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Abstract  
Endomembrane remodeling to form a viral replication complex (VRC) is crucial for a virus to establish infection in a host. 
Although the composition and function of VRCs have been intensively studied, host factors involved in the assembly of 
VRCs for plant RNA viruses have not been fully explored. TurboID-based proximity labeling (PL) has emerged as a robust 
tool for probing molecular interactions in planta. However, few studies have employed the TurboID-based PL technique for 
investigating plant virus replication. Here, we used Beet black scorch virus (BBSV), an endoplasmic reticulum (ER)–replicating 
virus, as a model and systematically investigated the composition of BBSV VRCs in Nicotiana benthamiana by fusing the 
TurboID enzyme to viral replication protein p23. Among the 185 identified p23-proximal proteins, the reticulon family of pro-
teins showed high reproducibility in the mass spectrometry data sets. We focused on RETICULON-LIKE PROTEIN B2 (RTNLB2) 
and demonstrated its proviral functions in BBSV replication. We showed that RTNLB2 binds to p23, induces ER membrane 
curvature, and constricts ER tubules to facilitate the assembly of BBSV VRCs. Our comprehensive proximal interactome analysis 
of BBSV VRCs provides a resource for understanding plant viral replication and offers additional insights into the formation of 
membrane scaffolds for viral RNA synthesis. 

Introduction 
Plant viral diseases are serious threats to crop production and 
food security worldwide (Pennazio et al. 1996; Jones and 
Naidu 2019). A large number of these plant viruses belong 
to the class of positive-stranded RNA viruses (Scholthof 
et al. 2011). Usually, infection of host cells by a 
positive-strand RNA virus can be divided into several stages, 
including replication, virion assembly, and intracellular and 
intercellular movement (Saxena and Lomonossoff 2014). 

Among these steps, viral replication is one of the most crucial 
steps for the establishment of viral infection in host plants 
(Nagy and Pogany 2011). 

Replication of positive-strand RNA viruses often occurs in 
organelle membranes (Verchot 2011), such as the endoplas-
mic reticulum (ER) (Cao et al. 2015), chloroplast (Jin et al. 
2018b), mitochondrion (Gomez-Aix et al. 2015), peroxisome 
(Fernández de Castro et al. 2017), or vacuole (Wang et al. 
2021). During replication, the virus remodels the host’s endo-
membrane system, forming a gated and safe compartment 
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that protects the viral genomes from host antiviral mechan-
isms (Laliberté and Sanfaçon 2010). Rearrangement of host 
membrane structures to form viral replication complexes 
(VRCs) is a well-organized and intricate process and requires 
the participation of numerous host factors (Nagy and Pogany 
2011; Verchot 2011; Nagy 2016). Therefore, identifying and 
mining the host factors involved in VRCs formation is of 
great importance for in-depth understanding of viral replica-
tion and will aid in the development of mechanism-based 
antiviral strategies (Wang 2015). 

During the last several decades, intensive studies have been 
performed to identify the host factors involved in the replica-
tion of plant viruses. For example, based on yeast 
(Saccharomyces cerevisiae) mutant libraries, many host factors 
have been found to participate in the replication of tombus-
viruses and bromoviruses (Diaz and Wang 2014; Wang 2015;  
Nagy 2016, 2017, 2022; Nagy and Feng 2021). Additionally, a 
combination of yeast 2-hybrid (Y2H) screening, 
co-immunoprecipitation (Co-IP), and/or mass spectrometry 
(MS) was often used to probe the interaction partners of 
the viral protein of interest. However, as mentioned above, 
replication proteins of positive-strand RNA viruses usually lo-
calize to organelle membranes, which makes the enrichment 
of VRC-associated proteins by Co-IP less efficient (Ngounou 
Wetie et al. 2014). Moreover, Co-IP is primarily employed to 
identify strongly interacting proteins and is not effective in 
identifying weak or transient protein–protein interactions 
(PPIs) (Lampugnani et al. 2018). Therefore, Co-IP is unable 
to capture dynamic PPIs during VRC formation. Y2H screening 
of viral replicase-interacting proteins requires the construction 
of a corresponding membrane protein-based yeast library (Iyer 
et al. 2005), which is laborious and time-consuming. However, 

the recently developed TurboID-based proximity labeling (PL) 
approach overcomes some of these drawbacks. 

Compared with conventional Y2H and Co-IP methods, 
TurboID-based PL allows for rapid, nontoxic PL of target pro-
teins in living cells at room temperature (RT) and shows a 
distinct advantage in identifying transient, weak, or hydro-
phobic PPIs (Branon et al. 2018; Mair et al. 2019; Zhang 
et al. 2019; Arora et al. 2020; Yang et al. 2021; Xu et al. 
2023). Although TurboID-based PL has been used to dissect 
the VRCs of several animal viruses (Kumar et al. 2021; Fang 
et al. 2022a, b; Liu et al. 2022; Wei et al. 2022; Zhang et al. 
2022), few studies have employed this technique to analyze 
VRCs in planta. 

Beet black scorch virus (BBSV) is a member of the genus 
Betanecrovirus in the family Tombusviridae and is a positive- 
sense, single-stranded RNA virus consisting of 3,644 nucleo-
tides (nt) (Cao et al. 2002). The BBSV genome contains 6 
open reading frames (ORFs) that encode 2 replication- 
associated proteins (p23 and p82), 3 movement-related 
proteins (p7a, p7b, and p5′), and a coat protein (CP) 
(Fig. 1A) (Yuan et al. 2006). Among them, p23 is an auxiliary 
replication protein that cooperates with the viral 
RNA-dependent RNA polymerase (RdRp) p82 (Yuan et al. 
2006). Our previous studies demonstrated that p23 is an 
ER-localized membrane protein and plays a key role in ER re-
organization, a process essential for the formation of 
ER-invaginated VRCs during BBSV infection (Cao et al. 
2015). Moreover, heat shock cognate 70 kDa protein 
(Hsc70-2) directly participates in BBSV replication by inter-
acting with p23 (Wang et al. 2018). However, except for 
Hsc70-2, it is unclear what other host factors are involved 
in the formation of BBSV VRCs. 

IN A NUTSHELL 
Background: Upon entry into host cells, positive-strand RNA viruses hijack host factors to remodel specific organelle 
membranes to form viral replication complexes (VRCs). VRCs provide an optimal microenvironment for protecting 
and generating progeny viral RNAs. Identifying host components of VRCs is crucial for understanding viral replication 
mechanisms and developing virus-resistant plants. However, VRCs are membrane associated and dynamic, making it 
technically challenging to study VRC components using traditional methods for examining protein–protein interac-
tions in plant cells. The recently emerged TurboID-based proximity labeling (PL) approach has become a powerful tool 
for examining weak, transient, and dynamic molecular interactions in planta. However, TurboID-based PL has not 
been employed to investigate VRCs in plants. 

Question: Can TurboID-based PL be used to identify key components and interaction networks of VRCs in plants? 

Findings: Using Beet black scorch virus (BBSV) as a model, we systematically investigated the constituents of VRCs by 
fusing the TurboID enzyme to the BBSV replication protein p23. We identified 185 p23-proximal proteins, including 
several proteins that are known to interact with p23 or to be critical for BBSV replication. The reticulon family proteins 
were repeatedly identified. We further demonstrated that reticulon-like protein B2 (RTNLB2) interacts with p23 and 
plays a proviral role in BBSV replication by facilitating the establishment of VRCs. Moreover, RTNLB2 is crucial for 
replication of several other plant viruses that replicate on endoplasmic reticulum membranes. 

Next steps: Whether RTNLB2 is involved in other aspects of virus infection, such as movement, remains to be inves-
tigated. Are other p23-proximal proteins involved in replications of BBSV and/or other plant viruses? If so, what are the 
underlying mechanisms?   
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Previously, we established the TurboID-based PL system 
for probing molecular interactions in planta (Zhang et al. 
2019, 2020). Here, we aimed to identify the components con-
stituting BBSV VRCs using TurboID-based PL. We used p23 as 
the bait protein and mapped the proximal interactome of 
p23. A number of p23-interacting proteins were identified 
from Nicotiana benthamiana. We focused on one of the can-
didates, RETICULON-LIKE PROTEIN B2 (NbRTNLB2), which 
showed high reproducibility in the MS data sets and whose 
function in plant virus replication remains uncharacterized. 
We demonstrated that NbRTNLB2 is recruited to BBSV 
VRCs by interacting with p23 and determined the key do-
main that is responsible for the proviral role of NbRTNLB2 
in BBSV replication. Our study demonstrates that 
TurboID-based PL can be used to decipher the VRC compos-
ition of a plant virus and sheds light on the biogenesis of virus 
replication compartments. 

Results 
Establishment of PL procedures for identifying 
proteins proximal to BBSV p23 
BBSV auxiliary replication protein p23 plays a key role in the 
formation of BBSV VRCs by inducing ER remodeling (Cao 
et al. 2015). To gain insight into the proteins that interact 
with BBSV p23, an improved yellow fluorescent protein 
(YFP) mutant (Citrine), together with the biotin ligase, 
TurboID, were fused to the C-terminus of BBSV p23. As a 
control, we utilized a 27-amino acid fragment derived from 
the native ER membrane protein cytochrome P450 2C1 
(Ahn et al. 1993) to anchor the Citrine-TurboID fusion to 
the cytosolic face of the ER membrane (Fig. 1B). We then per-
formed confocal microscopy analysis and found that both 
the p23-Citrine-TurboID and the 2C1-Citrine-TurboID 
showed a web-like structure and merged well with the 
mCherry-tagged ER marker HDEL in N. benthamiana leaf tis-
sues when expressed alone (Yao et al. 2011) (Figs. 1C, panels 
−BBSV, and S1). We must note, however, that 
p23-Citrine-TurboID also forms a small number of aggregates 
(Fig. 1C, arrowhead). In leaf tissues infected with BBSV, 
launched by infiltration of an Agrobacterium tumefaciens cul-
ture harboring pCB301-BBSV (Gao et al. 2022), the number 
of ER aggregates increased in addition to the alterations of 
the ER membranes (Fig. 1C, panels +BBSV), consistent with 
what we previously reported (Cao et al. 2015). 

To map the proximal interactome of p23 in the context of 
BBSV replication, Agrobacterium mixtures containing the in-
fectious cDNA clone, pCB301-BBSV (Gao et al. 2022), and 
p23-Citrine-TurboID or 2C1-Citrine-TurboID were co- 
infiltrated into N. benthamiana leaves (Fig. 1D, Group I, 
+BBSV). Leaf tissues were infiltrated with Agrobacterium 
mixtures carrying either p23-Citrine-TurboID plus empty 
vector (EV) pCB301 or 2C1-Citrine-TurboID plus pCB301 
as the control group (Fig. 1D, Group II, −BBSV). At 60 h post- 
infiltration (hpi), plant leaves were re-infiltrated with 200 µ M 

biotin. After 8 h of incubation at RT, leaf samples were 
harvested followed by protein extraction, desalting, and 
streptavidin-based enrichment (Fig. 1D). 

Immunoblot analysis with a homemade anti-TurboID anti-
body (Supplemental Fig. S2) and horseradish peroxidase- 
conjugated streptavidin (streptavidin-HRP) confirmed the 
expression and biotinylation of both p23-Citrine-TurboID 
and 2C1-Citrine-TurboID in various combinations (Fig. 1E, 
Input). The biotinylated proteins were efficiently enriched 
by affinity purification with streptavidin beads (Fig. 1F, 
Strep pull-down). The enriched proteins were then detached 
from the streptavidin beads using on-bead digestion, and the 
resulting peptides were chemically labeled with isotopically 
distinct tandem mass tag (TMT) followed by liquid chroma-
tography–tandem mass spectrometry (LC–MS/MS) analysis 
(Fig. 1D). 

