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Abstract
Intracellular movement is an important step for the initial spread of virus in plants during infection. This process requires virus- 
encoded movement proteins (MPs) and their interaction with host factors. Despite the large number of known host factors 
involved in the movement of different viruses, little is known about host proteins that interact with one of the MPs encoded by 
potexviruses, the triple-gene-block protein 3 (TGBp3). The main obstacle lies in the relatively low expression level of potexviral 
TGBp3 in hosts and the weak or transient nature of interactions. Here, we used TurboID-based proximity labeling to identify 
the network of proteins directly or indirectly interacting with the TGBp3 of a potexvirus, Bamboo mosaic virus (BaMV). 
Endoplasmic reticulum (ER) luminal-binding protein 4 and calreticulin 3 of Nicotiana benthamiana (NbBiP4 and NbCRT3, re-
spectively) associated with the functional TGBp3-containing BaMV movement complexes, but not the movement-defective 
mutant, TGBp3M. Fluorescent microscopy revealed that TGBp3 colocalizes with NbBiP4 or NbCRT3 and the complexes 
move together along ER networks to cell periphery in N. benthamiana. Loss- and gain-of-function experiments revealed 
that NbBiP4 or NbCRT3 is required for the efficient spread and accumulation of BaMV in infected leaves. In addition, over-
expression of NbBiP4 or NbCRT3 enhanced the targeting of BaMV TGBp1 to plasmodesmata (PD), indicating that NbBiP4 
and NbCRT3 interact with TGBp3 to promote the intracellular transport of virion cargo to PD that facilitates virus cell-to- 
cell movement. Our findings revealed additional roles for NbBiP4 and NbCRT3 in BaMV intracellular movement through 
ER networks or ER-derived vesicles to PD, which enhances the spread of BaMV in N. benthamiana.
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Introduction
To establish systemic invasions in hosts, plant viruses have 
developed various functions for critical steps in their infec-
tion cycle: replication at the initial infected cells, intracellular 
spreading to cell peripheries, local movement to non- 
infected adjacent cells, and systemic movement to other or-
gans, and eventually invading the whole plant (Nelson and 
Citovsky, 2005). For functions involved in movement, plant 
viruses have evolved various types of proteins, termed movement 

proteins (MPs), to facilitate the intra and intercellular spread-
ing of plant viruses throughout the host (Dorokhov et al., 
2020). In addition, a large number of host factors and path-
ways (including factors in the endomembrane systems, cyto-
skeletal network, and secretory pathways) have been 
exploited by plant viruses to accomplish the tasks for move-
ment (Kumar and Dasgupta, 2021). The comprehensive under-
standing of the interactions between viral MPs and host factors 
is important for us to reveal the details of viral infection cycles 
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which also provide further insights into the mechanisms of ma-
terial transportations in plants (Wang, 2015; Pitzalis and 
Heinlein, 2018).

In contrast to animal systems, the symplasts of neighboring 
plant cells are interconnected through plasmodesmata (PD), 
consisting of plasma membranes, endomembrane, micro-
tubule systems, and related proteins, forming channels pas-
sing through the cell wall for transportation of proteins, 
nucleic acids, chemicals, etc., between neighboring cells to 
maintain homeostasis and deliver important messages re-
quired for cell growth (Roberts and Oparka, 2003; Lucas 
et al., 2009; Kumar and Dasgupta, 2021). Nearly all plant 
viruses encode one or multiple MPs, which help the virus 
transport between cells through PD in the form of ribonu-
cleoprotein (RNP) complexes, virus particles (virion), or virus 
replication complexes (VRCs; Kawakami et al., 2004; Lucas, 
2006). Transport through PD is tightly regulated and re-
stricted by the size exclusion limits (SELs) of different PD 
(Ueki and Citovsky, 2011). To overcome the physical barriers 
posed by cell walls and PD, different plant viruses employ 
specific types of MPs and adopt various strategies for success-
ful spreading (Navarro et al., 2019; Kumar and Dasgupta, 
2021). For viruses in the family Alphaflexiviridae (including 
the genus Potexvirus), a set of three viral proteins, termed 
triple-gene-block proteins (TGBps), serve as the MPs in the 
infection cycles.

The functions and characteristics of the three TGB pro-
teins of potexviruses in viral movement have been well docu-
mented (Morozov and Solovyev, 2003; Verchout-Lubicz et al., 
2010; Solovyev et al., 2012). TGBp1 forms inclusion bodies in 
the cytoplasm and nucleus (Chang et al., 1997; Samuels et al., 
2007) with an RNA binding and ATPase activity (Wung et al., 
1999; Hsu et al., 2004). In addition, TGBp1 exhibits helicase 
activity (Kalinina et al., 2002), which can increase the SEL 
of PD, helping the virus complexes pass through PD 
(Angell et al., 1996; Howard et al., 2004). In the initial 
virus-infected cells, TGBp1 can promote the translation of 
viral nucleic acid to produce replication enzymes for initi-
ation of a new infection cycle (Atabekov et al., 2000). 
TGBp2 protein has two transmembrane domains and is an 
integral membrane protein of endoplasmic reticulum (ER) 
and ER-derived vesicles (Ju et al., 2005; Hsu et al., 2008). 
The TGBp2-containing ER vesicles can align on the actin net-
work during virus infection (Ju et al., 2005). Deletion or sub-
stitution of the highly conserved amino acid sequence in the 
TGBp2 central loop, which is located in the ER lumen, inhi-
bits vesicle formation and viral cell-to-cell movement (Ju 
et al., 2007). Two C-terminal conserved cysteine (Cys) resi-
dues of Bamboo mosaic virus (BaMV) TGBp2 are important 
for targeting TGBp1 to PD and hence are critical for 
cell-to-cell movement of BaMV (Tseng et al., 2009; Ho 
et al., 2017). TGBp3 is an ER integral membrane protein 
with single transmembrane domain (Lee et al., 2010); the 
C-terminus is hydrophilic and is exposed to the cytoplasm 
(Chou et al., 2013). The sorting signal in the C-terminus of 
TGBp3 is highly conserved in the genus Potexvirus and 

promotes targeting of TGBp2 to the cortical ER at the cell 
periphery (Lee et al., 2010; Wu et al., 2011). In addition, 
two conserved Cys residues in the C-terminus of TGBp3 
play a key role in BaMV cell-to-cell movement by enhancing 
the TGBp2- and TGBp3-dependent PD localization of TGBp1 
(Chou et al., 2013). Our previous results suggested that the 
cell-to-cell movement of BaMV requires an association of 
the virion cargo with the TGBp2- and TGBp3-based mem-
brane complexes and recruitment of TGBp1, with TGBp3 
playing a key role in carrying the entire virus movement com-
plexes along the ER network or actin filament to PD. 
Subsequently, the SEL of PD is increased via TGBp1 so that 
the virion cargo can pass through PD to the adjacent unin-
fected cells (Chou et al., 2013; Liou et al., 2015).

In addition to viral proteins, viruses in the family 
Alphaflexiviridae also exploit host proteins or subcellular 
structures to facilitate the movement functions. Some of 
these host factors have been demonstrated to interact 
with the TGBps of alphaflexiviruses. TGBp1 is known to re-
organize host protein actin and endomembrane, forming 
the protective structure, X-body, for Potato virus X (PVX) 
replication, assembly, and movement (Tilsner et al., 2012). 
The nucleolar proteins fibrillarin and coilin have been shown 
to interact with TGBp1 of hordeivirus (Semashko et al., 
2012a, 2012b) or potexvirus (Chang et al., 2016), taking 
part in the formation of viral and subviral RNPs involved in 
long-distance movement (Solovyev et al., 2012; Chang 
et al., 2016). The interaction of TGBp1 with a host membrane 
raft protein, StRemorin1.3 may hamper the movement of 
PVX (Perraki et al., 2014), whereas the interaction with a ca-
sein kinase 2-like protein may result in the phosphorylation 
of TGBp1 and promote viral movement (Módena et al., 
2008; Hu et al., 2015). For TGBp2-interacting host proteins, 
it has been demonstrated that β-1,3-glucanase-associated 
host factor TIP1 (TGB12K-interacting protein 1) may interact 
with TGBp2 and β-1,3-glucanase, thereby decreasing the cal-
lose accumulation in PD to facilitate viral intercellular traf-
ficking (Fridborg et al., 2003; Reagan and Burch-Smith, 
2020). In addition, a serine/threonine kinase-like protein of 
Nicotiana benthamiana (NbSTKL) and a Rab GTPase activa-
tion protein 1 (NbRabGAP1) have been shown to contribute 
to the intracellular movement of BaMV (Cheng et al., 2013; 
Huang et al., 2013). For TGBp3, it has been shown that 
PVX TGBp3 may induce unfolded protein response and 
SKP1-dependent programmed cell death (Ye et al., 2013). 
Despite the rich body of information regarding the host pro-
teins interacting with TGBp1 and/or TGBp2 for the move-
ment of viruses in the family Alphaflexiviridae, no host 
proteins have been demonstrated to interact, either directly 
or non-directly, with TGBp3. The main obstacles possibly lies 
in the relatively low abundance of TGBp3, when compared 
with TGBp1 and TGBp2, and the weak and transient charac-
teristics of the interactions anticipated between proteins in-
volved in movement functions. To explore the interaction 
network involving TGBp3 for viral movement, we have fo-
cused on an extensively studied potexvirus, BaMV.



