafficking pathway for infection.
  The next question that we addressed in this investigation was 
what might be the destination(s) of the 6K2 vesicles once they 
enter this unconventional pathway. Plant cells contain multiple 
compartments that intercommunicate through transport vesicle 
fusions, and SNAREs are key players in this communication pro-
cess. Our screening of SNAREs located in different compart-
ments revealed that 6K2 vesicles appeared to contain VTI11 (Fig-
ure 8). The biological significance of this 6K2-VTI11 complex on 
infection was supported by the observation that loss-of-function 
Arabidopsis plants for this SNARE were completely resistant to 
TuMV, but not to an unrelated potexvirus (Figure 9). Although we 
cannot exclude an indirect effect due to the modified physiology 
of the mutant plant, expression of a truncated form of VTI11 
further supports a proviral function of this SNARE protein (Figure 
10). VTI11 transits from the TGN to PVCs and to the central vac-
uole and interacts with other PVC SNAREs (Zheng et al., 1999; 
Sanderfoot et al., 2001; Uemura et al., 2004; Ebine et al., 2008).
  PVCs, or MVBs, are organelles that play important roles in 
mediating protein trafficking to vacuoles (Cui et al., 2016). The 
involvement of MVBs in viral infection has been proposed to 
explain the nonlytic spread of animal viruses (Bird and Kirkegaard, 
2015). MVBs are the precursors of extracellular vesicles also 

known as exosomes (Alenquer and Amorim, 2015) and exo-
some-mediated transmissions of human viruses have been re-
ported (Feng et al., 2013; Ramakrishnaiah et al., 2013; Longatti 
et al., 2015; reviewed in Anderson et al., 2016). It is also import-
ant to note that the release of Rice dwarf virus from insect vector 
cells involves exosomes derived from MVBs (Wei et al., 2009). 
We observed by transmission electron microscopy that many 
MVBs produced during the infection process of TuMV were 
decorated with a significant number of gold particles that were 
coupled to an anti-dsRNA specific antibody (Figure 11). These 
observations support the idea that TuMV replication vesicles 
transit through PVCs. Information on the explicit involvement of 
PVCs/MVBs has not been reported for plant viruses. However, 
importance of the proteins from the ESCRT family for BMV and 
TBSV infection provides some indication for the involvement of 
PVCs/MVBs in plant virus infections. Furthermore, Rutter and 
Innes (2017) isolated extracellular vesicles from Arabidopsis in-
fected by Pseudomonas syringae and, interestingly, one protein 
that was identified as part of these extracellular vesicles was 
VTI11. Xylem vessels are dead tissues and are considered to 
represent the extracellular space of a plant. Xylem vessels orig-
inate from programmed cell death events of protoxylem cells, 
and direct continuity between the apoplast and xylem vessel 
has been suggested (Ligat et al., 2011). TuMV replication vesi-
cles have been observed in xylem vessels (Wan et al., 2015b). 
The question now to answer is whether the 6K2 vesicles found 
in the xylem have any link with the apoplastic VTI11-associated 
extracellular vesicles.
  We summarize our observations and illustrate our proposed 
model of a tug-of-war that takes place between the conven-
tional secretory pathway and an unconventional Golgi bypass 
trafficking pathway for TuMV infection (Figure 12). Early in the 
infection process, vRNA is translated on ER-bound ribosomes 
(I) and the synthetized viral proteins, along with co-opted host 
proteins, are assembled as proto VRCs (II). Mediated by 6K2 
binding to COPII subunit Sec24A, these proto VRCs exit the ER 
in a COPII dependent-manner as replication vesicles (III). At this 
step, replication vesicles are presented with two choices. In the 
first case, replication vesicles may fuse with the Golgi apparatus, 
but this constitutes a dead end for virus infection (IV). Alterna-
tively, replication vesicles may bypass the Golgi apparatus and 
enter at least a PVC SNARE VTI11-dependent unconventional 
pathway (V) without excluding other Golgi-bypassing potential 
routes (VI). Ultimately, following that unconventional pathway will 
result into the infection of the plant.