Proximity proteomics defines the proximal 
interactome of BBSV p23 
Bioinformatics analysis was performed on the raw MS data to 
map the p23-proximal interactome. Data analysis indicated 
that a total of 4,045 and 4,177 proteins without decoys and 
common contaminants were identified for p23-Citrine- 
TurboID in the presence and absence of BBSV infection, re-
spectively, using Scaffold software for MS (Supplemental 
Data Sets 1 and 2). In addition, all proteins were visualized 
by the volcano plot (Fig. 2, A and B). Notably, among the sig-
nificantly enriched proteins with a threshold of P < 0.05 and 
log2 (fold change, p23/2C1) ≥ 1.3, heat shock protein 70 
(Hsp70), which had been verified to interact with BBSV p23 
(Wang et al. 2018), was present in the MS data sets of both 
Group I (+BBSV) and Group II (−BBSV) (Fig. 2, A and B, blue 
dot, and Supplemental Data Sets 3 and 4), suggesting the reli-
ability of this p23-proximal interactome generated by 
TurboID-based PL. Besides Hsp70, it is noteworthy that reticu-
lon (RTN) family proteins were frequently enriched in the 
p23-Citrine-TurboID purification, either in the presence or ab-
sence of BBSV infection (Fig. 2, A and B, red dots, and  
Supplemental Data Sets 3 and 4). 

To further screen the p23-proximal proteome, we averaged 
3 biological replicates and calculated the P-value to identify 
proteins that are in close proximity to p23. We then normal-
ized the ratio of abundance of each protein in the 
p23-Citrine-TurboID samples to that in the 2C1-Citrine- 
TurboID control group, and obtained value-of-fold changes 
(Supplemental Data Sets 3 and 4). By comparing the protein 
level log2-normalized fold change of the p23-Citrine group 
with the 2C1-Citrine group, as shown in the heatmap 
(Fig. 2C), 104 and 119 p23-proximal proteins were significantly 
enriched for both Group I (+BBSV) and Group II (−BBSV), re-
spectively, with a threshold of adjusted P < 0.05 and log2 (fold 
change) ≥ 1.3. We found 38 proteins that were present in both 
groups (Fig. 2D and Supplemental Data Set 5). 

To gain insight into the functional associations among the 
proteins identified in close proximity to p23, we integrated  
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Figure 1. Design of PL experiments to define the proximal interactome of the BBSV p23 replication protein and validation of biotinylation efficiency. 
A) Genome organization of BBSV. BBSV encapsidates a positive-sense, single-stranded genomic RNA (gRNA) of 3,644 nt. The boxes show predicted 
ORFs in the BBSV genome. P23 and its translational readthrough (RT) product, P82, are key components required for viral replication. Three ORFs 
(P7a, P7b, and P5′) are essential for viral movement. CP, coat protein. B) Schematic representation of the constructs used for identification of 
p23-proximal proteins. C) Subcellular localization of TurboID fusions used in this study. Confocal analysis was performed at 2.5 dpi. Scale bars, 
10 μm. Arrowhead indicates the ER aggregate. D) Diagram of the experimental design and labeling conditions. Agrobacterium tumefaciens harboring 
the p23-Citrine-TurboID (p23) or the control 2C1-Citrine-TurboID (2C1) construct was co-infiltrated with Agrobacterium containing the 
pCB301-BBSV (+BBSV) plasmids or EV (−BBSV) into N. benthamiana leaves. At 60 hpi, 200 µM biotin was infiltrated into the same leaves. Leaf sam-
ples were harvested 8 h later. The biotinylated proteins were enriched with streptavidin beads followed by on-bead trypsin digestion and TMT la-
beling. LC–MS/MS analysis was then performed to identify the biotinylated proteins. Each treatment was conducted with 3 independent biological 
replicates (n = 3 plants for each replicate). The numbers 126 to 131 above the leaves indicate 6-plex TMT reporter ion masses at m/z 126 to 131. E) 
Immunoblot analysis of protein expression and biotinylation in the infiltrated leaves as shown in D). Input, total leaf lysate. F) Immunoblot analysis 
of streptavidin-based enrichment of biotin-tagged proteins. Strep pull-down of biotinylated proteins enriched by streptavidin beads. For E) and F), 
antibodies used for immunoblot analysis are indicated at the bottom right corner. Coomassie brilliant blue (CBB)–stained Rubisco large subunit 
(RbcL) is shown as a loading control.   
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data from the 2 sets of p23-proximal proteins obtained in  
Fig. 2D, resulting in a pool of 185 proteins. Subsequently, 
we performed Gene Ontology (GO) analysis on this set of 
proteins. Given the well-established connection between 
BBSV replication and ER membranes, 36 proteins, which be-
long to the GO terms of ER system, protein transport [includ-
ing vesicle-mediated transport and the endosomal sorting 
complex required for transport (ESCRT)], and protein fold-
ing, were selected to construct a protein interaction network 
using the online STRING tool (https://cn.string-db.org) and 
Cytoscape software. This network revealed 51 interaction re-
lationships (Supplemental Data Set 6) among the 36 selected 
proteins, as shown in Fig. 2E. These results suggest involve-
ment of a variety of ER-associated host factors in BBSV 
replication. 

BBSV p23 interacts with NbRTNLB2 on the ER 
We noted that members of the RTNLB family of proteins, 
such as RTNLB2 [log2-normalized fold change (p23/2C1) ≥  
1.39] and RTNLB4 [log2-normalized fold change (p23/ 
2C1) ≥ 1.37] (Fig. 2, A, B, and D, and Supplemental Data 
Sets 3 and 4), were frequently enriched in the p23-proximal 
interactome. The RTNLB protein family contains 14 repre-
sentative putative paralogs proteins in N. benthamiana 
(Supplemental Fig. S3A), and each paralog has a different 
number of isoforms (Supplemental Fig. S4 and Data Set 7). 

To test whether RTNLB2 and RTNLB4 were involved in 
BBSV infection, we cloned the full-length coding sequences 
of RTNLB2.1 and RTNLB4.1 from N. benthamiana and ana-
lyzed their effects on BBSV infection by transient overexpres-
sion. Compared with RTNLB2.1, which significantly increased 
BBSV infection upon overexpression, RTNLB4.1 had only a 
marginal effect on BBSV infection (Supplemental Fig. S5). 
Therefore, we focused on RTNLB2 for further analysis. 
Sequence alignment indicated that RTNLB2.1 shared 95.3% 
amino acid (96.2% nt) sequence identity with RTNLB2.3, 
and phylogenetic analysis indicated that both of them 
(Niben101Scf28925 22656-26422 and Niben101Scf01375 
252209-256009) showed the highest similarity to 
Arabidopsis (Arabidopsis thaliana) RTNLB2 (Yang and 
Strittmatter 2007) (Supplemental Fig. S6); hence, the protein 
is designated as NbRTNLB2 hereafter (for convenience, 
NbRTNLB2 is abbreviated as RTNLB2 in the figures). 

To investigate the relationship between BBSV p23 and 
NbRTNLB2, we fused red fluorescent protein (RFP) and 
cyan fluorescent protein (CFP) protein to the C-terminus 
of p23 and NbRTNLB2, respectively. Confocal microscopy 
analysis showed that p23-RFP co-localized well with the ER 
marker (GFP-HDEL) and induced the formation of aggregates 
in ER membranes. NbRTNLB2-CFP also localized to ER mem-
branes and induced constriction of ER tubules. When 
NbRTNLB2-CFP and p23-RFP were co-expressed in leaf tis-
sues, they co-localized well with the ER-derived aggregates 
(Fig. 3A). Similar results were obtained when we used an-
other combination of fluorescent reporters [blue fluorescent 
protein (BFP)/green fluorescent protein (GFP)/mCherry red 

fluorescent protein] to analyze their subcellular localization 
(Supplemental Fig. S7). Moreover, due to the sequence and 
structural similarity between Rtn1p of S. cerevisiae and 
NbRTNLB2 (Supplemental Fig. S3, B and C), we also co- 
expressed p23 or mCherry-fused p23 and Rtn1p-GFP in yeast 
cells. Confocal analysis showed an apparent redistribution of 
Rtn1p-GFP upon p23 expression, and the p23-mCherry co- 
localized well with the Rtn1p-GFP (Supplemental Fig. S8). 

To test whether p23 interacts with NbRTNLB2 in plant 
cells, we performed a bimolecular fluorescence complemen-
tation (BiFC) assay. Agrobacterium mixtures containing plas-
mids expressing p23-YFPn and NbRTNLB2-YFPc or p23-YFPc 
and NbRTNLB2-YFPn were infiltrated into N. benthamiana 
leaves, either in the presence of BBSV or the presence of 
the replication-defective mutant of BBSV, BBSVGDDm. At 
2.5 d post-infiltration (dpi), confocal microscopy analyses re-
vealed the reconstitution of YFP signals on the ER for both of 
these combinations. Aggregation of the YFP signals observed 
in the BiFC assays may be attributed to the overexpression of 
p23, driven by the 35S promoter, which is consistent with our 
previous observation of p23’s interaction with other proteins 
(Cao et al. 2015; Wang et al. 2018). As a control, neither 
p23-YFPn/BioID-YFPc nor p23-YFPc/BioID-YFPn generated 
observable YFP signals (Figs. 3B and S9A). Expression of all 
BiFC halves was verified by immunoblot analysis in the infil-
trated leaves (Supplemental Fig. S9B). 

Furthermore, we employed the split-ubiquitin membrane 
Y2H system to test the p23-NbRTNLB2 interaction. By using 
p23 as the bait and NbRTNLB2 as the prey, we observed the 
growth of yeast colonies containing pBT3N-p23 and 
pPR3N-NbRTNLB2 on the synthetic defined (SD) media lack-
ing leucine, tryptophan, histidine, and adenine (SD/-Trp- 
Leu-His-Ade, Fig. 3C, i). As controls, neither the viral p23 
protein nor the host NbRTNLB2 protein exhibited auto- 
activation in the Y2H assay (Fig. 3C, ii and vi). Yeast cells 
that were transformed with various combinations of plas-
mids including pTSU2-APP + pNubG-Fe65, pBT3N-p23 +  
pOst-NubI, and pBT3N-p23 + pPR3N-p23, all of which grew 
well on the selection plate and served as positive controls 
(Fig. 3C, iii, iv, and v). Moreover, the Co-IP assay showed 
that p23-3xFLAG was co-precipitated with RTNLB2-GFP 
but not with the GFP control (Fig. 3D). Altogether, these re-
sults demonstrate that p23 interacts with NbRTNLB2 in yeast 
cells and ER membranes in plant cells. 