906 | PLANT PHYSIOLOGY 2023: 191; 904–924                                                                                                                Huang et al.

BaMV belongs to the genus Potexvirus in family 
Alphaflexiviridae (Hsu et al., 2018). The genome of BaMV is 
a single-stranded RNA molecule. It encodes five genes (Lin 
et al., 1994; Yang et al., 1997). The first gene produces an en-
zyme that is responsible for building the viral replication fac-
tories and copying the viral RNA (vRNA; Meng and Lee, 
2017). The overlapping second to fourth genes encode the 
TGBps required for viral movement, characteristic to viruses 
in the genus Potexvirus (Morozov and Solovyev, 2003; Chou 
et al., 2013). BaMV TGBp1 has also been shown to be an 
RNA silencing suppressor in BaMV infection (Huang et al., 
2019). The last gene encodes a CP for virion assembly, move-
ment, and symptom development (Lan et al., 2010; Hung 
et al., 2014; DiMaio et al., 2015).

In this study, we used TurboID-based proximity labeling 
(PL) approach to explore the interaction networks of 
BaMV TGBp3 in planta during BaMV infection on 
N. benthamiana. TurboID is a biotin ligase that catalyzes PL 
of proteins within a radius of a few nanometers and has 
emerged as an innovative technique to study the interactions 
of proteins, including those with weak, transient, or indirect 
associations, within plant cells (Branon et al., 2018; Zhang 
et al., 2019; Zhang et al., 2020). Among the host factors iden-
tified within the proximity of BaMV TGBp3, two ER-resident 
proteins, luminal-binding protein 4 and calreticulin 3 of 
N. benthamiana (designated NbBiP4 and NbCRT3, respect-
ively), were further analyzed for their possible roles in the 
movement of BaMV. The results revealed that NbBiP4 and 
NbCRT3 only interact with the movement-competent 
BaMV TGBp3, but not the movement-defective mutant 
TGBp3M, and that these proteins positively regulate the 
cell-to-cell movement of specific viruses, including BaMV. 
The possible role of these ER-resident proteins in viral move-
ment is further discussed. These results reveal additional 
function of ER-resident proteins, NbBiP4 and NbCRT3, in fa-
cilitating the movement of specific viruses, and provide fur-
ther insights into the transportation of materials as large as 
VRCs within and between plant cells.

Results
Expression of TGBp3-TurboID efficiently biotinylates 
host proteins
Since BaMV TGBp3 is critical for transporting the movement 
complexes containing TGBp1, TGBp2, and TGBp3 along the 
ER network (Wu et al., 2011; Chou et al., 2013), we used 
TGBp3 to identify host factors involved in the transport of 
BaMV movement complexes. The cDNA fragments of BaMV 
TGBp3 and TGBp2p3 were cloned into the upstream region 
of TurboID (TbID) expression cassette, generating the plasmids 
p35S::TGBp3-TbID and p35S::TGBp2p3-TbID, respectively 
(Figure 1A). With the expression of p35S::TGBp2p3-TbID, 
TGBp2 and TGBp3-TbID tagged with triple human influenza 
hemagglutinin epitope (TGBp3-TbID-3XHA) proteins were 
translated in the same cell (Figure 1A, right). In contrast, for 

p35S::TGBp3-TbID, only TGBp3-TbID-3XHA were expressed 
(Figure 1A, right). As a control, we generated TurboID fused 
to the C-terminal of TGBp3 with sorting signal mutation 
(I33A and I35A, TGBp3M), which would not be transported 
to the cortical ER (Wu et al., 2011). In order to validate the 
functionalities of different TGBp3 constructs with TbID fusion 
tag in BaMV cell-to-cell movement, the following complemen-
tation assays were performed. A TGBp3-defective BaMV 
infectious clone, pCBGp3ATGm, was constructed by substitu-
tion of the initiation codon, ATG, of TGBp3 gene to CTG that 
would disrupt the translation initiation of TGBp3 while retain-
ing the codon of TGBp2. The infectious clones carry green 
fluorescent protein (GFP) gene expressed from a duplicated 
CP subgenomic promoter (Lin et al., 2004), allowing for visual-
ization of the BaMV-infected cells via fluorescence 
(Supplemental Figure 1A). The inoculation assay revealed 
that accumulation levels of genomic RNA, subgenomic 
RNAs, and CP of BaMV in protoplasts inoculated with infec-
tious constructs of wild-type BaMV (pCBGp3HA) or 
TGBp3-defected BaMV (pCBGp3ATGm) were similar, indicat-
ing that TGBp3-defective BaMV retained a wild-type replica-
tion activity (Supplemental Figure 1B). The result of Western 
blot analyses showed the corresponding expression of 
TGBp3HA could be detected in pCBGp3HA- but not in 
pCBGp3ATGm-inoculated cells (Supplemental Figure 1B, right 
panel). In the trans-complementation assays, the TbID alone 
(control) or TGBp3 fusions were transiently expressed in 
N. benthamiana for one day and then the virions of wild-type 
BaMV (BGp3HA) or TGBp3-defective BaMV (BGp3ATGm) 
were inoculated into the leaves. Following the cultivation of in-
oculated plants for an additional three days, the leaves were ex-
amined with fluorescence microscopy. The result revealed that 
clusters of green fluorescent cells could be observed in leaves 
inoculated with BGp3HA plus expression of TbID, but not in 
the leaves inoculated with BGp3ATGm, as expected due to de-
fects in cell-to-cell movement (Supplemental Figure 1C, i and 
ii). When trans-complemented with TGBp3-T7, TGBp3-TbID, 
or TGBp2p3-TbID in infection of BGp3ATGm, the green fluor-
escent (GF) clusters were observed (Supplemental Figure 1D, iii, 
iv, and vi). However, in the leaves complemented with 
TGBp3M-TbID or TGBp2p3M-TbID, only restricted GF move-
ments from the initial infection foci (Supplemental Figure 1C, v 
and vii) were observed. Western blot analysis with correspond-
ing antibodies confirmed the expression of these proteins 
(Supplemental Figure 1D). These data showed TGBp3-TbID fu-
sion can complement the ability of BGp3ATGm to move from 
cell to cell, thus demonstrating the functionality of TbID-fused 
TGBp3 in BaMV cell-to-cell movement.

To assess if TGBp3-TbID fusion could promote cis- 
biotinylation and trans-biotinylation of host proteins, 
agrobacterium harboring TGBp3-TbID, TGBp2p3-TbID, 
TGBp3M-TbID, and TGBp2p3M-TbID were co-infiltrated with 
BaMV into N. benthamiana plants. At 2 days post- 
agroinfiltration (dpai), 200 μM biotin was infiltrated into the 
leaves and incubated for an additional 8 h. Immunoblot analysis, 
with horseradish peroxidase (HRP)-conjugated streptavidin 
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(SA-HRP) revealed that all TurboID fusion proteins had bio-
tinylation activity (Figure 1B, upper panel). Immunoblot as-
say with anti-hemagglutinin (HA) antibody revealed no 
discernible differences in the expression of TGBp3 among dif-
ferent constructs (Figure 1B, middle panel). The biotinylated 
proteins were then enriched from the total extracted pro-
teins by using SA-coupled magnetic beads. The enriched bio-
tinylated proteins were confirmed by Western blot analysis 
with SA-HRP or anti-HA antibody (Figure 1, C and D). To de-
termine whether the SA-enriched TGBp3-associated complexes 

contained other two BaMV MPs, TGBp1 and TGBp2, immu-
noblot assays with anti-TGBp1 or anti-TGBp2 antibody were 
performed. The result showed that only TGBp2p3-TbID 
could co-precipitate TGBp1 and TGBp2 but not TGBp2p3M- 
TbID (Figure 1D, lower panel). These results suggested that 
TGBp2p3M interferes with the interaction network of 
BaMV movement complexes, so TGBp3M may serve as an 
appropriate control in PL experiments to differentiate the 
host factors within the BaMV movement complexes. Note 
that TGBp2p3-TbID co-precipitated more TGBp2 and TGBp1 
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are shown on the left. CP, BaMV coat protein; RbcL, RuBisCO large subunit. C and D, Detection of total biotinylated proteins before (Input) and after, 
respectively, enrichment with streptavidin-coupled beads (SA enrich). Anti-TGBp1 antibody was used for detecting BaMV TGBp1 in input and 
SA-enriched fraction.
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than did TGBp3-TbID alone (Figure 1, compare lanes 3 in 
Figure 1, C and D), indicating that the co-translation of 
TGBp2 and TGBp3 may enhance the formation of intact move-
ment complexes. Therefore, we used TGBp2p3-TbID and 
TGBp2p3M-TbID to analyze the protein interaction network 
of BaMV movement complexes in the following experiments.

Identification of interactors of BaMV TGBp3 MP
To identify TGBp3 interactors, the biotinylated proteins were 
SA-enriched and subjected to LC/MS-MS analysis. A total of 
52 and 49 N. benthamiana proteins were identified in 
TGBp2p3-TbID- and TGBp2p3M-TbID-agroinfiltrated plants, 
respectively (Figure 2A and Supplemental Table 1). After sub-
tracting the biotinylated proteins from TGBp3M-TbID, 28 
unique proteins were identified in the TGBp3-TbID sample. 
The proteins biotinylated by TGBp3-TbID included BaMV 
proteins, host factors that were previously identified in the 
BaMV VRC or involved in BaMV cell-to-cell movement, ER 
proteins, cytoskeleton proteins, proteins involved in vesicle 
formation, metabolic enzymes, and others (Figure 2B). 
Since TGBp2 and TGBp3 MPs are ER integral membrane pro-
teins, the ER luminal-binding protein (NbBiP4) and calreticu-
lin (NbCRT3), which were among the top four of Mascot 
score list of the interacting host proteins (Supplemental 
Table 1A), were selected for further analysis based on the hy-
pothesis that BaMV TGBp3 might co-opt NbBiP4 or NbCRT3 
for viral movement along the ER network or ER-derived 
vesicles.