METHODS

Molecular Cloning

The coding sequence of GFP flanked by XbaI and BamHI restriction sites 
was amplified by PCR using the template pGreenPABP:GFP (Beauche-
min and Laliberté, 2007). The fragment was digested with XbaI and 
BamHI, and it was then used to replace the mCherry coding fragment 
in pCambia6K2:mCherry (Jiang et al., 2015) for the construction of plasmid  
pCambia6K2:GFP. Mutagenesis was performed using the QuickChange II  
XL site-directed mutagenesis kit (Agilent), according to the manufacturer’s  
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instructions. pCambia6K2:GFP was used as template for the produc-
tion of pCambia6K2

G30V:GFP, pCambia6K2
G33V:GFP, pCambia6K2

G34V: 
GFP, pCambia6K2

G35V:GFP, pCambia6K2
G33V-G34V-G35V:GFP, and 

pCambia6K2
G30V-G33V-G34V-G35V:GFP. The GFP DNA fragment of pCam-

bia6K2
G30V-G33V-G34V-G35V:GFP was replaced with the coding sequence of 

mCherry for the construction of pCambia6K2
G30V-G33V-G34V-G35V:mCherry.  

pCambiaTuMV (Cotton et al., 2009) was used as the template  
for the production of pCambiaTuMVG30V, pCambiaTuMVG34V, and  
pCambiaTuMVG33V-G34V-G35V. SNAREs used in this study are listed in Sup-
plemental Table 1. Coding sequences were amplified with specific prim-
ers (Supplemental Table 2) by RT-PCR (iScript select cDNA synthesis kit; 
Bio-Rad) from Arabidopsis thaliana ecotype Col-0 total mRNA extraction 
(RNeasy Plant Mini Kit; Qiagen) and cloned in a similar manner as described 
above. The markers GFP:HDEL, ERD2:GFP, ST:YFP, and AHA2-GFP were 
described previously (Saint-Jore et al., 2002; Zheng et al., 2005; Chen et al., 
2011; Grangeon et al., 2012). The mCherry-coding fragment was removed 
with BamHI and EcoRI from pCambia6K2:mCherry (Jiang et al., 2015) and re-
placed by CFP coding sequence to generate the plasmid pCambia/6K2:CFP. 
6K2 was subsequently replaced by the SYTs and SNARE-truncated coding 
sequences forms. All constructs were verified by sequencing.

Plant Material, Genotyping, and Infectivity Assays

Nicotiana benthamiana and Arabidopsis plants were grown at 25°C under 
a photoperiod of 16 h light/8 h dark. Control Arabidopsis ecotype Col-0, 
SYTs T-DNA KO mutants sytb, sytc, sytd, syte, and sytf, BET11 SNARE 
T-DNA KO bet11, and VTI11 SNARE EMS KO itt3 used in this study were 
obtained through TAIR (https://www.arabidopsis.org/) from the ABRC. 
syta-1 knockdown mutant was obtained from the Lazarowtiz laboratory 
(Lewis and Lazarowitz, 2010). Genomic DNA was extracted with Plant 
DNAzol (Invitrogen) reagent following the manufacturer’s instructions, 
and homozygous T-DNA insertion was verified by PCR. For itt3 EMS 
mutants, total mRNAs were extracted as indicated by the manufacturer’s 
instructions (RNeasy Plant Mini Kit), RT-PCR was performed with VTI11 
(At5g39510) specific primers (Supplemental Table 2) (iScript select 
cDNA synthesis kit), and the resulting cDNA amplification was cloned 
into pCambiaGFP and the homozygous mutation was confirmed by se-
quencing. Infectivity assays were performed on Arabidopsis wild-type 
and mutant plants by agroinfiltration with either pCambiaTuMV/6K2:GFP 
(Grangeon et al., 2012) or PlAMV:GFP infectious clones (Yamaji et al., 
2012) and daily counting the number of systemically infected plants by 
observing GFP fluorescence under UV light.

RT-qPCR

RT-qPCR reactions were performed following to MIQE (minimum infor-
mation for publication of quantitative real-time PCR experiments) guide-
lines (Bustin et al., 2009). Total mRNA was extracted as indicated by the 
manufacturer instructions (RNeasy Plant Mini Kit). After genomic DNA 
removal and RNA quality and purity verifications, total mRNA extracts 
were processed for RT as indicated by the manufacturer (iScript reverse 
transcription supermix for RT-qPCR) for each condition. qPCR were per-
formed with the SYBR Green PCR master mix kit (Applied Biosystems), 
on CFX96 real-time PCR system thermal cycler (Bio-Rad), and data anal-
ysis was done with CFX manager software (Bio-Rad). qPCR was done 
in the same conditions for cDNA samples, with no-RT samples and no 
template control for all primers. For each pair of primers (Supplemental 
Table 1), specificity was validated (melt curve, gel) from pooled cDNA 
sample. Serial dilutions of pooled cDNA samples were done to generate 
standard curves, determine primer efficiency (between 90% and 110%), 
and select the optimal working dilution. Three reference genes, such as 
L23, PP2A, and F-BOX (Liu et al., 2012)were selected for N. benthamiana 
and three other such as ubiquitin (Cosson et al., 2012), transducin, and 