NbRTNLB2 acts as a proviral factor for BBSV 
replication 
To characterize the functions of NbRTNLB2 in BBSV infec-
tion, we observed NbRTNLB2 localization in healthy and 
BBSV-infected N. benthamiana leaves. NbRTNLB2 presented 
a net-like structure and induced constrictions in ER tubules 
in healthy leaf tissue cells. In contrast, BBSV infection notably 
altered the subcellular distribution of NbRTNLB2, leading to 
the formation of multiple aggregates (Fig. 4A). This is consist-
ent with the results from co-expression of RTNLB2 and p23  
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Figure 2. Proteomic analysis of biotinylated proteins enriched in p23-TurboID purification. A) and B) Volcano plot showing proteins identified by 
TurboID-based PL in 3 biologically independent experiments (n = 3 plants for each experiment). Mean log2 fold change of 3 replicates between 
p23-Citrine-TurboID and the 2C1-Citrine-TurboID control group in the presence of BBSV (+BBSV) or absence of BBSV (−BBSV) infection was plot-
ted against the −log10 padj. The previously reported p23-interacting protein, Hsp70, and the NbRTNLB family of proteins were indicated in the 
panels. Values are provided in Supplemental Data Sets 1 and 2. C) Heatmap based on significantly upregulated data from individual samples of 
p23-Citrine-TurboID (n = 3) compared with 2C1-Citrine-TurboID controls (n = 3) in the presence or absence of BBSV infection. The protein clus-
tering tree as indicated on the left was generated by using Gene Cluster 3.0 (de Hoon et al. 2004); unsupervised hierarchic clustering was carried out 
with average linkage algorithms and uncensored correlation as the similarity metrics. Heat maps were generated in Java Treeview. Relative protein 
expression values from the highest (red) to the lowest (blue) are shown, as indicated by the lower middle of the color scale bar (−0.8 to +0.8). D) 
Venn diagram showing overlaps among p23-proximal proteins in the presence or absence of BBSV infection. The RTNL protein, marked in red, re-
presents the RTN protein that was further investigated, while the RTNL proteins in blue indicate other RTN proteins identified by the TurboID-based                                                                                                                                                                                            

(continued)  
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in plant cells (Fig. 3A) or Rtn1p and p23 in yeast cells 
(Supplemental Fig. S8). These results indicate that BBSV in-
fection not only alters the structure of the ER membranes 
but also influences the morphology and distribution of 
NbRTNLB2. 

To test whether BBSV infection affects the expression of 
NbRTNLB2, we performed an RNA gel blot and RT-qPCR to 
analyze the changes in NbRTNLB2 mRNA levels during 
BBSV infection. We consistently found that the transcrip-
tional level of NbRTNLB2 was upregulated with BBSV infec-
tion (Figs. 4B and S10). Moreover, we prepared NbRTNLB2- 
specific antiserum by immunizing a rabbit with synthetic 
peptides (Supplemental Fig. S11). NbRTNLB2 protein levels 
increased in N. benthamiana leaves upon BBSV infection, as 
determined by immunoblotting with anti-NbRTNLB2 anti-
serum (Fig. 4C). 

To further determine the functional role of NbRTNLB2 in 
BBSV infection, we transiently expressed NbRTNLB2 in N. 
benthamiana leaves followed by BBSV inoculation. 
NbRTNLB2 overexpression significantly increased the accumu-
lation of BBSV compared with the EV control (Fig. 4D). In con-
trast, when NbRTNLB2 expression was silenced by a Tobacco 
rattle virus (TRV)–based silencing system, BBSV accumulation 
significantly decreased compared with the nonsilenced con-
trol (TRV-GFP) plants (Fig. 4E). To further investigate whether 
NbRTNLB2 affected BBSV replication, a movement-deficient 
BBSV mutant, BBSVm7a (Gao et al. 2022), was tested in N. 
benthamiana leaves that overexpressed NbRTNLB2. The accu-
mulated BBSV CP significantly increased compared with the 
EV control (Fig. 4F). In contrast, when the expression of 
NbRTNLB2 was silenced by infiltration of Agrobacteria carrying 
the intron-hairpin NbRTNLB2 (RTNLB2-RNAi) in N. benthami-
ana leaves, a substantial reduction of CP accumulation was ob-
served in the BBSVm7a-infected leaves compared with the EV 
control (Fig. 4G). 

Furthermore, RT-qPCR analysis of the total RNA extracted 
from the BBSVm7a-infected plants consistently revealed a sig-
nificant augmentation of negative-sense BBSV genomic RNA 
in N. benthamiana leaves overexpressing NbRTNLB2 (Fig. 4H), 
while a decrease was observed in N. benthamiana leaves 
when the NbRTNLB2 expression was downregulated 
(Fig. 4I). Downregulation of NbRTNLB2 in TRV-NbRTNLB2 in-
oculated plants or leaves treated with NbRTNLB2-RNAi was 
confirmed by RT-qPCR (Supplemental Fig. S12, A and B). 
To confirm the specificity of RTNLB2 silencing, we demon-
strated that the transcription levels of NbRTNLB4 and 
NbRTNLB5, which are evolutionarily closely related to 
NbRTNLB2, did not exhibit significant changes in the leaves 

silenced for RTNLB2 (Supplemental Fig. S12, C to E). These re-
sults indicate that RTNLB2 is required for BBSV replication. 

We also generated NbRTNLB2 knockdown (KD) 
(RTNLB2-KD) transgenic N. benthamiana plants 
(Supplemental Fig. S13). BBSV was rub-inoculated onto the 
leaves of RTNLB2-KD plants. At 3 dpi, immunoblot analysis 
revealed a substantial decrease in accumulated BBSV in the 
inoculated leaves of NbRTNLB2-KD plants compared with 
the nontransgenic (NT) control plants (Fig. 4J). At 8 dpi, 
BBSV induced milder symptoms in the upper uninoculated 
leaves of NbRTNLB2-KD compared with the NT control 
plants (Fig. 4K). We also statistically analyzed the incidence 
of symptom appearance in the systemic leaves of different 
plants and found that the onset of symptoms in 
NbRTNLB2-KD plants was substantially delayed (Fig. 4L). 
Immunoblot analysis revealed substantially reduced BBSV ac-
cumulation in the systemic leaves of RTNLB2-KD plants com-
pared with NT control plants at 8 dpi (Fig. 4M). Altogether, 
these results indicate that RTNLB2 plays a proviral role in 
BBSV replication. 

The C-terminal amphipathic helix of RTNLB2 is 
crucial for promoting BBSV infection 
To test whether overexpression of NbRTNLB2 remodels the 
ER, NbRTNLB2-mCherry and CFP-HDEL were co-expressed 
in N. benthamiana leaf epidermal cells. With gradually in-
creased concentrations of NbRTNLB2-mCherry, an alteration 
of the morphology of ER membranes was seen, characterized 
by the aggregation of luminal CFP-HDEL (Fig. 5A). In add-
ition, co-localization between CFP-HDEL and RTNLB2- 
mCherry was impaired under high concentrations of 
NbRTNLB2-mCherry as evidenced by the decline of 
Pearson’s correlation coefficient (PCC) (Fig. 5B). 

We subsequently examined whether NbRTNLB2 could 
affect the flow of luminal content using the fluorescence 
recovery after photobleaching (FRAP) assay. We found 
that NbRTNLB2 overexpression significantly slowed the 
recovery of ER retention signal (HDEL)-fused mCherry 
fluorescence after the mCherry signal was bleached 
compared with the EV control (Supplemental Fig. S14). 
These results suggest that overexpression of NbRTNLB2 
induces remodeling of the ER membrane, resulting in con-
striction of ER tubules and reduced mobility of ER luminal 
content. 

Previous studies identified an amphipathic helix (APH) at 
the C-terminal region of the Yeast homolog of the polyposis 
locus protein 1 (Yop1p) and Arabidopsis RETICULON 13 
(AtRTN13) (Brady et al. 2015; Breeze et al. 2016). To 

Figure 2. (Continued) 
PL. E) A proximity-based interaction network for some of the proteins enriched in p23-Citrine-TurboID purification. The clusters are color-noted as 
indicated. Nodes represent individual proteins. Edges between the nodes represent interactions based on STRING with a confidence score equal to 
or above 0.4. Clusters are labeled on the basis of their common GO biological process assigned in UniProt (https://www.uniprot.org) or annotation in 
TAIR (https://www.arabidopsis.org). Red nodes represent the proteins derived from the intersection of 2 MS data sets (+BBSV and −BBSV). Blue 
nodes present the proteins derived from MS data set without BBSV infection (−BBSV). Green nodes represent the proteins derived from MS 
data set in the context of BBSV infection (+BBSV). Values are provided in Supplemental Data Set 6.   
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Figure 3. NbRTNLB2 interacts with BBSV p23 on the ER. A) Subcellular localization of p23-RFP and NbRTNLB2-CFP. Agrobacterium mixtures con-
taining different combinations of constructs as indicated in the panel above were infiltrated into the leaves of GFP-transgenic N. benthamiana plants 
(Line 16C). Confocal analysis was performed at 2.5 dpi. Figures on the right panel indicate the normalized fluorescence intensities of the CFP (blue), 
RFP (magenta), and GFP (green) channels along the dashed white lines in the merged images. The relative intensity was calculated by using the Zen 
software on a Zeiss LSM 880 confocal microscope. Scale bars, 10 μm. B) BiFC assay to test the interaction between NbRTNLB2 and p23 in 
N. benthamiana cells. Agrobacterium mixtures containing different combinations of constructs as indicated on the top left were infiltrated into 
N. benthamiana leaves. Fluorescence signals were visualized by confocal microscopy at 2.5 dpi. BioID-YFPn or BioID-YFPc was used as negative con-
trols. mCherry-HDEL served as the ER marker. +BBSV means leaves were agoinoculated with BBSV. Representative results of at least 3 independent 
experiments (n = 2 plants for each experiment) are shown. Scale bars, 50 μm. C) Y2H assay showing the interaction between p23 and NbRTNLB2. 
Various Y2H combinations are indicated below. Yeast cells harboring the plasmids pBT3N-p23 + pPR3N-p23, pTSU2-APP + pNubG-Fe65, and 
pBT3N-p23 + pOst-NubI served as positive controls (iii, iv, and v), and combinations of pBT3-N (EV) + pPR3N-RTNLB2 and pBT3N-p23 +  
pPR3-N (EV) constructs served as negative controls (ii and vi). SD media lacking corresponding nutrients were indicated beneath the plates. D) 
Co-IP assays to determine the interaction between NbRTNLB2 and p23. Nicotiana benthamiana leaves expressing NbRTNLB2-GFP and 
p23-3xFLAG were harvested at 3 dpi. Total proteins were immunoprecipitated with anti-FLAG beads and detected by immunoblotting with 
anti-GFP or anti-FLAG antibodies.   
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Figure 4. NbRTNLB2 is positively involved in BBSV replication. A) Subcellular localization of NbRTNLB2-GFP in healthy and BBSV-infected N. 
benthamiana leaves at 2.5 dpi. Scale bars, 10 μm. B) Levels of NbRTNLB2 mRNA in healthy and BBSV-infected N. benthamiana leaves as detected 
by RNA gel blot analysis. Leaves were harvested at different time points as indicated in the panel above. Sys., systemic leaves. Probes used for 
NbRTNLB2 and BBSV genomic RNA (gRNA) analyses are indicated on the right of each panel. Methylene blue–stained rRNAs served as RNA loading 
controls. C) The accumulated NbRTNLB2 protein in mock- or BBSV-inoculated N. benthamiana plants as detected by immunoblot analysis. Leaves 
were harvested at different time points as indicated in the panel above. Coomassie brilliant blue (CBB)–stained RbcL served as a loading control. D) 
The accumulated BBSV CP in N. benthamiana leaves transiently expressing NbRTNLB2 proteins. Nicotiana benthamiana leaves were infiltrated with 
Agrobacterium-carrying EV or NbRTNLB2-3xFLAG constructs (OD600 = 0.2 for each construct). One d later, the same leaves were inoculated with 
400 ng BBSV virion and samples were collected at 3 dpi for immunoblotting with anti-CP or anti-FLAG antibodies. E) The accumulated BBSV CP in 
TRV-RTNLB2-inoculated N. benthamiana plants using anti-CP antibody. BBSV-inoculated systemic leaves from TRV-GFP-infected plants served as 
the control. F) Overexpression of NbRTNLB2 enhances BBSV replication. Nicotiana benthamiana leaves were infiltrated with Agrobacterium-carrying                                                                                                                                                                                            
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investigate whether the APH domain exists in the NbRTNLB 
protein family of N. benthamiana, we analyzed amino acid se-
quences of 14 representative NbRTNLB proteins and found a 
region with high helical hydrophobic moment (Fig. 5C). To 
test whether the APH domain was critical for NbRTNLB2 
to regulate BBSV infection, putative key sites were predicted 
with the HeliQuest online server (https://heliquest.ipmc.cnrs. 
fr/). Based on sequence similarity, tyrosine (Y) at the 213 site 
and valine (V) at the 217 site were conserved among the 
NbRTNLB family proteins (Fig. 5C, and Supplemental File 
1) and were subsequently replaced with lysine (K) to gener-
ate Y213K, V217K, and YV2K mutants, in which both sites 
Y213 and V217 were replaced with K. These NbRTNLB2 var-
iants were predicted to have reduced magnitude of the 
hydrophobic moment and amphipathicity in the helix 
(Fig. 5D). 