BaMV TGBp3 interacts with NbBiP4 and NbCRT3
We first tested whether BaMV TGBp3 associates with NbBiP4 
or NbCRT3 by using GFP pull-down assay. NbBiP4-GFP, 
NbCRT3-GFP, or GFP (control) was co-expressed with 
TGBp3-TbID with transfection of pKBRepHA21, a BaMV in-
fectious clone expressing HA-tagged replicase (Huang et al., 
2017b). The result of GFP pull-down assay showed that 
NbBiP4-GFP or NbCRT3-GFP, but not GFP alone, could co- 
precipitate TGBp3-TbID-3XHA (Figure 3A, right panel). In 
addition, BaMV-CP, TGBp1, and replicase-HA were detected 
in the NbBiP4 or NbCRT3 pull-down complexes (Figure 3A, 
right panel). Furthermore, in vivo bimolecular fluorescence 
complementation (BiFC) assays (Citovsky et al., 2006) were 
performed to determine whether BaMV TGBp3 interacts 
with NbBiP4 or NbCRT3 in plants. As a positive control, 
NbBiP4-nEYFP and NbCRT3-cEYFP were transiently co- 
expressed in N. benthamiana, and intense fluorescence was 
observed in epidermal cells at 3 dpai (Figure 3B), due to 
the interaction between NbBiP4 and NbCRT3, which were 
in accordance with the previous report (Crofts et al., 1998). 
Bright yellow fluorescence was also observed when 
N. benthamiana leaves were co-infiltrated with nEYFP-TGBp3 
and NbBiP4-cEYFP, or nEYFP-TGBp3 and NbCRT3-cEYFP 
(Figure 3B), suggesting that BaMV TGBp3 and NbBiP4 or 
NbCRT3 can indeed interact with each other in N. benthami-
ana cells. In contrast, no fluorescence signals were observed 
in N. benthamiana cells co-infiltrated with nEYFP and 

NbBiP4-cEYFP, nEYFP and NbCRT3-cEYFP, or nEYFP-TGBp3 
and cEYFP, which were used as negative controls (Figure 
3B). These observations demonstrate that NbBiP4 and 
NbCRT3 may interact with BaMV TGBp3, which might be in-
volved in transporting the entire BaMV movement complexes 
in the form of RNP, virion, or even the VRC.

TGBp3 colocalizes and moves with NbBiP4 and 
NbCRT3 along the ER network
To investigate the colocalization of BaMV TGBp3 with 
NbBiP4 or NbCRT3 in vivo, we first examined their subcellu-
lar location in epidermal cells of N. benthamiana. The result 
revealed that GFP-TGBp3, NbBiP4-GFP, and NbCRT3-GFP 
were localized in the ER, which was visualized with ER-rk, 
an ER marker with mCherry fluorescent protein fusion 
(Nelson et al., 2007; Supplemental Figure 2). GFP-TGBp3 
was localized as punctate structures, which is consistent 
with a previous report demonstrating that BaMV TGBp3 re-
cruits TGBp2 to the peripheral bodies near the cell cortex in 
plants (Lee et al., 2010; Wu et al., 2011). Subsequently, a plas-
mid for the expression of orange fluorescent protein 
(OFP)-tagged TGBp3 (OFP-TGBp3) was constructed to de-
termine whether TGBp3 colocalizes with NbBiP4-GFP or 
NbCRT3-GFP. Consistent with the localization pattern of 
GFP-TGBp3 in epidermal cells of N. benthamiana 
(Supplemental Figure 2), OFP-TGBp3 localized as punctate 
structures, but developed to a large complex after BaMV in-
fection for 2 days (Figure 4A). These large complexes of 
OFP-TGBp3 were colocalized with NbBiP4-GFP and 
NbCRT3-GFP (Figure 4B). Time lapse imaging showed that 
these complexes move around within the cell dynamically 
(Supplemental Movies 1, A–D). The movement of vesicle-like 
structures with the colocalization of OFP-TGBp3 and 
NbCRT3-GFP were also observed in Supplemental Movie 
1D. At 3 dpai, OFP-TGBp3 colocalized with NbBiP4-GFP or 
NbCRT3-GFP at the cortical ER with punctate structures 
(Figure 4C). The punctate bodies of OFP-TGBp3 were ob-
served to move along the ER at the cell periphery with slower 
speed than did the complexes at 2 dpai (Supplemental 
Movies 1, E–H). Combined with the data from pull-down as-
says and movies, these results indicated that NbBiP4 or 
NbCRT3 may facilitate the mobilization of BaMV TGBp3 or 
the entire movement complexes within the cell and eventu-
ally to the cell periphery, possibly aiming to spread to the 
neighboring cells.

Knockdown of NbBiP4 or NbCRT3 expression 
suppresses BaMV accumulation
To characterize the role of NbBiP4 or NbCRT3 in BaMV infec-
tion, we used Tobacco rattle virus (TRV)-based virus-induced 
gene silencing (VIGS) approach to knockdown the expression 
of NbBiP4 or NbCRT3. Plants infiltrated with the Luciferase 
(Luc)-silencing construct were used as the negative control. 
Reverse transcription quantitative PCR (RT-qPCR) analysis 
demonstrated that the transcription of NbBiP4 or NbCRT3 

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
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http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
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A p35S::TGBp2p3TbID

p35S::TGBp2p3MTbID

28 24 25

List of proteins that are proximal to TGBp3-TbID  

Figure 2 BaMV TGBp3-interacting proteins. A, Schematic Venn diagram of biotinylated proteins identified by LC/MS-MS from BaMV-infected N. 
benthamiana plants with expression of p35S::TGBp2p3-TbID (left) and p35S::TGBp2p3M-TbID (right). B, List of viral proteins and selected N. 
benthamiana proteins that are proximal to TGBp3-TbID. The proteins identified uniquely from TGBp3-TbID_PL or overlapped with 
TGBp3M-TbID_PL are indicated in green and orange, respectively.
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Figure 3 BaMV TGBp3 interacts with NbBiP4 or NbCRT3. A, Analysis of the interaction between BaMV proteins and NbBiP4 or NbCRT3 in 
N. benthamiana using GFP pull-down assay. The expression clones pEGFP, pENbBiP-GFP, pENbCRT-GFP, and p35S::TGBp2p3-TbID and infectious 
clone pKBRepHA21 were co-expressed with the combinations indicated above each lane. At 3 dpai, total proteins (input) were isolated for GFP-trap 
pull-down assays. The input proteins were detected by immunoblotting with the antibodies against GFP and HA (left top and middle panels). CBS 
served as a loading control. After incubation with GFP-Trap and washing, the bound complexes were eluted by boiling, separated on 12% SDS-PAGE, 
and analyzed for presence of TGBp3-TbID-3XHA, BaMV-CP, TGBp1, and Replicase-HA with corresponding antibodies by immunoblotting (right 
panels). B, Analysis of interactions between BaMV TGBp3 and NbBiP4 or NbCRT3 using BiFC assay. Fluorescent micrographs of N. benthamiana 
leaf epidermal cells infiltrated with various combinations of EYFP fusion constructs, as indicated above each panel, were shown. Constructs harbor-
ing N- or C-terminal EYFP fusions are denoted as nEYFP or cEYFP, respectively. The agroinfiltrated N. benthamiana leaves were examined by confocal 
microscopy for complementation of EYFP fluorescence at 3 days post-inoculation (dpi). Scale bar = 50 μm.
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Figure 4 Subcellular localization of OFP-TGBp3 with NbBiP4-GFP or NbCRT3-GFP in BaMV-infected N. benthamiana. A, N. benthamiana leaf ex-
pressing OFP-TGBp3 alone with mock or BaMV infection as indicated. B and C, A. tumefaciens harboring p35SOFP-TGBp3 along with pENbBiP-GFP 
or pENbCRT-GFP was infiltrated into BaMV-infected N. benthamiana. Epidermal cells from infiltrated leaves were observed by confocal microscopy 
with Z-stack at 2 dpai (B) and 3 dpai (C). Scale bar = 20 μm. Scale bars of magnified versions represent 5 µm. White arrows indicate the colocaliza-
tion of OFP-TGBp3 and NbBiP4-GFP/NbCRT3-GFP.
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was downregulated to <10% of that in control plants 
(Figure 5A), which resulted in a slight growth interference 
in the plant (Figure 5B). To examine the specificity of RNA si-
lencing, we checked the gene expression of other gene family 
members of NbBiP4 and NbCRT3 by RT-qPCR with gene- 
specific primers (Supplemental Table 2) at 10 dpi. Silencing 
of NbBiP4 did not significantly affect the expression of the 
other three NbBiP homologs (Supplemental Figure 3A). 
Similarly, knocking down NbCRT3 did not show off-target 
effect; instead, NbCRT3 silencing increased mRNA levels of 
other two homologs by about two-fold compared with 
control-silenced plants (Supplemental Figure 3B). The results 

showed that gene silencing was specific to NbBiP4 or NbCRT3 
when infiltrated with the corresponding silencing constructs. 
After confirming the silencing efficiency, the virion of 
BaMV-GFP was inoculated onto the upper leaves of 
NbBiP4- or NbCRT3-silenced plants. BaMV-GFP is a chimeric 
virus with GFP expression from a duplicated CP subgenomic 
promoter (Lin et al., 2004), which allows us to observe the 
BaMV-GFP spreading areas in infected leaf via fluorescence 
imaging. At 3 days post-inoculation (dpi), much smaller fluor-
escence foci appeared on the NbBiP4- or NbCRT3-silenced 
leaves than the control (Figure 5C). The mean fluorescence 
area in Luc-, NbBiP4-, and NbCRT3-knockdown plants was 