actin 11 (transducin and actin 11 were provided by V. Schurdi-Levraud) 
were selected for Arabidopsis to verify their stability for each experiment. 
Reference gene stability was analyzed and validated using the geNorm 
method (Vandesompele et al., 2002) in qbase+ software (Biogazelle). 
Consequently, the two most stable references genes in our conditions 
were PP2A and F-BOX for N. benthamiana experiments as well as ubiq-
uitin and transducin for Arabidopsis. Normalization (ΔΔCq) was done 
respectively with the two validated reference genes to give a more robust 
qPCR data estimate of virus replication either in N. benthamiana or Ara-
bidopsis. Values were graphically represented on histograms relative to 
TuMVVNN control normalized value.

Protein Domain and Glycosylation Site Prediction

Prediction of SYTs and SNAREs transmembrane domains was performed 
with the following online software: HMMTOP (http://www.enzim.hu/ 
hmmtop), PHOBIUS (http://phobius.sbc.su.se/), SOSUI (http://harrier.
nagahama-i-bio.ac.jp/sosui/sosui_submit.html), TMHMM (http://www.
cbs.dtu.dk/services/TMHMM-2.0/), and TMpred (http://embnet.vital-it.
ch/software/TMPRED_form.html). Complement of information for SYTs 
were (Craxton, 2004; Min et al., 2007; Levy et al., 2015). Prediction of SMP 
and C2 domains were performed with Pfam online software (http://pfam.
xfam.org/). The information was used to create SYT and SNARE truncated  
forms of the proteins. 6K2 and GFP primary sequences were subjected  
to in silico N-glycosylation sites prediction with NetNGlyc 1.0 online  
software (http://www.cbs.dtu.dk/services/NetNGlyc/), and O-glycosylation  
sites were predicted with NetOGlyc 4.0 (Steentoft et al., 2013) online 
software (http://www.cbs.dtu.dk/services/NetOGlyc/). 6K2 presented only 
potential N-glycosylation modifications and was subjected to further 
analyses (see Total Protein Extraction, Cellular Fractionation, Deglyco-
sylation Assay, and Immunoblot Analysis section below).

Transient Protein Expression, Inhibitor Treatments, and Co-IP

Agrobacterium tumefaciens-mediated transient protein expression was 
followed essentially as described by Cotton et al. (2009). Four-week-
old N. benthamiana plants were used for agroinfiltration and were kept 
in the growth chamber until analysis. The OD600 was adjusted to 0.03 
for GFP:HDEL, to 0.1 for ERD2:GFP, ST:YFP, and AHA2:GFP, to 0.3 for 
wild-type 6K2, mutated 6K2 fluorescent protein fusions, as well as for 
wild-type and mutated TuMV infectious clones. Except for the experi-
ments in Figure 2B, the OD600 was adjusted to 0.01 to 0.015 not only for 
both secretory pathway inhibitors GFP-ARF1 NI and RAB-D2A N123I, 
but also for Man49:mCherry, 6K2

GV:mCherry, 6K2:mCherry, and pCambia-
TuMV/6K2:mCherry. Coexpression experiments with the secretory path-
way inhibitors were done in the presence of P19 (OD600 = 0.01). OD600 of 
SNAREs and SYTs during expression experiments was adjusted to 0.1 in 
the presence of P19 (OD600 = 0.1). For RT-qPCR, infectious clones were 
infiltrated at an OD600 adjusted to OD600 = 0.01, pCambia (Mock) at OD600 =  
0.01 or 0.1 and dominant-negative SNAREs and SYTs at OD600 = 0.1  
with P19 (OD600 = 0.2). For all coexpression combinations, an equal 
volume of Agrobacterium suspensions was mixed thoroughly prior to 
agroinfiltration. BFA (Millipore Sigma) was used at a final concentration 
of 20 μg/mL 24 h prior to confocal observations. Coimmunopurification 
experiments were performed with anti-GFP-Trap beads (ChromoTek) as 
described (Jiang et al., 2015). Briefly, N. benthamiana leaves expressing 
combinations of different proteins were harvested and total proteins were 
extracted. The cleared lysates (input) were immunopurified using anti-
GFP-Trap beads, and this was followed by immunoblot analysis of input 
and immunopurified (co-IP) fractions using antibodies against GFP (see 
Total Protein Extraction, Cellular Fractionation, Deglycosylation Assay, 
and Immunoblot Analysis section below).