We then transiently expressed NbRTNLB2 and its variants 
in N. benthamiana leaves followed by BBSV inoculation. 
Immunoblot analysis revealed that both NbRTNLB2V217K 

and NbRTNLB2YV2K failed to promote BBSV infection com-
pared with wild-type NbRTNLB2 and NbRTNLB2Y213K 

(Fig. 5E). Interestingly, NbRTNLBYV2K not only failed to en-
hance but also severely inhibited BBSV infection compared 
with wild-type NbRTNLB2 (Fig. 5E). Subcellular localization 
analysis showed that although both wild-type NbRTNLB2 
and NbRTNLB2YV2K have ER localization (Fig. 5F), the degree 
of co-localization of NbRTNLB2YV2K with CFP-HDEL in-
creased significantly compared with wild-type NbRTNLB2 
(Fig. 5G). To test whether the YV2K mutation affected the 
interaction between NbRTNLB2 and p23, BiFC and Co-IP as-
says were conducted. RTNLB2YV2K retained the ability to 
interact with p23 (Figs. 5, H and I, and S15), suggesting 
that the dysfunction of NbRTNLB2YV2K in BBSV infection 
was not due to disruption of the RTNLB2-p23 interaction. 
Altogether, these results indicate that the C-terminal APH 

domain is crucial for NbRTNLB2 to shape the ER membrane 
and promote BBSV infection. 

NbRTNLB2 is required for the assembly of BBSV VRCs 
Given that BBSV forms VRCs by invaginating ER membranes 
and that p23 interacts with NbRTNLB2, we investigated 
whether NbRTNLB2 is directly involved in the assembly of 
BBSV VRCs. First, we expressed mCherry-HDEL in NT and 
NbRTNLB2-KD transgenic N. benthamiana plants. Confocal 
microscopy analysis showed obvious reduction of 3-way 
junctions in NbRTNLB2-KD plants compared with NT control 
plants (Figs. 6A and S16). To test the effect of NbRTNLB2 on 
p23-induced rearrangement of the ER membrane, we co- 
expressed p23-mCherry and CFP-HDEL in NT or 
NbRTNLB2-KD N. benthamiana leaves. ER-associated aggre-
gates were severely decreased in RTNLB2-KD plants com-
pared with NT plants (Fig. 6B). In contrast, co-localization 
of p23-mCherry with the CFP-HDEL marker was significantly 
enhanced in RTNLB2-KD plants as evidenced by the in-
creased value of PCC (Fig. 6C). Furthermore, we used trans-
mission electron microscopy (TEM) to analyze the ER 
membrane ultrastructure of NT and RTNLB2-KD leaf tissues 
transiently expressing p23. As shown in Fig. 6D, ER mem-
branes were proliferated and became convoluted in NT leaf 
tissues upon p23 expression. In contrast, the extent of 
p23-induced ER deformation was substantially attenuated 
in RTNLB2-KD leaf tissues. These results indicate that 
NbRTNLB2 is required for p23 to remodel the ER membrane. 

To further investigate the association of NbRTNLB2 with 
the formation of BBSV VRCs, we used immunogold electron 
microscopy to observe NbRTNLB2 localization. Unlike 
healthy leaf tissues (Supplemental Fig. S17A), vesicle packets 
were readily observed in BBSV-infected leaf tissues in prolif-
erated ER membranes (Fig. 6E) and vesicle-containing large 
bubbles (Fig. 6, E and F, pentagram), which is consistent 

Figure 4. (Continued) 
EV or Pro35S:NbRTNLB2-3xFLAG construct (OD600 = 0.2 for each construct). One d later, the movement-deficient BBSV mutant, BBSVm7a, was 
agroinoculated into the infiltrated leaves. Leaf samples from the inoculated leaves were collected at 3 dpi and detected by immunoblotting 
with anti-CP antibody. RbcL was used to monitor the protein loading. For D) to F), The band intensities were measured with ImageJ and normalized 
to RbcL levels (Supplemental Data Set 16). The relative ratios (%) were shown beneath each panel. The experiments were repeated 3 times (n = 3 
plants for each biological replicate). ± means SD. G) Silencing of NbRTNLB2 expression in N. benthamiana plants inhibits BBSV replication. Nicotiana 
benthamiana leaves were infiltrated with Agrobacterium carrying-EV or intron-hairpin NbRTNLB2 construct (OD600 = 0.2 for each construct). One d 
later, the NbRTNLB2-silenced leaves were agroinoculated with the BBSVm7a mutant. Leaf samples from the inoculated leaves were collected at 3 dpi 
and detected by immunoblotting with anti-CP antibody. The replication-deficient mutant, BBSVGDDm, served as the negative control. H) and I) The 
accumulated negative-strand (−) BBSV genomic RNA in the BBSVm7a-infected plants (as shown in F) and G)) as measured by RT-qPCR. For H) and 
I), error bars represent mean ± SD (n = 3 plants for each biological replicate). J) Levels of the accumulated BBSV CP in the infiltrated leaves of NT or 
NbRTNLB2 KD N. benthamiana plants (NbRTNLB2-KD) plants using an anti-CP antibody in immunoblot analysis. Ino, inoculated leaves. For F) to I), 
the experiments were repeated 3 times with similar results. RbcL served as the loading control. K) The symptoms of NT and NbRTNLB2-KD infected 
with BBSV. Nicotiana benthamiana leaves were inoculated with 100 ng BBSV virions. Photographs were taken at 8 dpi and a representative result is 
shown. Systemically infected leaves (in white boxes) were enlarged and are shown below. L) Statistical analysis of symptom appearance in different N. 
benthamiana plants after inoculation with BBSV. Experiments were independently repeated 4 times with 6 plants in each experiment. Error bars 
represent mean ± SD (n = 4 plants for each biological replicate). M) Levels of accumulated BBSV CP in the plants as shown in L). The upper unin-
oculated leaves (shown in L)) were collected at 8 dpi. Actin served as the loading control. These experiments were repeated 2 times with similar 
results. Sys, systemic leaves. For J) and M), the band intensities were measured with ImageJ and normalized to RbcL J) or Actin M) levels. The relative 
ratios of different bands are shown below the images, and the values of the first J) or second M) lane were set to 1.00. Mock in B) to E), G), and M) 
indicated N. benthamiana leaves inoculated with buffer without BBSV virion.   
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Figure 5. An APH in the C-terminal NbRTNLB2 is crucial for promoting BBSV infection. A) Increasing expression of NbRTNLB2-mCherry alters the 
morphology of the ER. Nicotiana benthamiana plant leaves were agroinfiltrated with increasing concentrations of NbRTNLB2-mCherry as indicated 
in the panel above (OD600). CFP-HDEL was used as the luminal ER marker. Free mCherry served as the negative control. Scale bars, 10 μm. B) 
Statistical analyses of mCherry and CFP co-localization in A). Overlapping localization of NbRTNLB2-mCherry and CFP-HDEL with PCCs was mea-
sured with the ImageJ Pearson correlation coefficients (PSC) co-localization tool. The experiment was performed 3 times (n = 8 for each replicate), 
and representative results were shown. Error bars represent mean ± SD. C) Multiple sequence alignment and WebLogo analysis of NbRTNLBs. 
Fourteen representative NbRTNLB putative paralogs were indicated on the left side. Sequence in the boxed region indicates the APH domain. 
The conserved Y and V residues across different NbRTNLBs are highlighted with arrowheads and stars. D) Helical wheel plot of the predicted                                                                                                                                                                                            
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with our previous studies (Cao et al. 2015). Immunogold la-
beling of p23 revealed that large numbers of gold particles 
were present along the ER and around the vesicle packets 
(Figs. 6G and S17B). Likewise, gold particles specifically 
bound to NbRTNLB2 can also be observed along the ER 
(Figs. 6H and S17C) and at the periphery of vesicle packets 
(Fig. 6I). 

To further define the association of NbRTNLB2 with BBSV 
VRCs, we performed double immunogold labeling in 
BBSV-infected leaves transiently expressing NbRTNLB2- 
3xFLAG with anti-p23 and anti-FLAG antibodies and 
detected co-localization of NbRTNLB2 and p23 at both the 
ER membrane (Supplemental Fig. S17D) and the vesicle pack-
et structure (Figs. 6J and S18). For the mock-inoculated con-
trol, a small number of gold particles near the ER could be 
observed when using anti-RTNLB2 in the immunogold label-
ing assay (Supplemental Fig. S17E); only a few gold particles 
were randomly distributed over the tissue sections used for 
immunogold labeling with anti-p23 and/or anti-FLAG anti-
bodies (Supplemental Fig. S17, F and G). Collectively, these 
results indicate that BBSV co-opts NbRTNLB2 to induce ER 
membrane rearrangements and form VRCs. 

NbRTNLB2 may play a role in other ER-replicating 
viruses 
To investigate whether NbRTNLB2 functions in infections of 
other positive-strand RNA viruses, we selected Tobacco mo-
saic virus (TMV) and Turnip mosaic virus (TuMV), whose rep-
lication occurs on or associates with ER membranes (Más and 
Beachy 1999). Silencing the expression of NbRTNLB2 resulted 
in a significant decrease in the accumulation of TMV 
positive-strand (+) RNA compared with the EV control as 
determined by RT-qPCR (Fig. 7A). Consistently, a substantial 
reduction of accumulated GFP was observed in the 
TMV-GFP–infected NbRTNLB2-RNAi plants compared with 
the EV control (Fig. 7B). Similar results were obtained 

when NbRTNLB2-silenced and EV-inoculated leaves were in-
oculated with TuMV-GFP (Fig. 7, C and D). Furthermore, 
based on BiFC assays, the TMV P50 helicase fragment, 
TuMV NIb replicase, and TuMV 6K2 protein, which play im-
portant roles in TuMV VRC formation, interacted with 
NbRTNLB2 (Supplemental Fig. S19). Downregulation of 
NbRTNLB2 was confirmed by RT-qPCR (Supplemental Fig. 
S12, F to I). These results suggest that NbRTNLB2 plays a 
role in the infection of other ER-replicating plant viruses. 

We also included Tobacco necrosis virus-A Chinese isolate 
(TNV-AC) and Barley stripe mosaic virus (BSMV), whose rep-
lication occurs on vacuole and chloroplast membranes, re-
spectively (Wan et al. 2015; Jin et al. 2018b; Wang et al. 
2021). No significant changes were observed in the accumu-
lation of either positive-strand RNA virus (Fig. 7, E and G), as 
determined by RT-qPCR, or the accumulated viral proteins of 
TNV-AC or BSMVγb-GFP when NbRTNLB2 was silenced (Fig. 7, 
F and H), indicating that NbRTNLB2 silencing had little effect 
on TNV-AC and BSMV infections. 