Figure 5 Effect of NbBiP4 or NbCRT3 silencing on BaMV accumulation. A, Tobacco rattle virus (TRV)-based VIGS was used to silence NbBiP4 and 
NbCRT3. TRV with Luciferase served as VIGS control. The relative expression of NbBiP4 and NbCRT3 in control (TRV:Luc) and NbBiP4-silenced (TRV: 
BiP4) or NbCRT3-silenced (TRV:CRT3) N. benthamiana plants was measured by RT-qPCR at 10 dpai. Data are mean ± SD of at least three independ-
ent experiments. Asterisks indicate statistically significant differences between the indicated groups by Student’s t test (***P < 0.001). B, The phe-
notypes of NbBiP4-silenced (BiP4i) and NbCRT3-silenced (CRT3i) and control (Luci) N. benthamiana at 10 dpai. Scale bar = 2.5 cm. C, Appearance of 
green fluorescent foci on leaves of the silenced plants infected with BaMV-GFP virion after 3 days post-inoculation (dpi). Scale bar = 1.0 cm. D, Areas 
of green fluorescent foci were measured by fluorescence microscopy and the results were statistically analyzed for the mean and SD of 20 foci from 
each plant. Asterisks indicate statistically significant differences of the indicated group by Student’s t test (***P < 0.001). Scale bar = 0.5 mm. E, 
Western blot analysis of protein levels of BaMV in N. benthamiana leaves of (C) for three different plants with antiserum against BaMV-CP. CBS 
served as a loading control. Data are mean ± SD of BaMV-CP accumulation compared with the control shown below the panel. F, Northern and 
Western blot analyses of the BaMV RNA and CP accumulation in Luc-, NbBiP4-, or NbCRT3-knockdown protoplasts inoculated with BaMV 
vRNA at 24 h post-infection. The data shown below the panels are mean accumulation levels of BaMV gRNA or CP when compared with the control.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
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1.71 ± 0.29, 0.62 ± 0.05, and 0.74 ± 0.13 mm2, respectively 
(Figure 5D). These results indicated that reducing the expres-
sion of NbBiP4 or NbCRT3 in N. benthamiana made them 
more resistant to BaMV infection, with less and smaller infec-
tion foci than in control plants. Immunoblot assay revealed 
that BaMV-CP levels were decreased in NbBiP4- and 
NbCRT3-knockdown plants to 30% and 40% of that of control 
plants, respectively, which suggests that NbBiP4 and NbCRT3 
enhance the accumulation of BaMV (Figure 5E).

To determine whether reduced BaMV-CP accumulation in 
NbBiP4- or NbCRT3-knockdown plants was due to suppressed 
viral RNA replication, we prepared protoplasts from NbBiP4 
or NbCRT3-knockdown plants and transfected with BaMV 
viral RNA. The RNA and protein accumulations of BaMV in 
protoplasts from NbBiP4- and NbCRT3-knockdown and con-
trol plants did not show substantial difference (Figure 5F). 

These results indicate that knockdown of NbBiP4 or 
NbCRT3 expression does not influence BaMV replication at 
the single-cell level. Thus, NbBiP4 and NbCRT3 should be in-
volved in regulating BaMV cell-to-cell movement.

To test the specificity of the effect of NbBiP4 or NbCRT3 
expression on different viruses, we inoculated protoplasts 
prepared from NbBiP4 or NbCRT3-knockdown plants with 
PVX, Tobacco mosaic virus (TMV), or Cucumber mosaic virus 
(CMV) RNA. It was observed that NbBiP4-knockdown decreased 
PVX-CP accumulation to 62%, but did not substantially affect 
TMV or CMV-CP accumulation. In contrast, NbCRT3-knockdown 
resulted in similar CP accumulations of PVX, TMV, or CMV as 
those in control cells (Supplemental Figure 4, left panels). 
These results indicate that NbBiP4 positively regulates PVX 
RNA accumulation in single cells. When the virus particles 
were inoculated in NbBiP4 or NbCRT3-knockdown plants to 

Figure 6 Cell-to-cell movement of BaMV in transiently overexpressed NbBiP4 or NbCRT3 plants. A, Green fluorescence foci on leaves infected with 
BaMV-GFP. N. benthamiana leaves were transiently overexpressed (OE) with empty vector (EV), NbBiP4, or NbCRT3 by Agrobacterium-mediated 
expression for 1 day followed by BaMV-GFP inoculation. The photographs were taken at 3 dpi. B, Areas of green fluorescence foci were measured by 
fluorescence microscopy and the results were statistically analyzed as the mean and SD of 26 foci from each plant. Scale bar = 0.5 mm. Asterisks 
indicate statistically significant differences of the indicated group by Student’s t test (***P < 0.001). C and D, Northern (C) and Western (D) blot 
analyses of BaMV levels in N. benthamiana leaves probed with 32P-labeled RNA (C) and antiserum against BaMV-CP (D) for detecting BaMV 
RNAs and CP, respectively. Data are mean BaMV gRNA or BaMV-CP accumulation compared with the control shown below the panel.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
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further examine their effects on viral infection and spreading, 
PVX-CP accumulation was reduced to 69% of that in control 
plants at 3 dpi (Supplemental Figure 4A, right panel). 
NbCRT3-knockdown impaired TMV accumulation, whereas 
neither NbBiP4- nor NbCRT3-knowndown affected CMV ac-
cumulation (Supplemental Figure 4, B and C, right panels). 
Altogether, these results indicate that NbBiP4 or NbCRT3 
may play different roles at various infection stages in regulat-
ing the movement of different viruses, even for those in the 
same genus. These observations demonstrated the specificity 
of NbBiP4 and NbCRT3 in facilitating the movement of spe-
cific viruses, and provided evidence in support of the notion 
that the effect of NbBiP4 and NbCRT3 on viral movement is 
not simply the general chaperone-related functions in ER for 
all proteins.

Overexpression of NbBiP4 or NbCRT3 enhances 
cell-to-cell movement of BaMV
Virus infection may induce host gene expression for an environ-
ment more favorable to viruses. Since knockdown of NbBiP4 or 

NbCRT3 reduces BaMV infection, we hypothesized that BaMV in-
fection may induce NbBiP4 and NbCRT3 to promote virus 
cell-to-cell movement. To test the hypothesis, the expression le-
vels of NbBiP4 or NbCRT3 after BaMV infection were assessed. 
Total RNAs were extracted from mock- and BaMV-infected 
N. benthamiana leaves at 2, 3, and 5 dpai and analyzed by 
RT-qPCR. The mRNA level of NbBiP4 at 2, 3, and 5 dpai was 
1.7-, 4.65-, and 7.08-fold higher, respectively, in BaMV-inoculated 
leaves when compared with those in mock-inoculated leaves 
(Supplemental Figure 5A), indicating that NbBiP4 expression is in-
duced during BaMV infection. On the other hand, the mRNA le-
vel of NbCRT3 was 3.8-, 10.5-, and 3.7-fold higher in BaMV-infected 
leaves than those in control groups at 2, 3, and 5 dpi, respectively 
(Supplemental Figure 5B). The observation suggested that 
NbCRT3 expression is modulated according to different BaMV in-
fection stages.

Since NbBiP4 and NbCRT3 are induced during BaMV infec-
tion, we transiently overexpressed these proteins to assess 
their effect on viral infection using BaMV-GFP virions as 
the reporter in N. benthamiana. It was found that much 

Figure 7 Subcellular localization of BaMV TGBp1/TGBp3 in BaMV-infected N. benthamiana. A, PD localization of YFP-TGBp1. N. benthamiana 
leaves were infiltrated by Agrobacterium harboring pBAYFP-TGBp1 (YFP-TGBp1) and pKB for 3 dpai. Aniline blue was introduced into the leaves 
by vacuum infiltration to locate callose in PD. The colocalization of YFP-TGBp1 and PD is indicated by white arrows. Scale bar = 30 µm. B, Subcellular 
localization of OFP-TGBp3. N. benthamiana leaves were infiltrated by Agrobacterium harboring p35SOFP (OFP) and pKB (infectious BaMV cDNA 
clone) or p35SOFP-TGBp3 (OFP-TGBp3) and pKB. Arrows indicate the enlarged images in the white dotted boxes. Scale bar = 30 µm.