http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
https://www.arabidopsis.org/
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00281/DC1
http://www.enzim.hu/hmmtop
http://www.enzim.hu/hmmtop
http://phobius.sbc.su.se/
http://harrier.nagahama-i-bio.ac.jp/sosui/sosui_submit.html
http://harrier.nagahama-i-bio.ac.jp/sosui/sosui_submit.html
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://embnet.vital-it.ch/software/TMPRED_form.html
http://embnet.vital-it.ch/software/TMPRED_form.html
http://pfam.xfam.org/
http://pfam.xfam.org/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetOGlyc/
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Confocal Laser Scanning Microscopy

The agroinfiltrated leaf tissues were placed between slides and cover 
slides. These samples were observed using 10×, 20×, or 63× oil immer-
sion objectives on a LSM780 confocal microscope (Zeiss). GFP and YFP 
were excited at 488 nm, and the emission was captured between 500 and 
535 nm. The mCherry signal was excited at 561 nm, and the emission 
was captured from 580 to 640 nm. For colocalization assay, different 
fluorescent signals were collected simultaneously. Image processing 
was performed with ZEN 2011 software and ImageJ (National Institutes 
of Health). For 3D reconstructions, settings and image treatment were 
identical for all panels.

TuMV Intercellular Movement Assays under Dominant-Negative 
Protein Expression

Four-week-old N. benthamiana plants were agroinfiltrated with either 
pCambiaSec22:CFP, pCambiaVTI11ΔTMD:CFP, or pCambiaSYTAΔC2B:CFP, 
or pCambiaSYTEΔTMD:CFP or pCambiaSYTFΔC2C:CFP (OD600 = 0.1) with 
P19 (OD600 = 0.2) 1 d prior to TuMV/6K2:mCherry//GFP-HDEL (Agbeci  
et al., 2013) agroinfiltration (OD600 = 0.1). For all coexpression combinations 
with P19, an equal volume of Agrobacterium suspensions was mixed 
thoroughly prior to agroinfiltration. Infection foci were acquired at 4 to  
5 dpi by confocal microscopy with a 10× objective. Their corresponding 
confocal images were formed of juxtaposed tiles (6 × 6 × 10 tiles stacks of 
40-µm-thick confocal images that overlap by 45 µm). Image processing 
was done with ZEN 2011 software. Primary and secondary infection area 
foci were calculated with ImageJ imaging software.

Graphical Representation and Statistical Analysis

All data sets were graphically represented, processed, and statistical 
analyzed with Igor Pro software (Wavemetrics) (except when indicated). 
Values obtained during infectivity kinetics were plotted and curve fitting 
was done. Focus area ratio distributions were graphically represented on 
whisker and box plots showing data sets from the 25th (lower box limit) 
to 75th percentile (upper box limit) with the 50th percentile (median value,  
middle horizontal line). The whiskers represented the 10th and 90th per-
centiles and the empty circles indicate the outliers. All data sets dis-
tributions were analyzed for statistical significance between treatments 
using the nonparametric Wilcoxon-Mann-Whitney two-sample rank test 
(*P value < 0.05). RT-qPCR data were statistically analyzed by performing 
t tests analyses (*P value < 0.05). Colocalization quantifications were 
calculated using Pearson’s correlation coefficient r values of ImageJ, as 
well as statistically analyzed by performing a t test analysis (*P value < 
0.05), and graphically represented on a bar chart.

Total Protein Extraction, Cellular Fractionation, Deglycosylation 
Assay, and Immunoblot Analysis

Total proteins extractions were performed as described (Batoko et al., 
2000). The cellular fractionation experiment was performed as described 
(Thivierge et al., 2008). Deglycosylation assays were performed with the 
PNGase F glycosidase under denaturing conditions (New England Bio-
labs). Briefly, proteins extracts were performed as described above in the 
co-IP section. Then, 40 μL of each protein extract was further processed 
essentially according to the manufacturer’s protocol with the following 
slight modification. Reaction volumes were scaled up, the denaturing 
step was set to 75°C for 10 min, and the digestion was performed during 
3 h at 37°C. For immunoblotting analyses, protein samples were sepa-
rated on 12% SDS-PAGE and transferred to a nitrocellulose membrane 
(Bio-Rad), and rabbit antisera were used at the following dilutions either 
with anti-CP at 1:2500 or anti-RFP (Thermo Fisher Scientific; R-10367) 

at 1:10000 or anti-GFP (Thermo Fisher Scientific; A-6455) at 1:10,000. 
The secondary antibody was goat anti-rabbit IgG coupled to horseradish 
peroxidase.