Discussion 
TurboID-based PL is an effective approach to study 
VRCs in planta 
Both plant and animal positive-strand RNA viruses usually hi-
jack diverse host factors to establish VRCs on specific organ-
elle membranes (Verchot 2011; Mine and Okuno 2012; Nagy 
2016; Huang et al. 2018). However, the formation of VRCs is a 
highly dynamic process and most VRC components localize 
to the viral replication protein-remodeled membranes, 
which often makes it difficult to identify these host factors 
using traditional protein purification methods. Although 
there are few studies on the comprehensive analysis of plant 
VRC components in living cells, to date, the only example of 
the application of TurboID-based PL to examine the plant 

Figure 5. (Continued) 
hydrophobic moment of an APH-containing region within NbRTNLB2 and its variants. The directions of the hydrophobic moments of the helices are 
depicted in black arrows, and the corresponding magnitudes (μ) are shown below. E) Effects of overexpressed NbRTNLB2 and its derivatives on BBSV 
accumulation. Nicotiana benthamiana leaves were infiltrated with Agrobacterium containing different constructs or the empty pGD vector (EV) as 
indicated in the panel above. At 1 dpi, the same leaves were agroinoculated with BBSV. Leaf samples were harvested for immunoblot analysis after 
3 d of BBSV inoculation. RbcL served as the loading control. The band intensities were measured with ImageJ and normalized to RbcL levels. The 
relative ratios of different bands are shown below the panel, and the value of the second lane was set to 1.00. F) Disruption of the hydrophobic face of 
the APH impairs NbRTNLB2 function. Nicotiana benthamiana epidermal cells were infiltrated with Agrobacterium mixtures containing the soluble 
ER marker, CFP-HDEL, and NbRTNLB2 or NbRTNLB2YV2K plasmids. Scale bars, 10 μm. G) Overlapping localization of NbRTNLB2-mCherry or 
NbRTNLB2YV2K-mCherry with CFP-HDEL as displayed by box and whisker plots. The solid lines within the boxes indicate median PCC values, 
and the upper and lower hinges indicate 75 and 25 percentiles, respectively. The whiskers show the largest/smallest PCC values that fall within 
a distance of 1.5 times interquartile range from the upper and lower hinges. Data are from values of PCC measured from 8 regions of interest 
(n = 8). H) The interaction between wild-type or mutant NbRTNLB2 and p23 as detected by BiFC. These proteins, fused to the N- or 
C-terminus of YFP, were transiently co-expressed in N. benthamiana leaves and analyzed by confocal microscopy at 3 dpi. Figures on the right in-
dicate the normalized fluorescence intensities of YFP (green) or mCherry (magenta) channels along the dashed white lines shown in the merged 
images. Representative results of at least 3 independent experiments are displayed. The relative intensity was calculated by using the Zen software on 
a Zeiss LSM 880 confocal microscope. Scale bars, 20 µm. I) The interaction between wild-type or mutant NbRTNLB2 and p23 as tested using co-IP. 
Nicotiana benthamiana leave tissues transiently expressing combinations of different proteins were collected at 3 dpi. Total proteins were immu-
noprecipitated with anti-FLAG beads and detected by immunoblotting with anti-GFP or anti-FLAG antibody.   
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Figure 6. NbRTNLB2 is recruited to BBSV replication sites to promote VRC assembly. A) Confocal microscopy analysis of the ER morphology in NT 
and NbRTNLB2 KD N. benthamiana plants (NbRTNLB2-KD). mCherry-HDEL serves as an ER marker. An enlarged version of this image is provided in  
Supplemental Fig. S16. Arrowheads indicate ER junctions. B) Subcellular localization of p23-mCherry and CFP-HDEL in NT and NbRTNLB2-KD N. 
benthamiana plants at 2.5 d post-infiltration (dpi). C) Overlapping localization of p23-mCherry and CFP-HDEL as shown in B) by chart of average 
PCCs. Asterisks indicate the significant difference (****P < 0.0001) based on a 1-sided unpaired Student’s t test. Error bars represent mean ± SD of 
PCC values from 10 regions of interest (n = 10). D) Effects of BBSV p23 on ER morphology and membrane remodeling. Agrobacterium-harboring 
plasmids expressing p23 were infiltrated into NT or NbRTNLB2-KD N. benthamiana leaves. TEM analysis was performed at 3 dpi. E) and F) ER-bound 
VRCs in BBSV-infected leaf tissues. Nicotiana benthamiana leaves displaying typical BBSV symptoms were sampled and observed under TEM. 
Arrowheads indicate the ER membrane–associated spherules, and pentagrams represent the vesicle packets. G) Immunogold labeling of the 
BBSV p23 in BBSV-infected N. benthamiana cells. H) and I) Immunogold labeling of the NbRTNLB2 in BBSV-infected N. benthamiana cells. J) 
Double immunogold labeling of the p23 (5 nm) and NbRTNLB2 (10 nm) in BBSV-infected N. benthamiana cells. Box inset is a zoom of the region 
inside the dashed square. An enlarged version of this image is provided in Supplemental Fig. S18. Arrowheads indicate the 10-nm gold particles, while 
arrows point to 5-nm gold particles. For A) and B), scale bars, 10 µm. For D) to F), scale bars, 1.0 µm. For G) to J), scale bars, 500 nm. Scale bars for the 
inset of J) represent 200 nm. CW, cell wall; Chl, chloroplast; Mit, mitochondria; Gi, Golgi.   
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virus infection process is the dissection of Bamboo mosaic 
virus movement complexes (Huang et al. 2023). 

Here, we used BBSV, whose replication occurs in 
ER-derived membrane vesicles, as a model to systematically 
identify host factors that may constitute or participate in 
the formation of VRCs using the recently developed 
TurboID-based PL technique. We identified 185 candidate 
proteins that were in proximity to p23 that may play a role 
in the biogenesis of the BBSV replication compartment. We 
further characterized NbRTNLB2, which displayed high re-
producibility in the MS data sets and whose role in plant 
virus replication remains uncharacterized. We validated the 
interaction between BBSV p23 and NbRTNLB2 and demon-
strated that NbRTNLB2 played a proviral role in BBSV repli-
cation by directly facilitating the assembly of BBSV VRCs. Our 
study identifies a host factor that is directly involved in BBSV 
replication, providing an example of utilizing TurboID-based 
PL to investigate plant VRCs. 

Some considerations about using TurboID-based PL 
to map the p23-proximal interactome 
Like many methods for studying PPIs, TurboID-based PL has 
its own strengths and limitations (Yang et al. 2021). The 
TurboID method is more complicated to run compared 
with other methods for detecting PPIs and requires specia-
lized equipment, such as mass spectrometry, as well as ex-
pertise. Also, the number of proteins obtained through the 
use of TurboID technology is often large; therefore, strict 
controls need to be set up to filter out background noise 
and prevent false positives. 

Besides the cytosolic Citrine-TurboID, we also used the 
ER-localized 2C1-Citrine-TurboID as a control 
(Supplemental Fig. S20). We identified 610 proximity interac-
tions with 320 host proteins (Supplemental Figs. S21 and S22 
and Data Sets 8 to 13), which was more than the number of 
proteins obtained when using 2C1-Citrine-TurboID (Fig. 2 
and Supplemental Data Sets 3 and 4). When 
Citrine-TurboID was used as a control, 49% of the enriched 
proteins originated from the endomembrane system 
(Supplemental Fig. S21C), while 15% of the enriched proteins 
were predicted to be localized to the nucleus. Conversely, 
when 2C1-Citrine-TurboID was used as a control, the propor-
tion of endomembrane system–sourced proteins dropped to 
21%, while the proportion of nuclear-localized proteins in-
creased to 48% (Supplemental Fig. S23). These results indi-
cate that the choice of control can affect the number and 
types of proteins obtained in the final MS data set. 
Nevertheless, analysis of the data from both rounds of MS 
showed that the RTN family of proteins were frequently iden-
tified in PL assays using different controls (Supplemental Fig. 
S24 and Data Set 14). These results pinpoint the involvement 
of NbRTNLB2 in BBSV infection and further demonstrate the 
rationality of our selection of NbRTNLB2 for further research. 

In addition, other potential drawbacks of TurboID-based 
PL include the potential effects of the TurboID tag on the 

function of target proteins. Typically, the target protein 
should retain its native function after being fused with 
TurboID; in other words, the TurboID-tagged version can 
substitute most of the functions of the unfused target pro-
tein (Kim et al. 2023). In this study, we expressed 
p23-Citrine-TurboID in BBSV-infected leaves, primarily be-
cause of the distinct advantages of PL technology, which re-
lies on spatial proximity to identify proteins that may 
interact with a target protein. We first confirmed that 
p23-Citrine-TurboID localized to ER membranes and formed 
aggregates (Figs. 1C, 3A, and S7), which was consistent with 
the remodeling of ER membranes during BBSV infection. 
Our TEM analysis revealed that p23 alone can induce a dis-
ordered ER structure (Fig. 6D), similar to the ER morphology 
observed in BBSV-infected cells (Cao et al. 2015). 
Furthermore, we found that p23 has a strong self-interaction 
(Wang et al. 2018). Given these findings, it is reasonable to 
propose that p23-Citrine-TurboID can directly localize or 
be recruited to BBSV VRCs during BBSV infection. Most im-
portantly, we successfully identified not only known p23 in-
teracting proteins like Hsp70 (Wang et al. 2018) but also 
many other proteins such as NbRTNLB2 that are proven to 
interact with p23 (Figs. 3 and S25). These findings demon-
strate the effectiveness of our system in examining the p23 
interactome and its possible use in examining host proteins 
involved in viral infections of other plant viruses. 

It should be pointed out that not all interactions are 
probed by TurboID-mediated PL. For example, the BBSV 
p82 replicase, which has been verified to interact with p23 
(Cao et al. 2015), was not included in the MS data set. 
Since the p82 protein is generated through the read-through 
of the p23 protein (Fig. 1A), the amino acid sequence of the 
N-terminus of p23 and p82 is identical. Therefore, technically, 
it is difficult to determine whether the enriched peptides cor-
responding to p23 actually originated from p23 or from the 
p82 replicase. In addition, since the p82 protein is produced 
by read-through of p23, its expression level is very low, and 
there is often a bias against low abundance proteins during 
PL analysis (Kreis et al. 2022). All these factors may contribute 
to the low fold change value of p82 in the MS data set even 
though it interacts with p23. In addition, peptides derived 
from the BBSV CP was not present in the final MS data set, 
which is consistent with the fact that BBSV p23 does not 
interact with the CP (Wang et al. 2018). 

Moreover, the enzymatic activity of TurboID, which cova-
lently links biotin to adjacent proteins in living cells, can be 
influenced by intracellular factors such as an oxidative or 
acidic microenvironments or changes in temperature. 
TurboID-based PL is unsuitable for analyzing proteins involved 
in biotin synthesis and metabolism pathways. Finally, like 
other tools used for studying PPIs, the data obtained from 
TurboID-based spatial proteomics analysis primarily shows 
proximity between the identified proteins and a bait protein. 
Further experiments are necessary to validate their interac-
tions. These limitations should be kept in mind when PL is 
used for the mapping of compartment-specific proteomes.  
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Although the Citrine-TurboID (cytosolic localization) is 
less suitable as a control than 2C1-Citrine-TurboID (ER 
membrane localization), the subcellular distribution of 
the Citrine-TurboID control at least partially overlaps 
with that of the p23-Citrine-TurboID, given that it is ex-
posed toward the cytosol. In fact, except for NbRTNLB2, 
we also tested the interactions between p23 and randomly 
selected candidate proteins with a relatively high fold 

enrichment from the MS data set, which used the 
Citrine-TurboID as the control. The BiFC assay revealed 
that 8 out of 10 proteins were able to interact with p23 
(Supplemental Fig. S25 and Data Set 9). Therefore, the 
data using Citrine-TurboID as the control can still provide 
important basic information and clues for our future in- 
depth investigation of the composition and function of 
BBSV VRCs. 