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac547#supplementary-data
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Figure 8 NbBiP4 or NbCRT3 promotes BaMV TGBp1 targeting to PD in N. benthamiana. A, PD localization of YFP-TGBp1 in BaMV-infected leaves 
that transiently overexpressed empty vector (EV), NbBiP4, or NbCRT3 for 3 dpai. Aniline blue was introduced into leaves to locate callose in PD. 
Arrows indicate the colocalization of YFP-TGBp1 and PD. Scale bar = 30 µm. B, The PD-targeting efficiency of YFP-TGBp1. An independent leaf 
sample was counted for three different foci of YFP-TGBp1 colocalization with PD and normalized to the corresponding number of PD. The experi-
ment was repeated three times with similar results. Data are mean ± SD of at least three independent experiments. Asterisks in the figure indicate 
significant differences by Student’s t test (*P < 0.05; **P < 0.01). C, Western blot analysis of the accumulation of YFP-TGBp1 protein in N. benthami-
ana leaves overexpressing EV, NbBiP4, or NbCRT3 with anti-GFP antiserum. D, PD localization of YFP-TGBp1 in Luc-, NbBiP4-, or 
NbCRT3-knockdown N. benthamiana epidermal cells. Agrobacterium harboring pBAYFP-TGBp1 (YFP-TGBp1) and pKB were infiltrated into silenced 
leaves for 3 dpai. Aniline blue was introduced into leaves to locate callose in PD. Arrows indicate the colocalization of YFP-TGBp1 and PD. Scale bar = 
30 µm. E, The PD-targeting efficiency of YFP-TGBp1 in Luc-, NbBiP4-, or NbCRT3-knockdown N. benthamiana cells. Data are mean ± SD of at least 
three independent experiments. Asterisks in the figure indicate significant differences by Student’s t test (**P < 0.01).
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larger fluorescent foci appeared on NbBiP4- or NbCRT3- 
overexpressing leaves than those on control leaves infiltrated 
with empty vector (EV; Figure 6A). The mean sizes of foci on 
the NbBiP4- and NbCRT3-overexpressing leaves were ∼1.64 
and 1.71 mm2, respectively, whereas that of foci on control 
leaves was 0.95 mm2 (Figure 6B). Northern blot analyses 
showed that the accumulation of BaMV genomic RNA was 
4.36- and 2.95-fold greater, respectively, with NbBiP4 and 
NbCRT3 overexpression than that in control plants 
(Figure 6C). Furthermore, the accumulation of BaMV-CP 
with NbBiP4 and NbCRT3 overexpression was enhanced to 
2.34- and 1.83-fold, respectively, when compared with that 
in control samples (Figure 6D). These data demonstrated 
that the overexpression of NbBiP4 or NbCRT3 enhanced 
the BaMV spread in infected leaves.

Since BiP is known to associate with CRT (Crofts et al., 
1998; Figure 3B), we reasoned that NbBiP4 and NbCRT3 
could play a synergistic role in BaMV cell-to-cell movement. 
Thus, we co-expressed NbBiP4 and NbCRT3 in N. benthami-
ana, then inoculated the plants with BaMV-GFP. We ob-
served increased mean fluorescence foci size to 1.3- to 
1.5-fold when compared with those on leaves expressing 
NbBiP4 or NbCRT3 alone (Supplemental Figure 6). These re-
sults suggested that the interaction or cooperation of NbBiP4 
and NbCRT3 may have a greater effect on the cell-to-cell 
movement of BaMV.

NbBiP4 and NbCRT3 promotes PD targeting of BaMV 
TGBp1
The above data indicated that NbBiP4 and NbCRT3 may as-
sociate with the entire BaMV movement complexes via inter-
action with TGBp3 and move together along the ER network 
(Figure 3 and Supplemental Movies 1, A–D). NbBiP4 and 
NbCRT3 may help the intracellular movement of BaMV to 
target to cortical ER that forms the tubule structures in 
PD. Therefore, we investigated the PD localization of 
TGBp3 and TGBp1 in N. benthamiana with florescence- 
tagged proteins. Because PD localization of TGBp1 requires 
both TGBp2 and TGBp3 (Chou et al., 2013; Ho et al., 2017), 
OFP-TGBp3 or yellow fluorescent protein (YFP)-tagged 
TGBp1 (YFP-TGBp1) was individually co-infiltrated with 
BaMV. At 3 dpai, YFP-TGBp1 was observed to colocalize 
with PD as demonstrated by aniline blue staining 
(Figure 7A), whereas OFP-TGBp3 was not detected in the 
PD but present in close proximity to PD (Figure 7B). These 
data suggested that TGBp3 may guide movement complexes 
in close proximity to PD and help TGBp1 to PD.

Next, we asked if NbBiP4 or NbCRT3 overexpression pro-
motes PD targeting of TGBp1 during BaMV infection. For 
this NbBiP4, NbCRT3 or EV along with YFP-TGBp1 were in-
troduced into N. benthamiana leaves by agroinfiltration, 
and the leaves were examined at 2 dpai for the fluorescence 
of YFP-TGBp1 and aniline blue in PD. PD targeting of TGBp1 
was enhanced in leaves overexpressing NbBiP4 or NbCRT3 
compared with that in the control leaves (Figure 8A). The 

number of TGBp1 spots localized to PD was counted and 
normalized to the total aniline blue-stained PD in the corre-
sponding region of interest. The result indicated that overex-
pression of NbBiP4 or NbCRT3 increased TGBp1 localization 
to PD by 1.4- and 1.2-fold compared with those in control 
leaves, respectively (Figure 8B). Immunoblot assay showed 
a similar accumulation of YFP-TGBp1 in leaves of NbBiP4- 
or NbCRT3-overexpressing and control groups, which rules 
out the possibility that enhancing PD targeting was caused 
by the higher accumulation of YFP-TGBp1 in NbBiP4- or 
NbCRT3-overexpressing leaves (Figure 8C). To support the 
conclusion that NbBiP4 or NbCRT3 assists PD targeting of 
BaMV TGBp1, PD localization of BaMV TGBp1 was examined 
in NbBiP4—or NbCRT3—knockdown cells. It was observed 
that there are very few colocalizations of PD and BaMV 
TGBp1 in the NbBiP4- or NbCRT3-silenced cells, when com-
pared with those in the control group (Figure 8D). 
PD-targeting efficiency of BaMV TGBp1 in NbBiP4- and 
NbCRT3-knock downed cells was dramatically reduced to 
16.7% and 32.2% of that in control cells, respectively 
(Figure 8E). Taken together, these data indicated that 
NbBiP4 and NbCRT3 are necessary for efficient PD localiza-
tion of TGBp1, which facilitates the movement of BaMV 
across cells.

Discussion
Cell-to-cell movement of viruses is important for successful 
infection and plant viruses may co-opt host factors and cel-
lular machinery to fulfill the required functions for move-
ment (Hong and Ju, 2017; Navarro et al., 2019; Kumar and 
Dasgupta, 2021), due to the limited coding capacity of the 
small genome sizes of plant viruses. Since PD consists of 
the cellular membrane, tubules, and cytoskeleton systems, 
including the plasma membrane, ER, and microtubules, 
etc., it is expected that some of the host proteins associated 
with the endomembrane systems, microfilament and micro-
tubule networks, and secretory machineries are involved in 
the intra- and intercellular movement of various viruses. 
Ishikawa and colleagues (2017) have demonstrated that 
the signal peptide-guided targeting of MP of Fig mosaic virus, 
a member of the genus Emaravirus, to the microdomains of 
both ER and plasma membrane is crucial for PD localization. 
The regulator of synaptic vesicle exo/endocytosis, SYT1, has 
been shown to directly bind to the MPs of TMV and a gemi-
nivirus, Cabbage leaf curl virus, and regulate the recycling of 
endosomes and MP-mediated cell-to-cell movement through 
PD (Lewis and Lazarowitz, 2010). Similarly, CRT of different 
plants have been shown to be involved in the infection process 
or movement of various viruses, including TMV (Chen et al., 
2005), CMV (Choi et al., 2016), PVX (Aguilar et al., 2019), and 
Papaya ringspot virus (Shen et al., 2010). The involvement of 
components of cytoskeleton systems, ER, and secretion path-
ways in virus movement has also been well documented. For ex-
ample, the microtubule-associated protein, MPB2C (MP30 
interacting protein), of Nicotiana tabacum has been found to 
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bind to the MP of TMV and interfere with the cell-to-cell move-
ment (Kragler et al., 2003). The formation and transport of the 
6K2 motile vesicles of two potyviruses, Tobacco etch virus and 
Turnip mosaic virus (TuMV) have been shown to require the 
interaction between 6K2 and host proteins involved in those 
of the COPI and COPII vesicles of the secretory system (Wei 
and Wang, 2008; Grangeon et al., 2012). For alphaflexiviruses 
with TGBp types of MP, many host proteins are known to inter-
act with TGBp1 and TGBp2 in regulation of the cell-to-cell move-
ment, as mentioned above. However, there is still a knowledge 
gap concerning the host factors involved in the interaction 
network surrounding TGBp3 of alphaflexiviruses. Specifically, 
the nature of host factors interacting directly or indirectly with 
TGBp3 of BaMV and other potexviruses remains largely unknown.