Immunogold Labeling

Immunogold labeling was performed as described (Wan et al., 2015a) 
with some adjustments indicated hereafter. Pieces of mock and TuMV- 
infected leaves were cut and fixed, washed, postfixed in reduced osmium 
tetroxide (Kopek et al., 2007), rinsed, and dehydrated in a graded alco-
hol series. Samples were rinsed in 100% alcohol an additional time for  
20 min. Samples were then infiltrated with increasing concentrations of 
LR white resin (Electron Microscopy Science) (50, 75, and 100%) mixed 
with acetone for a minimum of 8 h for each step at 4°C on a rotator and 
embedded in pure LR white resin. Sections (90–100 nm) were succes-
sively incubated in a Dulbecco’s phosphate glycine buffer saline (DPBS; 
137 mM NaCl, 2.7 mM KCl, 1.5 mM KH

2PO4, 6.5 mM Na2HPO4, 1 mM CaCl2, 
and 0.5 mM MgCl2, pH 7.4) in blocking solution containing a mouse 
monoclonal anti-dsRNA antibody J2 (stock solution is 1 mg/mL; English 
and Scientific Consulting; catalog no. 10010200; dilution 1:40) diluted 
in DPBS-BCO solution (2% [w/v] BSA, 2% [w/v] casein, and 0.5% [w/v] 
ovalbumin in DPBS), washed, and incubated again in blocking buffer. 
Finally, sections were incubated in a goat anti-mouse secondary anti-
body, conjugated to 10-nm gold particles (Millipore Sigma), and diluted in 
DPBS-BCO (dilution 1:20) solution. After washing with DPBS, grids were 
stained with uranyl acetate and Reynolds lead citrate. Quantification of 
the distribution of the gold particles per μm2 and relative labeling dis-
tribution was performed on mock-infected and TuMV-infected sections 
according to Lucocq et al. (2004). Two different labeling experiments were 
considered and 100 gold particles were counted per experiment.

CFDA Treatment

CFDA physiological assay was performed essentially as described (Wan 
et al., 2015b). Two rosette leaves per Arabidopsis wild-type and itt3 plant 
were gently abraded over a small area (∼2 × 3 mm2) of the adaxial sur-
face. Five microliters of 60 μg/mL of a CFDA suspension was deposited 
on the abraded area. The leaf surface was covered with a plastic film, 
and fluorescence on leaves was acquired by confocal microscopy with 
the 10× objective under the 488-nm excitation laser.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL 
database or the Arabidopsis Genome Initiative database under the fol-
lowing accession numbers: SYTA (At2g20990.1), SYTB (At1g20080), 
SYTD (At5g11100), SYTE (At1g05500), SYTF (At3g18370), and SNARE 
proteins Sec22 (At1g11890), MEMB11 (At2g36900), SYP31 (At5g05760), 
GOS11(At1g15880), GOS12 (At2g45200), BET11 (At3g58170), BET12 
(At4g14455), VAMP714 (At5g22360), SYP71 (At3g09740), VAMP711 
(At4g32150), VAMP713 (At5g11150), VAMP721 (At1g04750), VAMP722 
(At2g33120), VAMP724 (At4g15780), VAMP725 (At2g32670), VAMP727  
(At3g54300), SYP61 (At1g28490), SYP41 (At5g26980), SYP42 (At4g02195), 
VTI11 (At5g39510), VTI12 (At1g26670), SNAP30 (At1g13890), SNAP33 
(At5g61210), Ykt61 (At5g58060), and SYP52 (At1g79590). Reference 
genes selected for RT-qPCR experiments were ubiquitin (At2g36060), 
transducin (At2g26060), actin 11 (At3g12110.1) for Arabidopsis and 
L23 (TC19271), PP2A (TC21939), and F-BOX (Niben.v0.3.Ctg24993647) 
for N. benthamiana. Mutants used in this were sytb (SALK_108104C), 
sytc (SALK_124835C), sytd (SAIL_359_H05), syte (SALK_036961C), sytf 
(SALK_033634C), BET11 SNARE T-DNA KO bet11 (SALK_150636C), 
VTI11 SNARE EMS KO itt3 (CS68724), and syta-1 (Sail 775A08).
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