A B C D

E

I

F G H

Figure 7. NbRTNLB2 plays a proviral role in infections of several plant viruses that replicate in association with ER membranes. A) and B) Silencing of 
NbRTNLB2 impairs TMV infection. A total of 0.66 mg of purified GFP-tagged TMV (TMV-GFP) were rub-inoculated onto NbRTNLB2-silenced N. 
benthamiana leaves. At 3 dpi, RT-qPCR A) and immunoblot with anti-GFP antibody B) were conducted to analyze viral positive-strand (+) 
RNA and the accumulated GFP in TMV-GFP–infected leaves. C) to H) RT-qPCR and immunoblot analyses were used to measure the accumulated 
(+) RNAs and proteins of GFP-tagged turnip mosaic virus (TuMV-GFP) C) and D), tobacco necrosis virus-A Chinese isolate (TNV-AC) E) and F), and 
GFP-tagged BSMV (BSMVγb-GFP) G) and H) in the NbRTNLB2-silenced N. benthamiana plants. Leaf samples were harvested at 3 dpi, and antibodies 
used for immunoblot analysis are indicated on the right. For A) to H), experiments were independently repeated at least 2 times with similar results. 
The band intensities were measured with ImageJ and normalized to RbcL levels. The relative ratios of different bands are shown below the images, 
and the value of the EV lane in each replicate (Rep) was set to 1.00. For A), C), E), and G), each treatment was conducted with 3 independent 
biological replicates (n = 2 plants for each replicate). Error bars represent mean ± SD (n = 3). For A) to H), leaves infiltrated with Agrobacterium 
carrying the empty pMDC32 vector (EV) served as the control. I) A proposed model illustrating the role of NbRTNLB2 in BBSV replication. 
Without virus infection, NbRTNLB2 induces the formation of tubular ER from the cisternal structure. Upon BBSV infection, the expression of 
NbRTNLB2 is induced and hijacked by BBSV p23 replication protein to promote ER remodeling and formation of vesicular structures to support 
BBSV replication. The model was partially created with BioRender (https://biorender.com). HF, host factor; dsRNA, double-stranded RNA; p82, BBSV 
RNA-dependent RNA polymerase.   

RTNLB2 is a proviral factor for BBSV                                                                                        THE PLANT CELL 2023: 00; 1–25 | 15 

D
ow

nloaded from
 https://academ

ic.oup.com
/plcell/advance-article/doi/10.1093/plcell/koad146/7175287 by Virginia Polytechnic Institute and State U

niversity - M
ain Library user on 28 June 2023

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad146#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad146#supplementary-data
https://biorender.com


Our MS data set also provided valuable information about 
the topology of ER membrane-localized proteins. For ex-
ample, it cannot be determined whether the N-terminus of 
the MEMBRANE STEROID BINDING PROTEIN 1 (MSBP1) 
faces the cytosolic side or the ER lumen using only different 
online prediction tools. Intriguingly, the C-terminal peptides 
of MSBP1 were present in our MS data set, which clearly sup-
ported the notion that the N-terminus of MSBP1 is exposed 
to the ER lumen (Supplemental Fig. S26). 

Agrobacterium-mediated transient expression can be 
used in TurboID-based PL analysis in planta 
We also noted that several Arabidopsis RTN family proteins 
were reported to participate in Agrobacterium-mediated 
plant transformation (Hwang and Gelvin 2004; Huang et al. 
2018, 2021). Nevertheless, this does not mean that the mul-
tiple RTN proteins obtained in our experiment were due to 
the agroinfiltration system, because (i) p23, but not VirB2, 
was fused with TurboID, and only those proteins adjacent 
to p23 could be biotinylated. (ii) No matter the 
p23-Citrine-TurboID group, or the Citrine-TurboID or 
2C1-Citrine-TurboID control groups, the expression of these 
fusion proteins is all mediated by Agrobacterium. 
Theoretically, the potential influence of Agrobacterium on 
the PL proteome can be largely offset by quantitative 
proteomics analysis of the sample and the control groups. 
(iii) In our previous work, we also employed the 
Agrobacterium-mediated transient expression to perform 
TurboID-based PL analysis of the N protein as well as the N 
TIR domain. When we checked those MS data sets, we found 
that none of the RTN family proteins were significantly en-
riched in either the N or TIR proximal interactome (Zhang 
et al. 2019). Additionally, Agrobacterium-mediated transient 
expression has also been successfully applied to the 
TurboID-based PL analysis of PPIs in other studies (Mair 
et al. 2019; Arora et al. 2020). Taken together, these results 
suggest that the RTN family of proteins identified here 
were mainly due to their proximity to BBSV p23 rather 
than the agroinfiltration system used in our work. 

A general role for RTNLB2 in the infection of 
ER-replicating viruses 
RTNs are a group of integral membrane proteins that are 
commonly present in all eukaryotes and play an crucial 
role in the formation of ER tubules by inducing membrane 
curvature (Tolley et al. 2010). RTNs contain a reticulon hom-
ology domain (RHD) with 2 major hydrophobic segments 
that form a pair of V-shaped transmembrane wedges joined 
by a cytosolic loop, with both the N- and C-termini facing the 
cytoplasm (Supplemental Figs. S3A and S11B). 

A growing body of evidence showed that RTNs are indis-
pensable for viruses to establish infection in mammals and 
yeast (Tang et al. 2007; Diaz et al. 2010; Aktepe et al. 2017). 
In particular, yeast RTNs have been found to be recruited 
to build brome mosaic virus (BMV) VRCs. Deleting 1 or 2 

RTNs affected the size and frequency of BMV replication ve-
sicles; however, only all 3 RTN genes were deleted, and viral 
replication vesicles were not formed or formed in a very 
low rate (Diaz et al. 2010). Here, knocking down the 
NbRTNLB2 expression inhibited BBSV replication (Fig. 4, G 
and I) and mitigated the p23-induced proliferation and ag-
gregation of ER membranes (Fig. 6, B to D). Whether the 
NbRTNLB2 KD affects the formation of BBSV replication ve-
sicles like that of BMV in yeast cells needs further investiga-
tion. Recent studies showed that plant virus-encoded 
movement proteins can mimic or interact with RTNs to fa-
cilitate viral movement (Lazareva et al. 2021; Tilsner and 
Kriechbaumer 2022). However, whether and how RTNs par-
ticipate in viral replication in planta remains unexplored. 
Here, using TurboID-based PL, several RTN-like proteins 
were identified to be proximal to BBSV p23. We focused 
on NbRTNLB2 due to its high reproducibility in the MS 
data sets (Fig. 2). Our data demonstrated a proviral role of 
NbRTNLB2 in BBSV replication (Fig. 4), and, more specifically, 
NbRTNLB2 was directly involved in the assembly of BBSV 
VRCs by inducing ER membrane rearrangements (Fig. 6), a 
process requiring the presence of a functional APH domain 
(Fig. 5). These results provide insight into the formation of 
membrane scaffolds for viral RNA replication. 

Although different viruses may choose specific organelle 
membranes to establish replication sites, the morphology 
of VRCs shows great convergence, such as the common 
membrane of invaginated vesicles or spherules (Jin et al. 
2018a). Therefore, our results have broad implications for un-
derstanding the mechanisms underlying the formation of 
VRCs, not only BBSV, which was studied here, but also for 
many other positive-strand RNA viruses. We have demon-
strated the roles of NbRTNLB2 in its interaction with replica-
tion proteins from both TMV and TuMV (Supplemental Fig. 
S19) and its positive role in viral replication, suggesting a 
broad role for NbRTNLB2 in ER-replicating virus infection. 
Considering that there are 14 putative paralogs of the RTN 
family of proteins in N. benthamiana and each paralog has 
a varied number of isoforms and the role of NbRTNLB2 in 
TMV and TuMV infection appears to be less pronounced 
than that of BBSV infection, we cannot rule out the possibil-
ity that this difference may be due to the redundant role of 
other RTN paralogs in TMV and TuMV infection. 
Additionally, whether RTNLB2 or other RTN paralogs func-
tion in BBSV cell-to-cell movement is also an interesting 
question that warrants further investigation. 

Based on our findings described above, we propose a mod-
el to illustrate the functional role of NbRTNLB2 in BBSV in-
fection. Under normal conditions, NbRTNLB2 localizes to 
ER membranes to induce tubule formation in ER sheets 
and maintain normal architecture of the ER (Fig. 7I, left pa-
nel). Upon BBSV infection, NbRTNLB2 expression is upregu-
lated significantly and co-opted by BBSV p23, thereby 
promoting remodeling of ER membranes and forming the 
membrane-invaginated spherules to support viral replication 
(Fig. 7I, right panel). Our results expand our knowledge of the  
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function of RTNs in virus replication in plants, and the 
TurboID proteomics data for BBSV VRCs presented here pro-
vide a valuable resource for in-depth analysis of critical virus– 
host plant interactions that will help to discover promising 
targets for developing virus-resistant plants. 

Materials and methods 
Plant materials 
Nicotiana benthamiana plants were grown in a growth- 
controlled chamber at 23 to 24°C under fluorescent lights 
at ∼75 μmol photons m−2 s−1 in a 15 h photoperiod 
(Philips Master TL5 HE 28W/865 lamps). Four-wk-old 
N. benthamiana plants were infiltrated with A. tumefaciens 
and used in the protein expression or gene silencing assays, 
as described previously (Zhang et al. 2023). 

Plasmid construction 
The pCB301-BBSV plasmids used for agroinoculation of BBSV 
into N. benthamiana plants were described in our previous 
work (Gao et al. 2021). For the construction of Pro35S: 
p23-Citrine-TurboID, the Citrine-fused TurboID fragment 
was amplified by using the ubiquitin-10 (UBQ10):: 
Citrine-TurboID as the template (Zhang et al. 2019), and the 
resulting fragments were cloned into the pMDC32-3xFLAG 
plasmid (Gao et al. 2021) at the KpnI and SpeI sites to generate 
Pro35S:Citrine-TurboID. The PCR-amplified p23 fragment was 
cloned into Pro35S:Citrine-TurboID at the KpnI and SpeI sites 
to yield Pro35S:p23-Citrine-TurboID. To generate Pro35S:2C1- 
Citrine-TurboID, the 2C1-fused Citrine fragment was cloned 
into Pro35S:TurboID at the KpnI and SpeI sites (Fig. 1B). 

For transient expression in plants, the PCR-amplified 
NbRTNLB2 fragment was ligated into the KpnI- and 
SpeI-digested pMDC32-3xFLAG plasmid (Gao et al. 2021). 
To generate pGD-RTNLB2, pGD-RTNLB2Y213K, pGD- 
RTNLB2V217K, and pGD-RTNLB2YV2K, NbRTNLB2 was first 
cloned into the pMD19-T vector (Takara). The resulting plas-
mid was used for site-directed mutagenesis with a 
QuikChange Site-Directed Mutagenesis Kit, and then, the 
DNA fragment encoding wild-type or mutant NbRTNLB2 
was amplified and inserted into pGD vectors (Goodin et al. 
2002). 

For BiFC assays, NbRTNLB2 and NbRTNLB2YV2K were in-
serted into the pSPYNE-35S or pSPYCE-35S vectors (Walter 
et al. 2004). The pSPYNE-p23 (p23-YFPn), pSPYCE-p23 
(p23-YFPc), and P50-YFPc plasmids were described previous-
ly (Burch-Smith et al. 2007; Cao et al. 2015). 

For subcellular localization and Co-IP assays, the wild-type 
or mutant NbRTNLB2 was cloned into pGDB, pGDGm, or 
pGD3G-mCherry vector (Goodin et al. 2002; Fan et al. 
2014). To generate RTNLB4-GFP, RTNLB4 was cloned into 
the pCam35S-GFP vector at XhoI sites using the Seamless as-
sembly cloning kit (Clone Smarter). To generate the p23-BFP 
vector, the PCR-amplified p23 fragment was ligated into 
BamHI- and PstI-digested pGD-CBFP plasmid (Xu and Nagy 

2016). p23-RFP and pMDC32-p23-3xFLAG were described 
previously (Cao et al. 2015). 