Here we used TurboID-based PL approach to tag host fac-
tors in close proximity to TGBp3 of BaMV, and identified two 
ER luminal proteins, NbBiP4 and NbCRT3, that participate in 
BaMV cell-to-cell movement. Knockdown of NbBiP4 or 

NbCRT3 expression resulted in the formation of smaller infec-
tion foci in BaMV-infected leaves when compared with those 
in the control groups, whereas the replication of BaMV in 
protoplasts was not substantially affected (Figure 5). These 
findings indicated that NbBiP4 and NbCRT3 play a role in 
cell-to-cell spread of BaMV, but not in virus replication pro-
cess. Confocal microscopy examination revealed that BaMV 
MP and NbBiP4 or NbCRT3 move together along with the 
ER network (Supplemental Movie 1). Silencing of NbBiP4 or 
NbCRT3 did not affect the mobility of TGBp3 (Supplemental 
Movies 2A–2C) but significantly influenced the PD targeting 
of BaMV movement complex (Figure 8E). Moreover, the over-
expression of NbBiP4 or NbCRT3 enhanced PD targeting of 
BaMV TGBp1 (Figure 8A). Together, our findings indicate 
that NbBiP4 and NbCRT3 play an important role in the intracel-
lular transport of BaMV.

Although BiP and CRT are well-known chaperone 
proteins localized in ER lumen that are responsible for co- 

Figure 9 Hypothetical model illustrating how NbBiP4 and NbCRT3 promote intracellular trafficking of BaMV movement complexes. From previous 
reports (Chou et al., 2013; Liou et al., 2015), two routes are proposed for the intracellular movement of BaMV. Initially, the synthesis of TGB proteins 
occurs in the perinuclear ER-derived membrane-bound body. The bound complexes of TGBp2 and TGBp3 integrate in the ER membrane and recruit 
TGBp1, which binds with virion or VRCs that form the BaMV movement complexes. In Route 1, the movement complexes transport along the ER 
network toward PD via the TGBp3 sorting signals. Alternatively, in Route 2, the movement complexes are combined with a TGBp2-containing vesicle 
to move along the actin filament to PD. Either in Route 1 or in Route 2, the ER luminal proteins NbBiP4 and NbCRT3 help the BaMV movement 
complexes toward cortical ER and PD, followed by increasing the SEL of PD by TGBp1 and passing through cell walls in the form of virion or a VRC for 
efficient movement from one cell to the next.
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and post-translational protein folding and quality control 
(Kleizen and Braakman, 2004), several lines of evidence sug-
gested that the involvement of NbBiP4 and NbCRT3 proteins 
in BaMV movement is a unique function exploited by BaMV, 
and not simply the chaperone-related activities general to all 
proteins. Firstly, NbBiP4 and NbCRT3 were only labeled by 
with BaMV TGBp3-TbID with proper movement function, 
but not by the mutant TGBp3M-TbID that does not possess 
the correct sorting signal for cortical ER transport nor associ-
ate with TGBp1 (Figure 1D and Supplemental Table 1). 
Secondly, inhibition of NbBiP4 or NbCRT3 expression af-
fected only the size of the infection foci on BaMV-infected 
leaves, but did not exert substantial effect on BaMV replica-
tion in protoplasts (Figure 5). Thirdly, NbBiP4 or NbCRT3 ex-
hibited specificity in facilitating the movement of viruses, 
affecting the spreading and accumulation of BaMV and 
PVX, with little or no effect on those of other viruses, such 
as TMV and CMV, whereas silencing of NbCRT3 only affected 
the accumulation of BaMV, PVX, and TMV, but not CMV, in 
plants (Supplemental Figure 4). In addition, the results of 
fluorescence microscopy examination revealed the colocali-
zation and co-migration of NbBiP4 or NbCRT3 and the 
BaMV TGBp3 and movement complexes (Figure 4 and 
Supplemental Movies 1, A–D). Together, these observations 
supported that the ability of NbBiP4 and NbCRT3 in facilitat-
ing the intracellular movement of BaMV is a unique function 
exploited by specific viruses, and not just the general 
chaperone-related activities affecting all proteins.

The increase in expression levels of ER-related chaperon 
proteins, including BiP (Whitham et al., 2003; 
García-Marcos et al., 2009; Ye et al., 2011), CRT (Chen 
et al., 2005), heat shock proteins (HSP70 and HSP90) 
(Aparicio et al. 2005; Verchot, 2012), in response to ER stress 
induced by different plant viruses have also been well docu-
mented (Herath et al., 2020b). It has been reported that 
TGBp3 of PVX may induce ER stress and trigger the unfolded 
protein response, leading to programmed cell death (Ye 
et al., 2013). The TGBp3 of Plantago asiatica mosaic virus 
(PlAMV, a potexvirus) and the 6K2 protein of TuMV (a po-
tyvirus) are also shown to elicit alternative transcription 
pathways involving different sets of transcription factors un-
der the ER stress caused by virus infection in Arabidopsis 
(Arabidopsis thaliana; Gayral et al., 2020). It was shown 
that the activation of transcription factors involved in differ-
ent ER-to-nucleus stress signaling pathways may result in the 
specific reduction or enhancement of PlAMV or TuMV. The 
authors also demonstrated that increasing the protein fold-
ing capacity under virus-induced ER stress significantly de-
creased the accumulation of PlAMV, suggesting that the 
maintenance of protein folding function is crucial for the 
plant resistance against virus (Gayral et al., 2020). In contrast, 
it was found in this study that overexpression of NbBiP4 or 
NbCRT3 resulted in the promotion of BaMV accumulation 
(Figure 6). The reasons for the differences in the effects on 
virus accumulation might be that BaMV TGBp3 may not eli-
cit substantial ER stress in N. benthamiana. We have not 

observed necrotic spots on N. benthamiana plants overex-
pressing BaMV TGBp3 (Supplemental Figure 7) or infected 
by BaMV, although we have not comprehensively examined 
the markers for ER stress in these plants, other than the ex-
pression of NbBiP4 and NbCRT3. It is also possible that 
BaMV infection or BaMV TGBp3 could elicit ER stress and 
trigger the UPR, thereby increasing the expression levels of 
NbBiP4 and NbCRT3 genes (Supplemental Figures 5 and 7C). 
However, BaMV may exploit the protein chaperone functions 
of NbBiP4 or NbCRT3 to refold the protein components in the 
PD channels, the viral RNP complexes, or the VRCs, thereby 
increasing the SEL of PD or decreasing the sizes of viral RNP 
or VRC to promote the intercellular movement and enhance 
BaMV accumulation. Thus, the results in this study might re-
veal an alternative mode of interaction in which potexviral 
TGBp3 might recruit the ER-residing chaperones to the site 
of intercellular movement and exploit the protein refolding 
function to facilitate viral movement.

There has been evidence that BiP or CRT can associate 
with viral MPs. BL1 MP of a geminivirus, squash leaf curl 
virus (SqLCV), has been shown to colocalize with BiP in 
N. benthamiana protoplasts (Lazarowitz and Beachy, 1999). 
However, whether BL1 directly interacts with BiP and the 
genetic role for BiP in SqLCV movement have not been re-
ported. The MP of TMV was found to directly interact 
with N. tabacum CRT (Chen et al., 2005). In transgenic N. 
benthamiana stably overexpressing maize (Zea mays) CRT, 
TMV accumulation was greatly reduced (Chen et al., 2005). 
Overexpression of CRT results in mislocalization of TMV 
MP to microtubules, leading to the interference with the 
cell-to-cell movement of TMV (Chen et al., 2005). In contrast 
to TMV, our findings described here show positive regulatory 
role for NbCRT3 in targeting BaMV TGBp1 MP to PD and 
BaMV cell-to-cell spread (Figures 6 and 8), NbCRT3 may 
play a positive regulatory role in BaMV intracellular move-
ment perhaps because it could facilitate the entrance of 
BaMV TGBp3 into the ER network through interaction, 
thereby delivering TGBp2- and TGBp3-based movement 
complexes to PD. Consistent with this, we observed 
NbCRT3 in the PD, similar to those observed for CRT from 
maize and Ar. thaliana (Baluska et al., 1999; Christensen 
et al., 2010). Overexpression of NbCRT3 caused large aggrega-
tions in the ER lumen in the area of the desmotubule in the 
PD central cavity (Supplemental Figure 8A) but these aggre-
gates were absent in BaMV-infected samples (Supplemental 
Figure 8B), suggesting that BaMV can counteract stress in-
duced aggregates in ER lumen.

It should be noted that BaMV TGBp3 has been shown to 
be a transmembrane protein with the N- and C-terminus ex-
tending to the ER lumen and cytoplasm, respectively. The ob-
servation that the ER lumen localized NbBiP4 and NbCRT3 
could be labeled by the TurboID enzyme fused to the 
C-terminus of BaMV TGBp3 is unexpected. The fact that 
NbBiP4 and NbCRT3 were only labeled by the functional 
BaMV TGBp3-TbID, but not by the mutant BaMV 
TGBp3M-TbID, demonstrated that the identification of 
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NbBiP4 and NbCRT3 was not an artifact that resulted from 
the contamination during the purification process, nor the 
result of co-translational modification. However, the possibil-
ity could not be ruled out that NbBiP4 and NbCRT3 might 
interact and therefore be co-purified with biotinylated 
TGBp3-TbID by streptavidin beads.

In the TGBp3 interactome, we found BaMV replicase, 
TGBp1, TGBp2, and CP (Figure 2B). This observation vali-
dated our PL approach because our previous study found 
that all viral proteins are co-purified from TGBp3-containing 
membrane complexes (Chou et al., 2013). In addition, several 
host proteins previously identified in the BaMV VRC (Huang 
et al., 2017a) such as glyceraldehyde 3-phosphate dehydro-
genase, HSP70, HSP90, chloroplast phosphoglycerate kinase, 
eukaryotic elongation factor-1α, and putative methyltrans-
ferase and others were also present in the TGBp3 interac-
tome. These findings imply that BaMV movement 
complexes contain not only the virion but also some pre- 
virion complex, including double-stranded RNA, replicase, 
and other components of the replication machinery, that 
are needed to start the infection cycle again in the neighbor-
ing cells. In this scenario, when the complex enters the adja-
cent uninfected cell, the replication cycle can directly start 
from the components in the movement complexes that 
moved in and do not have to start from scratch. Our findings 
also suggest that the TGBp3-containing membrane com-
plexes may also serve as a base for BaMV virus replication, 
which is in accordance with the findings of the presence of 
PVX TGBp3 and replicase in the ER at the same location 
(Bamunusinghe et al., 2009) with the overlapping functions 
of replicase in viral movement and replication, and the colo-
calization of TGBp3-containing granular vesicles with virions 
in the X-body, where virus replication occurs (Tilsner et al., 
2012).

Based on our findings described here combined with the 
published studies, we propose a hypothetical model for the 
roles of NbBiP4 and NbCRT3 in intracellular movement of 
BaMV (Figure 9). Two possible routes for BaMV intracellular 
movement have been proposed (Chou et al., 2013; Liou et al., 
2015). Both routes depend on the TGBp2- and TGBp3-based 
complex. Route 1 requires the sorting signal of TGBp3 that 
drives an infectious cargo, TGBp1-virion, to the peripheral 
ER membrane and in close proximity to PD (Wu et al., 
2011; Chou et al., 2013). Mutation of the TGBp3 sorting signal 
disrupts the ability to assemble with TGBp2 and abolishes de-
livering the infectious cargo from cell-to-cell (Wu et al., 2011; 
Figure 1D and Supplemental Table 1B). Subsequently, 
TGBp1-TGBp2-TGBp3-virion, with or without replicase, 
forms complexes that move along the ER network toward 
PD mediated by the targeting signal of TGBp3 and TGBp2 
(Wu et al., 2011; Chou et al., 2013; Ho et al., 2017). NbBiP4 
and NbCRT3 interact with TGBp3 to help with 
TGBp3-mediated transportation of BaMV movement com-
plexes (Figure 9, Route 1). In Route 2, TGBp1-virion, or 
with replicase, associates with TGBp2- and TGBp3-induced 
vesicles derived from ER membranes to form transportable 

infectious cargo, which then moves to PD along actin fila-
ments (Hsu et al., 2008; Lee et al., 2010; Liou et al., 2015). In 
the present study, NbBiP4 or NbCRT3 and TGBp3 were ob-
served in the ER-derived vesicle-like structure and moved to-
gether (Figure 4B and Supplemental Movie 1), which might 
facilitate intra- and intercellular movement of BaMV 
(Figure 9, Route 2).

In summary, our study revealed an additional function of 
NbBiP4 and NbCRT3 in the movement of BaMV, and demon-
strated that TurboID-based PL is a useful tool for identifying 
protein complexes or protein–protein interaction networks 
in virus-infected plants. These findings may pave the way 
for researchers in developing antiviral strategies for crop pro-
tection and further revealing the cellular machineries 
exploited by viruses during the infection process.

Materials and methods
Viruses and plant materials
BaMV (Accession: AF018156.2), PVX (Accession: 
AF272736.2), TMV (Ke et al., 2022), and CMV (Hsu et al., 
1995) were used for inoculation. N. benthamiana plants 
were grown at 25°C with 16 h light and 8 h dark photoperiod.

Plant inoculation by agroinfiltration
The binary plasmids pKn (empty vector) and pKB (BaMV in-
fectious clone; Liou et al., 2014) were introduced into 
Agrobacterium tumefaciens strain GV3850 individually by 
electroporation. A. tumefaciens cultures were collected by 
centrifugation and resuspended in infiltration buffer 
(10 mM MES [pH 5.5], and 10 mM MgCl2); suspensions 
were adjusted to OD600 = 0.1 and infiltrated using a needle-
less syringe into leaves of each test plant.

Proximity labeling
Details on the construction of plasmids p35S::TGBp3-TbID, 
p35S::TGBp2p3-TbID, p35S::TGBp3M-TbID, and p35S:: 
TGBp2p3M-TbID are described in Supplemental Method 1. 
Primers used for the plasmid construction are listed in 
Supplemental Table 2. For PL, leaves of 30-day-old 
N. benthamiana plants were co-infiltrated with agrobacteria 
harboring a TurboID construct and pKB. After 2 dpai, buffer 
containing 200 μM biotin (Sigma, Catalog Number B4501) 
was infiltrated into the same leaf tissues. The infiltrated 
leaves were harvested after 8 h incubation and extracted to-
tal protein by grinding the sample with extraction buffer 
(50 mM Tris-HCl [pH 8.0], 10 mM KCl, 10 mM MgCl2, 
1 mM EDTA, 20% glycerol [v/v], 2% sodium dodecyl sulfate 
[SDS; w/v], 10% 2-mercaptoethanol [v/v]). Total proteins 
were separated on 4%–20% gradient or 12% polyacrylamide 
gels (v/v) containing 1% SDS (w/v) (SDS-PAGE). Separated 
proteins were stained with Coomassie blue or detected by 
Western blot analysis with specific antibodies. For Western 
blot analysis, separated proteins were transferred to PVDF 
membrane (Millipore, USA), which was incubated with 
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streptavidin-HRP (Abcam, Catalog number ab7403; 1:20,000 
dilution) or primary antibodies against HA-tag (Sigma, 
Catalog number H6908), BaMV TGBp1 (Chang et al., 1997), 
or BaMV TGBp2 (Chou et al., 2013) at 1:5,000 dilution.

TurboID sample preparation for MS analysis
After PL, leaves were harvested and frozen in liquid nitrogen. 
1 g frozen leaf material was ground to a fine powder in a mor-
tar and protein extraction was performed by addition of 
1 mL lysis buffer (50 mM Tris-HCl [pH 7.5], 500 mM NaCl, 
1 mM EDTA, 1% NP-40 [v/v; CAS number: 9016-45-9)] 
0.1% SDS [w/v], 0.5% sodium deoxycholate [w/v], 1 mM 
DTT, 1% protease inhibitor cocktail [v/v]; Roche, 
Germany). After vortex mixing, the tubes were immediately 
centrifuged at 14,000 g for 10 min at 4°C, upper soluble frac-
tion was then run through the Zeba™ Spin Desalting 
Column (Thermo Fisher Scientific, Catalog number 89892) 
to remove the excess biotin in lysates. After estimating the 
protein concentration, ∼3 mg protein in desalted lysates 
were incubated with 50 μL equilibrated streptavidin-coated 
magnetic beads (Dynabeads™ MyOne™ Streptavidin C1, 
Invitrogen, Catalog number 65001) on a rotamixer overnight 
at 4°C to enrich biotinylated proteins. The beads were se-
quentially washed once with 1 mL lysis buffer, once with 
wash buffer 1 (2% SDS [v/v]), once with wash buffer 2 
(50 mM HEPES [pH 7.5], 500 mM NaCl, 1 mM EDTA, 0.1% 
deoxycholic acid [w/v], 1% Triton X-100 [v/v]), and once 
with wash buffer 3 (10 mM Tris-HCl [pH 7.4], 250 mM LiCl, 
1 mM EDTA, 0.1% deoxycholic acid [w/v], 1% NP-40 [v/v]). 
To remove the potential detergent, the beads were washed 
twice in 50 mM Tris-HCl (pH 7.5). Finally, the beads were re-
suspended in 100 μL 50 mM Tris-HCl (pH 7.5). Ten percent 
of the suspension was taken out for Western blot analysis 
and the rest of the beads were flash-frozen in liquid nitrogen 
and identified by liquid chromatography-tandem mass spec-
trometry (LC/MS-MS) using an Applied Biosystems Sciex/ 
TripleTOF® 6600; QSTAR® Elite spectrometer. Two biological 
replicates (i.e. two separate sets of plants) were subjected to 
the analysis as described above for protein identification. The 
raw data were processed by using Mascot v2.6.0 and searched 
against the UniProt N. benthamiana database and BaMV 
whole-genome data set.

GFP pull-down assay
Details on the construction of plasmids pENbBiP-GFP and 
pENbCRT-GFP for GFP pull-down assay are described in 
Supplemental Method 1. After co-expression of combina-
tions for 2 dpai, total proteins were extracted from agroinfil-
trated leaves with use of three volumes of binding buffer 
(20 mM Tris-HCl [pH 7.5], 2 mM MgCl2, 300 mM NaCl, 
5 mM DTT, 0.5% NP-40 [v/v]), and 1% protease inhibitor 
cocktail (v/v). Total proteins were centrifuged at 4,000 g 
for 10 min at 4°C and the supernatant was transferred to a 
new tube as the input. To pull-down the GFP-fused protein 
binding complexes, the input was incubated with 
GFP-Trap_M beads (ChromoTek) with a rotamixer for 2 h 

at 4°C. After incubation, the beads were washed three times 
with washing buffer (20 mM Tris-HCl [pH 7.5], 2 mM MgCl2, 
300 mM NaCl, 5 mM DTT, 1.5% NP40 [v/v]). Finally, the 
complex containing beads was resuspended in sample buffer 
for Western blot analysis.