For Y2H assays, the coding sequence of p23 and 
NbRTNLB2 was cloned into the pBT3-N or pPR3-N vectors 
at the SfiI site to generate pBT3N-p23, pPR3N-p23, and 
pPR3N-RTNLB2, respectively. 

For TRV-mediated gene silencing, the cDNA fragments 
corresponding to the putative NbRTNLB2 were amplified 
from N. benthamiana cDNA and cloned into the pYL156 vec-
tor (Liu et al. 2002). 

To generate the NbRTNLB2-RNAi vector, 200 nt from 
NbRTNLB2 cDNA were predicted using the online SGN 
VIGS Tool (https://vigs.solgenomics.net) and amplified by 
PCR. The resulting fragments were then inserted into the 
pSK-In vector (Gao et al. 2022) at the KpnI and SpeI sites. 
DNA fragments that produce intron-hairpin RNAs were 
then amplified and introduced into the pMDC32 plasmid 
(Curtis and Grossniklaus 2003) at the KpnI and SpeI sites to 
generate the NbRTNLB2-RNAi vector. 

All primers used for plasmid constructions are listed in  
Supplemental Data Set 15, and DNA sequencing was per-
formed to confirm the identity of each construct. 

Phylogenetic analysis 
RTN protein family members from the N. benthamiana, 
Nicotiana tabacum, A. thaliana, and S. cerevisiae were identi-
fied through BLAST searches of SOL N. benthamiana 
database (https://solgenomics.net/organism/Nicotiana_ 
benthamiana/genome), the NbC database at Oxford 
Research Archives (https://ora.ox.ac.uk/objects/uuid: 
f09e1d98-f0f1-4560-aed4-a5147bc7739d), the National 
Center for Biotechnology Information (NCBI), or The 
Arabidopsis Information Resource (TAIR) (https://www. 
arabidopsis.org). Protein sequences were aligned using the 
Clustal W algorithm (Larkin et al. 2007) implemented in 
MEGA11 software (Kumar et al. 2018). Phylogenetic trees 
were constructed by MEGA11 with default parameters and 
1,000 bootstraps. Alignment and tree files are provided in  
Supplemental Files 1 to 4. 

Agroinfiltration 
Agroinfiltration was performed according to procedures pre-
viously described (Jiang et al. 2018). Briefly, A. tumefaciens 
EHA105 was transformed with different constructs using a 
freeze–thaw method (Höfgen and Willmitzer 1988) and 
then cultured in Luria–Bertani (LB) medium containing ap-
propriate antibiotics at 28°C for 10 to 16 h. Agrobacterium 
cells were collected and then resuspended in infiltration buf-
fer [10 mM MgCl2, 150 μM acetosyringone, and 10 mM MES 
(pH 5.6)] followed by incubation at 28°C for 2 to 4 h before 
infiltration. 

Immunoblot analysis 
Proteins were separated on 10% or 12.5% SDS–PAGE gels 
based on the molecular weight of the tested proteins. 
Immunoblot analysis of the protein extracts was performed  
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according to the procedures described previously (Gao et al. 
2022). Briefly, plant tissue expressing the protein(s) of inter-
est was harvested and ground in liquid nitrogen. 

Total protein extracts were prepared followed by SDS– 
PAGE, and proteins were then transferred to 0.45 μm nitro-
cellulose filters (GVS Life Sciences, USA, Cat. No. 1215471) 
using the Mini Trans-Blot Electrophoretic Transfer Cell 
(Bio-Rad, Cat. No. 1703930). Membranes were blocked and 
incubated with the appropriate primary antibodies or 
streptavidin-HRP (Abcam, Cat. No. ab7403; 1:20,000 dilu-
tion), followed by incubation with corresponding secondary 
antibodies. Information about rabbit anti-TurboID and 
anti-RTNLB2 antibodies was available in Supplemental Figs. 
S2 and S11. Rabbit anti-P23 antibody was described previous-
ly (Cao et al. 2015). Bands were visualized by using NcmECL 
Ultra Luminol/Enhancer Reagent (New Cell & Molecullar 
Biotech, Cat. No. P10300A and P10300B) according to the 
manufacturer’s instructions. Chemiluminescent signals 
were acquired by using a Sapphire RGBNIR Biomolecular 
Imager (Azure Biosystems, Dublin, CA, USA). 
Quantification of the band signal intensity was performed 
with ImageJ software. 

Preparation of leaf samples for LC–MS/MS analysis 
Leaf samples for LC–MS/MS analysis were prepared accord-
ing to previously described procedures (Zhang et al. 2020). 
Briefly, leaves of 4- to 6-wk-old N. benthamiana were infil-
trated with Agrobacterium mixtures harboring 
2C1-Citrine-TurboID or p23-Citrine-TurboID and the 
pCB301-BBSV constructs. Three biological replicates (n = 3 
plants for each replicate) for each sample were performed. 
At 60 hpi, 200 µM biotin in a 10 mM MgCl2 solution was in-
filtrated into these preinfiltrated leaves. After 8 h incubation 
at RT, infiltrated leaves from each biological replicate were 
flash-frozen in liquid nitrogen and stored at −80°C for subse-
quent use. 

Immunoblot analysis was performed to confirm the ex-
pression and biotinylation of the TurboID fusions in these 
harvested leaves. These leaves were then ground into fine 
powders followed by protein extraction with RIPA lysis buffer 
[50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 1 mM EDTA, 1% 
IGEPAL630 (v/v), 0.1% SDS (w/v), 0.5% sodium deoxycholate 
(w/v), 1 mM DTT, and 2 tablets of cOmplete Protease 
Inhibitor Cocktail (Sigma, Cat. No. 11697489001)]. After 
vortex-mixing, the leaf homogenate was centrifuged at 
12,000 × g for 10 min. The upper layer was desalted using a 
Zeba Spin Desalting Column (Thermo Fisher Scientific, Cat. 
No. 89893) to remove free biotin. Protein concentration in 
the desalted extracts was measured by the Bradford assay. 
The extracts containing equal amounts of proteins were 
then incubated with equilibrated streptavidin beads 
(Dynabeads MyOne Streptavidin C1, Invitrogen, Cat. No. 
65001) overnight on a rotator at 4°C. The beads were then 
sequentially washed with buffer I (2% SDS, w/v), buffer II 
[50 mM HEPES (pH 7.5), 500 mM NaCl, 1 mM EDTA, 0.1% 
deoxycholic acid (w/v), and 1% Triton X-100], and buffer III 

[10 mM Tris-HCl (pH 7.5), 250 mM LiCl, 1 mM EDTA, 0.1% 
deoxycholic acid (w/v), and 1% IGEPAL-630 (v/v)]. To re-
move any detergent, the beads were thoroughly washed 
with 50 mM Tris-HCl (pH 7.5) and 50 mM ammonium bicar-
bonate before being sent for LC–MS/MS analysis. 

On-bead trypsin digestion 
Biotinylated proteins enriched with streptavidin beads were 
enzymatically digested into polypeptides and analyzed by 
LC–MS/MS. After absorbing the thawed beads with a mag-
netic frame, 100 µL of 5 mM dithiothreitol (DTT) in 50 mM 

triethylammonium bicarbonate (TEAB) (Sigma, Cat. No. 
T7408) was added, and the mixture was treated at 56°C for 
30 min with shaking on a rotator. The beads were then 
washed with 200 µL 50 mM TEAB for 1 min and incubated 
at RT with 100 µL of 20 mM iodoacetamide (IAM) in 
50 mM TEAB for 30 min under dark conditions. The beads 
were then washed once with 50 mM TEAB buffer. Finally, 
1 µg of trypsin (Thermo Fisher Scientific, Cat. No. 90058) dis-
solved in 50 mM TEAB buffer (pH 8.0 to 8.5) was added to the 
beads followed by digestion overnight at 37°C. Magnetic 
beads were then collected on a magnetic separation rack, 
and the supernatant was added onto prewetted 10,000 
MWCOHY ultrafiltration products of VIVACON 500 
(Sartorius Stedim Biotech GmbH, Cat. No. VN01H02) fol-
lowed by centrifugation at 16,160 × g for more than 20 min 
until all the peptides were collected into the tubes. 
Peptides were then quantified using the Pierce 
Quantitative Colorimetric Assay (Thermo Fisher Scientific, 
Cat. No. 23275). Samples were analyzed by Thermo 
Q-Exactive high-resolution MS (Thermo Scientific, 
Waltham, MA, USA) to examine the quality of the peptides. 

TMT labeling 
A total of 20 µg of each sample was taken out, and 50 mM 

TEAB solution was added to fill them up to a 70 µL volume. 
The powdered TMTsixplex Label Reagent (Thermo Fisher 
Scientific, Cat. No. 90066) was placed at RT for 30 min. The 
powders were then centrifuged at 16,160 × g and shaken un-
til completely dissolved after adding 120 µL of acetonitrile. 
Then, 40 µL of TMT6 labels were taken out and added into 
the corresponding samples followed by incubation at RT 
for 2 h. A total of 20 µL of formic acid (FA) was then added 
to each tube followed by incubation at RT for 15 min to ter-
minate the labeling reaction. After quenching, 5 µL from 
each TMT6 labeling reaction was pooled for mixing and dried 
at 45°C. The powder of digested peptides was re-dissolved 
with 20 µL of 0.1% FA (v/v). The ratio of the labeled compo-
nents was calculated by MASCOT and Scaffold analysis 
(Koenig et al. 2008; Searle 2010). Equal amounts of peptides 
from each sample were combined according to the calcu-
lated ratio of the labeled components followed by air drying 
at 45°C. The labeled peptides were fractionated by a C18 
stationary phase (2.1 mm 100 mm, 2.6 m, Kinetex, 
Phenomenex, Cat. No. 00D-4462-AN) using a gradient elu-
tion program of 20 mM ammonium acetate in water (pH  
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10.0) and 20 mM ammonium acetate in acetonitrile (pH 
10.0). The fractionation process was carried out on a 
High-Performance Liquid Chromatography (HPLC) system 
(H-Class Bio, Waters, Milford, MA, USA). The resulting frac-
tions were combined into 10 samples and re-dissolved with 
0.1% FA for subsequent LC–MS analysis. 

LC–MS/MS analysis 
Protein identification was performed on a Q-Exactive high- 
resolution mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA) coupled to a Nano-Acquity HPLC 
(Waters, Milford, MA, USA). The peptides were loaded 
onto a trap column (Acclaim PepMap, 75 µm × 2 cm, 
3 µm, C18, 100Å, Thermo Fisher Scientific, Waltham, MA, 
USA) and an analytical column (Aqua, 100 µm × 15 cm, 
3 µm, C18, 125Å, Phenomenex, Los Angeles, CA, USA) at a 
flow rate of 400 nL/min. The method used to elute the pep-
tides was a 125 min gradient with mobile phase A of 0.1% FA 
in water and mobile phase B of 0.1% FA in acetonitrile. The 
MS survey scan in the range of 300 to 1800 m/z was obtained 
with a resolution of 70,000. The 10 most intensive peptide 
signals of full scan resolution were 17,500 for higher-energy 
collisional dissociation. The dynamic exclusion time was 20 s. 

MS data were processed with MASCOT (version 2.4; 
Matrix Science, London, UK) and validated with Scaffold soft-
ware (version 3.6.5, Proteome Software, Portland, USA). 
MASCOT identifies proteins that include common contami-
nants, as well as proteins that are identified only by peptides 
that match to a decoy database of reversed peptide se-
quences, which were removed from our data. In addition, 
proteins that have been identified by fewer than 2 unique 
peptides or with a P-value < 0.01 of the BH test were also re-
moved from the final results. The remaining proteins are 
thought to be “detected.” The value of a protein was aver-
aged across 3 biological replicates and normalized against 
the distribution of biotinylated proteins from the control 
group. We then used the log2 (normalized ratios) for subse-
quent analysis. Proteins with fold changes above or equal to 
1.3 (p23 vs 2C1-Citrine) or 1.5 (p23 vs Citrine) were consid-
ered to be proximal to the BBSV p23. Usually, a cutoff value 
of 1.5-fold enrichment compared with the control group 
during TMT labeling-based quantitative proteomics was 
used to select candidate interaction proteins for subsequent 
validation (Yang et al. 2021). In this study, we used the 
1.3-fold enrichment as the cutoff value for p23/2C1-Citrine 
groups due to the fact that Hsp70, a known interactor of 
p23, showed a 1.3-fold change compared with the 
2C1-Citrine-TurboID control (Supplemental Data Sets 3 
and 4). 

Data analysis for TurboID proteomics data 
Gene Cluster 3.0 (http://bonsai.hgc.jp/∼mdehoon/software/ 
cluster/software.htm) and Java Treeview (Saldanha 2004) 
were employed to create heat maps representing proteins 
that were significantly enriched in p23-Citrine-TurboID puri-
fication. Subcellular localization of significant proteins was 

predicted using the online BUSCA web server (http://busca. 
biocomp.unibo.it). 

The volcano plot, which represents all the enriched pro-
teins, and dotplots or barplots were drawn using the R pro-
gramming language and indicate the pathways in which the 
significantly enriched proteins were grouped. Since the NbC 
database does not have its own GO term annotations 
(Kourelis et al. 2019), we performed a 1-to-1 putative ortho-
logs prediction between N. benthamiana and Arabidopsis (A. 
thaliana) proteins, thereby obtaining the GO entry database 
of N. benthamiana proteins. GO analyses were then per-
formed using the online agriGO v2.0 (http://10.2.42.17/ 
agriGO/). 

Interaction network analysis 
High-confidence [P-value < 0.01, log2-normalized fold 
change (p23/2C1) ≥ 1.3] N. benthamiana host proteins 
that were proximal to p23 were screened and subjected to 
PPI network construction. STRING interaction networks of 
A. thaliana orthologs corresponding to a subset of N. 
benthamiana host proteins were visualized in the 
Cytoscape program (version 3.9.1). The set of minimally re-
quired interaction scores is 0.4 for medium confidence on 
STRING. These host proteins are grouped into functional 
modules based on GO analysis and TAIR’s functional 
annotations. 

Confocal microscopy analysis 
BiFC assays were performed as previously reported (Li et al. 
2022). At 2.5 dpi, the infiltrated leaf samples were observed 
with a Zeiss LSM880 confocal microscope. YFP signals were ex-
cited at 488 nm and collected in the range of 500 to 530 nn. 
BFP, GFP, CFP, and mCherry were excited with a 380, 488, 
405, and 561 nm laser line, respectively, and the collection of 
wavelengths used was 370 to 430 nm for BFP, 465 to 
485 nm for CFP, 500 to 530 nm for GFP, and 600 to 630 nm 
for RFP and mCherry. The digital gain value was adjusted to 
a level that would eliminate fluorescence imaging of intrinsic 
autofluorescence and nonspecific fluorescence signals. 
Overlapping curves of fluorescence spectra were produced 
by line scan analysis using the pixel-based method with the 
ImageJ plot profile tool. To test the correlation of co- 
localization between NbRTNLB2-mCherry and CFP-HDEL, 
we used a PCC with the ImageJ PSC co-localization tool. 
Values of PCC close to 1 indicate that the co-location of the 
2 images is highly correlated (Aaron et al. 2018). 

Y2H assays 
A DUAL-membrane system (Dualsystems Biotech AG, 
Zurich, Switzerland) was used to test the interaction be-
tween p23 and NbRTNLB2. According to manufacturer’s in-
structions, the pBT3N-p23 plasmid was used as the bait and 
the pPR3N-RTNLB2 plasmid was used as the prey. Different 
bait and prey were co-transformed into NMY51 yeast 
(S. cerevisiae) strains. Co-transformations with pBT3N-p23/ 
pPR3-N and pBT3-N/pPR3N-RTNLB2 served as negative  
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controls, while pTSU2-APP/pNubG-Fe65 and pBT3N-p23/ 
pPR3N-p23 served as positive controls. Transformed yeast 
cells were plated onto SD/-Trp-Leu drop-out media and cul-
tured at 30°C for 4 d. Single colonies were picked and then 
cultured in SD/-Trp-Leu and SD/-Trp-Leu-His-Ade drop-out 
medium for 5 d at 30°C. 

Co-IP assays 
Co-IP assays were performed as previously described with 
slight modifications (Gao et al. 2022). Nicotiana benthami-
ana leaves expressing different combinations of proteins 
were harvested at 3 dpi. Leaves were then ground in liquid 
nitrogen and transferred to extraction buffer [10% gly-
cerol, 25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 
0.5% (v/v) NP40, 2% (w/v) PVP40, 10 mM DTT, 0.1% 
Triton X-100 (v/v), and 1 × Protease Inhibitor Cocktail 
(Sigma, Cat. No. 11697489001)]. After incubation in an 
ice bath for 30 min, the crude extract was centrifuged at 
8,000 × g for 30 min. The supernatant was incubated 
with anti-FLAG M2 Affinity Gel (GNI, Cat. No. 
GNI4510-FG) on a rotator at 4°C for 4 h. The beads were 
pelleted and washed 3 times with IP buffer [10% glycerol, 
25 mM Tris-HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, and 
0.1% (v/v) NP40] at 4°C. Immunoblot analysis of the im-
munoprecipitated products was performed using 
anti-FLAG (Sigma-Aldrich, Cat. No. A2220, 1:5,000 dilu-
tion) and anti-GFP antibodies (Bioeasytech, Cat. No. 
BE2002, 1:5,000 dilution). 

Viral inoculation 
Agrobacterium tumefaciens EHA105 harboring pCB301-BBSV 
were infiltrated into the leaves of 3- to 4-wk-old N. benthami-
ana plants as described previously (Gao et al. 2022). Total 
proteins were extracted from infiltrated leaves at 2.5 or 
3 dpi for immunoblot assays. 

For mechanical inoculation of the virus, 400 ng of BBSV vir-
ions were mixed with FES inoculation buffer [0.1 M glycine, 
0.06 M dipotassium phosphate, 1% sodium pyrophosphate 
decahydrate, 1% bentonite, and 1% celite (pH 8.5)] in a 1:1 
ratio followed by rub-inoculation onto 5 to 6 leaf stage 
N. benthamiana plants. 

RNA extraction and RT-qPCR 
Total RNA was extracted using TRIzol Reagent (Invitrogen) 
based on manufacturer’s instructions. RT-qPCR was 
performed as previously described with minor modifica-
tions (Liu et al. 2012). Briefly, 2.5 μg total RNA was 
treated with Recombinant DNase I (Takara) followed by re-
verse transcription with M-MLV reverse transcriptase 
(Promega, USA). Gene fragments were amplified with 
2× SsoFast EvaGreen Supermix (Bio-Rad). The Protein 
Phosphatase 2A (PP2A) gene was used as the internal con-
trol, and data were analyzed using CFX Manager (Bio-Rad). 
Primers used for RT-qPCR analysis are listed in Supplemental 
Data Set 15. 

Generation of transgenic N. benthamiana plants 
The intron-hairpin construct pMDC32-RTNLB2-RNAi was in-
troduced into Agrobacterium strain EHA105 and used to 
generate transgenic N. benthamiana plants by leaf disk trans-
formation as previously described (Horsch et al. 1989). The 
leaf explants were cultured and regenerated. Genomic 
DNA was extracted using the hexadecyl cetyltrimethylam-
monium bromide (CTAB) method (Doyle and Doyle 1987), 
and PCR analysis was conducted to screen the transgenic 
plants. 

TEM 
TEM was performed as previously described (Cao et al. 2015). 
In brief, leaf tissue fragments (about 1 to 2 mm2) from 
healthy or BBMV-infected N. benthamiana were fixed over-
night in fixation buffer [2.5% (v/v) glutaraldehyde, 0.05 M 

phosphate-buffered saline (PBS), pH 7.2)] at 4°C. After wash-
ing 3 times, samples were postfixed in 2% osmium tetroxide 
(OsO4) for 2 h at 4°C. The leaf pieces were embedded in 
Spurr’s resin followed by dehydration in a graded series of 
ethanol (50%, 70%, 80%, 90%, 95%, and 100%). Ultrathin 
sections were cut into 70 nm using a Leica EM UC7 ultrami-
crotome and sequentially stained with uranyl acetate for 
30 min in the dark and Reynolds’ lead citrate for 5 min at 
RT. The sections were then viewed with a Hitachi 7650 
transmission electron microscope (Hitachi, Tokyo, Japan) 
at 80 kV. 

Immunogold labeling was performed as described previ-
ously with minor modifications (Jin et al. 2018b). Briefly, sam-
ples from healthy or BBMV-infected N. benthamiana were 
vacuum-infiltrated in fixative buffer [4% paraformaldehyde, 
0.1% glutaraldehyde, 4% sucrose, and 0.1 M PBS (pH 7.2)] 
and fixed for 2 to 3 h at 4°C. After washing with 0.1 M PBS 
containing 4% sucrose, the samples were dehydrated using 
a gradient ethanol series (30%, 50%, 70%, 80%, 90%, 95%, 
and 100%) followed by infiltration in London Resin (LR) 
white resin. Samples were polymerized for 48 h at 50°C. 
Ultrathin sections were prepared from blocks and collected 
on Formvar-coated 150-mesh nickel grids. The grids were 
washed by placing drops of 0.01 M PBS (pH 7.2) containing 
0.02 M glycine (PBG) onto the grids for 5 min to quench re-
sidual aldehyde groups, after which a drop of blocking solu-
tion [0.01 M PBS (pH 7.2), 0.01% Triton X-100, 0.01% Tween 
20, and 1% BSA] was added for 5 min at RT to reduce non-
specific binding of antibodies. After diluting homemade 
rabbit anti-P23 (Cao et al. 2015) and anti-RTNLB2 
(Supplemental Fig. S11) antibodies by 1:500 and 1:800 in 
blocking solution, the grids were incubated with the primary 
antibody solutions overnight at 4°C. The grids were then in-
cubated with goat anti-rabbit secondary antibodies conju-
gated with 5 nm or 10 nm gold particles (Sigma-Aldrich, 
Cat. No. G7277, G7652, 1:20 dilution) for 1.5 h at RT followed 
by rinsing with blocking solution and 0.02 M PBG. Grids were 
incubated in silver sensitizing solution for 15 min in the dark 
to enhance the signal and then washed with ddH2O. After 
staining for 15 min with uranyl acetate, the sections were  
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examined with a Hitachi 7650 transmission electron micro-
scope (Hitachi, Tokyo, Japan) at 80 kV. 

Statistical analysis 
For simple pair-wise data analysis, two-tailed Student’s t test 
was performed using Microsoft Excel. For multiple compari-
son statistical analysis, 1-way ANOVA was performed using 
Duncan’s Multiple Range Test module embedded in 
GraphPad Prism (version 8.0). All ANOVA and Student’s t 
test results are provided in Supplemental Data Set 16. 

Accession numbers 
Sequence data from this article can be found in the SOL N. 
benthamiana database (https://solgenomics.net/organism/ 
Nicotiana_benthamiana/genome) or the NbC database at 
Oxford Research Archives (https://ora.ox.ac.uk/objects/ 
uuid:f09e1d98-f0f1-4560-aed4-a5147bc7739d). The gene ac-
cession numbers are available in Supplemental Figs. S4 and  
S6, and Supplemental Files 3 and 4. All NbRTNLB protein se-
quence information in this study is also provided in  
Supplemental Data Set 7. 
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