Bimolecular fluorescence complementation
Details on the construction of plasmids for BiFC are de-
scribed in Supplemental Method 1. A. tumefaciens cells har-
boring various constructs were collected by centrifugation 
and resuspended in infiltration buffer. Pairs of cultures carry-
ing the respective fusion constructs were adjusted to a con-
centration of 1.0 at OD600, mixed at a 1:1 volume ratio, and 
co-infiltrated into N. benthamiana leaves. Confocal images 
were obtained by UPLSAPO 60 × water immersion objective 
lenses (Olympus, Japan) from inoculated leaves 3 days after 
infiltration. Image acquisition was set to 1,024×1,024 pixels 
with 8.0 (us/pixel) scan speed. For YFP excitation, 515-nm la-
ser line was used with 2% laser power excitation. Confocal 
images were obtained using the camera system version 
2.3.1.163. Images were merged and adjusted by the software 
FV31S-SW.

Subcellular localization by confocal microscopy
Details on the construction of plasmids p35SGFP-TGBp3 and 
p35SOFP-TGBp3 for investigating the subcellular localization 
are described in Supplemental Method 1. The A. tumefaciens 
GV3850 strain harboring the pENbBiP-GFP or pENbCRT-GFP 
was individually co-infiltrated with p35SOFP-TGBp3 into N. 
benthamiana leaves. Confocal images were obtained by 
UPLSAPO 100× oil immersion objective lenses (Olympus) 
from inoculated leaves 2 and 3 days after infiltration. Image 
acquisition was set to 1,024×1,024 pixels with 8.0 (us/pixel) 
scan speed. For GFP and OFP excitation, 488- and 543-nm la-
ser line were used with 2% laser power excitation, respective-
ly. Confocal images were obtained using the camera system 
version 2.3.1.163. Images were merged and adjusted by the 
software FV31S-SW. To visualize PD in leaf epidermal cells, 
we infiltrated aniline blue fluorochrome (0.1 mg/mL in water, 
Biosupplies) into the agroinfiltrated leaves of N. benthamiana 
and analyzed the sample immediately using FV3000. Image 
was captured by the use of FLUOVIEW software with 405-, 
515-, and 543-nm laser excitation for aniline blue fluoro-
chrome, YFP, and OFP, respectively.

Virus-induced gene silencing
TRV-based VIGS was used to knockdown the expression of 
NbBiP4 or NbCRT3 (Ratcliff et al., 2001). Plasmids pTRV1 
and pTRV2-Luc were kindly provided by David C. Baulcombe 
(Department of Plant Sciences, University of Cambridge, UK). 
Details on the construction of plasmids pTRV2-NbBiP and 
pTRV2-NbCRT for VIGS are described in Supplemental 
Method 1. The constructs pTRV1, pTRV2-Luc, pTRV2- 
NbBiP, and pTRV2-NbCRT were individually transformed 
into A. tumefaciens strain C58C1 for knockdown experiments. 
A. tumefaciens cultures (OD600, 0.5) containing pTRV2-Luc, 
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pTRV2-NbBiP, or pTRV2-NbCRT was mixed with pTRV1- 
containing C58C1 at a 1:1 volume ratio and co-infiltrated by 
syringe onto three leaves of each test plant. At 10 dpai, the 
third and fourth leaves above the infiltrated leaves were har-
vested, and subjected to total RNA isolation by using 
TriPure reagent (Roche Life Science, Germany), according to 
the manufacturer’s instructions. For measuring the mRNA le-
vels of NbBiP4 or NbCRT3 homologs, RT-qPCR was used with 
the gene-specific primers (Supplemental Table 2). There are 
four BiP homologs that were identified in N. benthamiana 
available at the Sol Genomics Network database (Herath 
et al., 2020a). We used these sequences to query N. benthami-
ana Transcriptomes V6.1 database (Nakasugi et al., 2013) and 
to find the transcripts. For the NbCRT gene family, Arabidopsis 
CRT (AtCRT1–3) sequence were used to blast against the 
SOlGen database (N. benthamiana Genome v1.0.1 predicted 
cDNA; Bombarely et al., 2012). According these sequences, 
we designed primer sets to specifically amplify NbBiP4 and 
NbCRT3 homologs (Supplemental Table 2). To normalize 
the mRNA levels of target genes between samples, relative 
mRNA levels of actin were determined with the primers 
Actin-F (5′-GATGAAGATACTCACAGAAAGA-3′) and Actin-R 
(5′-GTGGTTTCATGAATGCCAGCA-3′).

At 10 dpai, 200 ng of viral particles of BaMV-GFP (Lin et al., 
2004) was mechanically inoculated into the fourth leaf above 
the infiltrated leaves. Total proteins were extracted from 
virus-inoculated leaves at 3 dpi. For the detection of BaMV 
cell-to-cell movement, fluorescence derived from GFP ac-
companied by BaMV movement was captured by fluorescent 
microscopy (Olympus IX71) at 3 dpi with an excitation wave-
length of 488 nm, an emission wavelength of 510 nm. The 
area of each lesion was measured using the software 
Cellsens (Olympus). For the protoplast assays, protoplasts 
were isolated from the fourth leaf above N. benthamiana 
leaves infiltrated with TRV:Luc, TRV:BiP4, or TRV:CRT3, re-
spectively. For each inoculation, 0.5 µg of viral RNA was 
used to inoculate 2 × 105 protoplasts as described previously 
(Cheng and Tsai, 1999). The inoculated protoplasts were in-
cubated at 25°C under constant light. Total RNA was ex-
tracted from protoplasts after 24 h of incubation.

Transient expression of NbBiP4 and NbCRT3 in 
N. benthamiana
Details on the construction of plasmids pENbBiP and pENbCRT 
for overexpressing NbBiP4 and NbCRT3 in N. benthamiana are 
described in Supplemental Method 1. The resulting plasmid was 
introduced into A. tumefaciens strain GV3850 individually 
by electroporation. A. tumefaciens cultures were collected 
by centrifugation and resuspended in infiltration buffer. 
Suspensions were adjusted to OD600 = 0.5 and infiltrated 
by needleless syringe into leaves of each test plant.

RNA analysis by northern blot hybridization
Total RNA was extracted from infiltrated leaves or inoculated 
protoplasts with use of TriPure Isolation Reagent (Roche Life 

Science). RNA samples were separated by electrophoresis 
after denaturation in the presence of glyoxal and transferred 
to nylon membranes (Amersham, UK) for Northern blot analysis 
(Lin et al., 1996). Blots were hybridized with the riboprobe specific 
for the 3′-UTR of BaMV or PVX. The 32P-labeled probes were 
individually transcribed from HindIII-linearized pBaHB or 
pPVXHE by using SP6 and T7 RNA polymerase, respectively 
(Lin et al., 1993; Huang et al., 2012). The signals were obtained 
and quantified by using the Amersham Typhoon 5 phosphoi-
mager (GE Healthcare).

Protein analysis and antibodies
Total proteins were extracted from infiltrated leaves or in-
oculated protoplasts and separated on 12% SDS-PAGE (v/v). 
Separated proteins were stained with Coomassie blue or de-
tected by Western blot analysis with specific antibodies. For 
Western blot analysis, separated proteins were transferred to 
polyvinylidene fluoride membrane (Millipore), which was in-
cubated with the laboratory-generated primary antiserum 
from rabbits against BaMV-CP, PVX-CP, TMV-CP, CMV-CP, 
or T7-tag at 1:5,000 dilution.

Statistical analysis
All experiments were conducted three times independently 
with three biological replicates. The data presented are the 
means and standard deviations (SDs) of three independent 
experiments. Statistical differences were determined using 
Student’s t test. Significant differences are indicated by aster-
isks (*P < 0.05; **P < 0.01; ***P < 0.001).

Accession numbers
Sequence data from this article can be found in the GenBank 
data libraries under accession numbers FJ463755.1 (NbBiP4) 
and LC409060.1 (NbCRT3).

Supplemental data
Supplemental Figure S1. Complementation of 
TGBp3-defective BaMV in N. benthamiana leaves transiently 
expressing TGBp3 fusions.

Supplemental Figure S2. Colocalization of BaMV TGBp3, 
NbBiP4, or NbCRT3 with endoplasmic reticulum (ER) in N. 
benthamiana.

Supplemental Figure S3. RT-qPCR analysis of mRNA le-
vels of BiP or CRT homologs in NbBiP4- or NbCRT3- knock-
down N. benthamiana plants.

Supplemental Figure S4. The effect of NbBiP4 or NbCRT3 
silencing on PVX, TMV, or CMV accumulation in N. 
benthamiana protoplasts and plants.

Supplemental Figure S5. The expression of NbBiP4 or 
NbCRT3 in BaMV-inoculated N. benthamiana.

Supplemental Figure S6. Synergistic effect of NbBiP4 and 
NbCRT3 in promoting the cell-to-cell movement of BaMV.

Supplemental Figure S7. Expression of NbBiP4 or NbCRT3 
after delivery of BaMV TGBp3 to N. benthamiana.
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Supplemental Figure S8. Plasmodesmata (PD) localiza-
tion of NbCRT3-GFP in mock- (−BaMV) or BaMV-infected 
(+BaMV) leaves.

Supplemental Movie S1. Mobility of TGBp3 with NbBiP4 
or NbCRT3 in the epidermal cells of N. benthamiana.
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